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PREFACE

For centuries, humans have tried to explain the complex process of vision and find
effective treatments for eye diseases. Perhaps the oldest surviving record of ancient
ophthalmic practices is the Babylonian code of Hammurabi that over 4000 years ago,
mentioned fees for eye surgery—and penalties for unsuccessful operations that led to loss
of the eye. Babylonian medicine was controlled by priests who directed the work of
skilled surgeons. The earliest records of Egyptian medicine date from almost the same
time. The Ebers Papyrus, dating back to more than 3500 years ago is a superbly preserved
document in which a section outlines a relatively advanced system of diagnosis and
treatment of various ocular pathologies. The text reveals that ancient Greek and Egyptian
physicians prescribed “liver juice” for night blindness. This was obtained from roasted
and crushed ox liver. We now know that their prescription contained a remarkable amount
of vitamin A. It was only within the last century, however, that we have recognized the
importance of vitamin A to the function of photoreceptors and visual acuity and that its
deficiency can result in night blindness.

Egyptian ophthalmological practices were held in high esteem in the ancient world and
so were their medical institutes, called “peri-ankh,” which existed since the first dynasty.
Herodotus, the fifth century BC Greek historian, comments on the specialization of the
physicians: “Each physician treats just one disease. Some treat the eye, some the teeth,
some of what belongs to the abdomen and other internal diseases.” The profession was
so organized that there were even specific titles to describe the physicians: “swnm” for
the Lay Physician, “imy-r swnw” for the Overseer of Physicians, “wr swnw” for the Chief
Physician, and “shd swnw” for the Inspector of Physicians. Qualified female physicians
were also popular at the time. Peseshet (imyt-r swnwt), the first documented female
physician in history, practiced during the fourth dynasty and was given the title “Lady
Overseer of the lady physicians.”

Many ocular diseases and their treatment were  also known in Asia as well. During the
golden age of his reign, the Yellow Emperor (2696–2598 BC) of China composed his
Neijing Suwen or Basic Questions of Internal Medicine, also known as the Huangdi
Neijing. Within this text are descriptions of eye diseases including descriptions of float-
ers within the eye, small eyes, corneal diseases as well as the use of needle penetrations
to alleviate some diseases. Modern scholarly opinion holds that the extant text of this
Treatise was compiled by an eponymous scholar between the Chou and Han dynasties
more than two thousand years later than tradition reports, although some parts of the
extant work may have originated as early as 1000 BC.

Although medical specialties were highly developed in Egypt and in other parts of the
world, progress in the field remained static for centuries because ancient medical prac-
tices were bound by galling fetters of supernatural beliefs, and rigid notions that the
disease originated from hostile spirits and angry gods stifled innovative observations.

Nevertheless, it is still fascinating to examine a few of the ancient theories and to
compare them to our modern knowledge. Interest in how the  human visual system works
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dates back at least to the time of Aristotle, the prominent fourth century BC philosopher.
His explanation for the mechanism underlying human vision was that the object being
viewed altered the “medium” between the object and the eye of the viewer. The object
is then perceived when the altered transparent medium propagates to the eye, suggesting
that the object itself had innate properties that allowed vision. Democritus (425 BC)
proposed that the emissions from the object viewed entered the eye and formed an image,
but could not explain how a single object could generate enough emissions to create sight
if many people were viewing it simultaneously. Vigorous debates ensued and the in-
tromission perception of vision, accepted by scholars such as Democritus and Epicurus
(342–270 BC), was refuted and replaced by an opposing view that the eyes sent out
emissions to the object in view and that those rays promoted vision. Plato (427–347 BC)
introduced the concept of “ocular beams” projecting from the eye at great speed and in
a straight line to interact with objects in view. The objects deflected the beams back to
the eye, which, in turn, transmitted these rays along hollow tubes connecting the eye with
the brain to create sight. The extromission model of visual cognition then became a
widely accepted scientific dogma by many scholars and persisted until the early 1600s,
although not without challenge and modifications from theorists who had difficulties
integrating this proposal with prior beliefs. Aristotle pointed out that it was unreasonable
to think that a ray from the eye could reach as far as the stars and Galen (AD 129–AD 216)
argued that larger images could not fit through the tiny pupils of the eye. Alexandrian
vision theorists considered the lens to be the seat of vision, a view that Galen promoted
when he found the retina lining the posterior aspect of the lens in a strategic position to
serve as a mirror to reflect the object viewed. Needless to say, speculation was rife and
sparked much controversy and the schism was too wide to be easily bridged. Although
inaccurate, these early concepts have spawned our interest in developing experimental
scientific methods from which we have gained our understanding of the visual process
today.

It must also be noted that during the Dark Ages of Western civilization, knowledge of
the eye and eye diseases was maintained and developed in the Arab world. Ophthalmic
departments were important components of hospitals and many surgical procedures
perfected. The earliest anatomical drawings of the eye are in Hunayn ibn Ishâq’s Book
of the Ten Treatises on the Eye. After the fall of the Roman Empire, Arabic philosophers
carried on Greek science and mathematics. One of the greatest of these Arabians was
Alhazen (965–1040), who defended the intromission concept of vision. He was the first
to propose that the eye is a receiver, a dark chamber through which light enters carrying
information from the outside world. He argued that if the air and the eye are transparent,
light from objects would reach and enter the eye; therefore, visual rays are unnecessary
to explain vision (Alhazen’s De aspectibus). Translations of Arab ophthalmic texts into
Latin promoted the revival and development of ophthalmology that occurred in the
renaissance period in Europe.

By the 1600s, Leonardo da Vinci (1452–1519) and Felix Plater (1536–1614) largely
promoted a historical shift in thinking by endorsing the concept of a “camera obscura”
in vision. Felix Plater’s De corporis humani structura et usu of 1583 is the first published
work in which the retina is identified as the target of light—“the retina and not the lens
was the receiving plate of the eye.” Alessandro Achillini (1466–1533) may have been the
first to challenge the idea of the crystalline lens as the main organ of sight. In 1543,
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Andreas Vesalius’ De humani corporis fabrica alluded to the retina as the “seat of vision”
as well, but it was not until the 17th century that modern theories of vision and the role
of the retina in this process was born as the focus shifted from the lens and the cornea to
the retina as that structure of the eye required for the detection of light. Johannes Kepler
of Germany and René Descartes of France, both avant-garde physicists of their time,
applied the physical concepts of light rays and geometric optics to the visual process. As
a result Kepler, in Ad Vitellionem paralipomena (1604), proposed that the lens re-focused
intromitted rays on the retina, creating a real optical image which he called “pictura.” This
proposal was quite controversial and stirred up yet another debate in the scientific com-
munity since it had long been accepted that if rays were crossed within the eye, the image
created would be reversed and inverted causing us to see the world upside down. This
dilemma of vision was recognized since antiquity, and scholars such as Fabri de Peiresc
(1580–1637) and Pierre Gassendi (1592–1655) of France set out to refute Kepler’s retinal
inversion hypothesis. Their experiments eventually culminated in a proposal for the
existence of a “retina mirror” that would upright the image on the retina by reflecting it
back toward the center of the eye. Others such as Christopher Scheiner were among the
first to embrace Kepler’s optical analogy of the eye and the camera obscura and, in 1619,
he provided the first direct observation of image formation on the retina. The theory that
the retinal image is inverted was eventually confirmed by the landmark experiment of
Descartes in 1637, which showed the first direct evidence that visual images were in-
verted as a result of being focused onto the retina by the lens. What Descartes did was
quite amazing. He surgically removed an eye from an ox, scraped the sclera from the back
of it to make the orb transparent, then he placed the eye on the ledge of a window as if
the ox were looking out of the window. He then looked at the back of the eye and saw an
inverted image of the scenery outside.

At the end of the 18th century, however, our knowledge of the retina was still
rudimentary. Although Briggs described fibers in the retina in 1678 and Mariotte iden-
tified the blind spot in 1681, it was not until 1819 that the astute Irish physician, Arthur
Jacob, provided us with the first anatomically detailed description of the retina. Jacob
described the retina as “the most beautiful specimen of a delicate tissue which the human
body affords.” He described a layer in the eye consisting of three sublayers: a limiting,
a nervous, and a choroid layer. The nervous layer, which became known for a time as
“Jacob’s Membrane,” consists of the rods and cones.

Identification of the rods and cones, however, should probably be credited to
Leeuwenhoek, pioneer of the microbe world, who was the first to perform microscopic
examination of the retina and noted images of these cells during his studies in 1684. These
highly specialized photoreceptors were rediscovered in 1834 by Treviranus and so named
because of their microscopic appearance. Perhaps one of the greatest achievements in cell
biology that promoted his findings was the development of the compound microscope.
A new realm of observation was ushered in with the increasing technical sophistication
of this instrument and largely brought about the dawn of the cellular theory and our
knowledge of the retina.

The pace quickened in the last 200 years, and our understanding of the visual process
has increased dramatically since Aristotle, Plato, and Galen. What followed was a series
of significant advances in retinal biology. Additional research showed that the rod and
cone cells were responsive to light. Max Schultze (1825–1874) discovered that the cones



are the color receptors of the eye and the rod cells are not sensitive to color but very
sensitive to light at low levels. Helmholtz invented the ophthalmoscope in 1851. Then in
1854, Mueller proved that photoreception occurs in the rods and cones. In 1866, Holmgren
discovered the electroretinogram. In 1893, Ramon y Cajal’s “La retine des vertebras”
was the first complete description of retinal neuroanatomy as revealed by Golgi stain.
This work, which carefully classified retinal cell types by anatomical criteria, remains the
benchmark of retinal anatomy and in the century following its publication, we have come
to appreciate that almost all of Ramon y Cajal’s retinal cell types can also be identified
by unique sets of molecular and physiological properties. In 1925, Holm demonstrated
that vitamin A deficiency causes night blindness. The chemical structure of vitamin A
and its precursor, β-carotene, was unraveled in 1930 by Swiss researchers. In 1933, Wald
found vitamin A in rhodopsin, Stiles and Crawford demonstrated directional sensitivity
of rods and cones, and Cooper, Creed, and Granit demonstrated the first electronically
amplified human electroretinogram. In 1938, Selig Hecht showed the exquisite sensitiv-
ity of rod cells by demonstrating that a single photon can initiate a response in a rod cell.

Identification and understanding of retinal diseases has lagged behind that of diseases
of the cornea and lens, but closely followed the increasing knowledge of retinal anatomy.
Color blindness was first described in detail by the English chemist and physicist John
Dalton (1766–1844). Many of the degenerative diseases were carefully described only
toward the end of the 19th century through the first half of the 20th Century. For example,
Retinitis pigmentosa was first described clinically in 1853 by van Trigt (1), X-linked
forms of the disease by Usher in 1935 (2), and X-linked retinoschisis by Haas in 1898 (3).
Hutchinson and Tay (1875), and Robert Walter Doyne (1899), were the first to describe
whitish spots (drusen) in the macula, a condition frequently leading to age-related macu-
lar degeneration.

Discoveries made in the last two centuries have increased our understanding of how
the retina works at the biochemical level and therapeutic strategies that should be devel-
oped to slow its dysfunction. We have come a long way since the discovery of the rods
and cones. In the last few years, we have seen convincing results from experiments
conducted in the laboratory and in clinical trials with growth factors, micronutrient
supplements, antibodies, and small molecules that offer hope for retinal degenerations.
We have made advances in nanotechnology, cell and molecular biology, ocular genetics,
gene manipulation and delivery methods, and cellular transplantation, which now have
wide-range implications for the future of blinding eye diseases.

The early pioneers who preceded us in the field were at the vanguard of science during
their time and their investigative approach laid the foundation for mature scientific dis-
covery and for the development of new therapies to combat retinal degenerative diseases.
Regrettably, despite these advances, few therapies lived up to their alleged claims or to
the hope that they aroused. Clearly, there are numerous difficulties encountered in devel-
oping treatments and we cannot predict which therapy will result in the best outcomes,
but it is important that we continue to foster collaborative efforts to pursue several distinct
therapeutic initiatives. It is our goal to continue at the frontline of science with the same
passion, persistence, and vision as our forerunners. We hope that our contemporaries in
the lab, the clinic, and the industry will be challenged by the recent advances described
in Retinal Degenerations: Biology, Diagnostics, and Therapeutics by respected leaders
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and by the potential to develop innovative strategies to translate investigative research
into viable therapeutics for retinal diseases.

Joyce Tombran-Tink, PhD

Colin J. Barnstable, DPhil
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1
Coping With Retinal Degeneration

A Patient’s View

Gordon Cousins and James Cape

CONTENTS

INTRODUCTION

CHAPTER STRUCTURE

COPING WITH RETINAL DEGENERATION: JAMES CAPE

COPING WITH RETINAL DEGENERATION: GORDON COUSINS

INTRODUCTION

We have been asked to write a chapter on coping with retinal degeneration (RD)
from the point of view of the patient. James Cape, my co-author, has macular degener-
ation (MD) and I have retinitis pigmentosa ([RP]; dominant inheritance RP13). Because
our two different retinal conditions create different experiences and viewpoints, we
decided to use a common structure, but to write it from our own perspective. Our view-
points are different because a picture always looks different if you can only see the
middle bits (RP) or only the part around the outside (MD). However, as James and I
often jokingly say, together we believe we have 20/20 vision. In this chapter, we will
attempt to provide an all-round 20/20 view of the problems of coping with RD. I list
here the broad subjects that we have tried to cover. I think you will find that we have
not necessarily covered them in sequence, and that both of us sees these subjects from
a different view. However, we hope that you will see a common thread running through
the chapter. 

CHAPTER STRUCTURE

After discussing the most important symptoms of our conditions and how we were
first diagnosed, we attempt to deal with the difficult problem of the impact of continu-
ous, slow vision loss. Thereafter, we reveal a number of situations we experienced as
young people: with doctors, parents, children, siblings, and our partners. We also
divulge our experiences at school, university, and in our careers. We discuss our chal-
lenges while participating in sports, social occasions, and travel. Finally, we highlight
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how the situation today is different, especially because of the efforts of Retina
International and all of our member countries in raising awareness of our condition.
Furthermore, given the tremendous advances in technology to aid partially sighted peo-
ple, and legislative and environmental improvements, we conclude with a view toward
the future. We hope you enjoy our contribution.

COPING WITH RETINAL DEGENERATION: JAMES CAPE

Born in 1951, as the youngest of three children, I enjoyed a normal and happy child-
hood. In 1958, my sister, the eldest of us siblings who was 12 at the time, was diag-
nosed with MD. As little was known at the time, my brother—13 months older than
me—and I were duly examined but were found to have normal vision.

During the ensuing years, I adapted to life with a visually impaired family member,
but found it strange that there did not appear to be any magical cure. Throughout my
teens and early adult years, I participated in all levels of ball sports, representing my
region at the highest level.

At the age of 27 and at the pinnacle of my sporting career and duly making progress
in my career as a bank official, I was called up for a military camp as part of the coun-
try’s national defence force. Subject to a full medical examination, the military
optometrist could not fully understand why I was having problems reading the normal
optometrist chart. Consequently, I was simply overlooked on the basis that I was endeav-
ouring to be exempt. Knowing my sister’s condition, I immediately identified my short-
coming and the feeling of dismay remained with me for the duration of my 3-mo call up. 

Immediately on my dismissal, I visited my ophthalmologist for a full assessment.
After a full diagnosis, he referred me to a colleague for a second opinion. Both con-
cluded that I had MD and were somewhat bewildered by the fact that I had been exam-
ined on an annual basis and that the condition had only reared its head at this later stage
of my life. At the time, it had only been diagnosed in patients under the age of 25 and
after the age of 55 this is known as age-related MD (AMD).

As a young adult enjoying the fruits of life with ambitions and aspirations, the news
came as a devastating blow. My immediate reaction was one of anger and bewilder-
ment. I had many questions that needed to be answered by the medical fraternity, my
parents, and my faith. This forced me into a state of denial and I almost became an
introvert, not sharing or prepared to divulge my inner feelings and hurt. Part of the
thought process I experienced was perhaps that there was no light at the end of this tun-
nel and, therefore, giving up the aspects of living seemed to be the only alternative.

Because my parents had experienced my sister’s condition, they found themselves in
an awkward position, as they still did not have what seemed to be the right answers or
solutions. Dealing with the emotions and the reality of the situation is not easy to
describe as my loss of sight was gradual at the time. But what it did do was start to
place an emphasis on the day-to-day aspects with which I was having difficulty. I noticed
that I was perhaps not as competitive as I started to focus on the negative aspects of my
sporting activities rather than the positive. 

At the workplace (I wore spectacles being far sighted in one eye and near sighted in
the other for clerical work), I had experienced problems with certain printed material
and had merely put it down to an adjustment required to the lenses of my spectacles.
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At the time, this did not bother me, but, rather, the daunting thoughts of the future
did, based on what my sister had experienced. Slowly, I started to restrict my
sporting activities and denied my problems at the workplace. It was during this time that
I perhaps received the best advice from my local physician and one that I continue to
share with others: Do not give up on your eyes, but let your eyes give you up. What
he meant by this was simply, do not give up your day-to-day activities, sports, and
work, but rather let them give you up and let logic prevail. With this in mind and a
fresh outlook, I approached my day-to-day activities in a more optimistic manner,
focusing on the positive aspects rather than the negative. I continued with my sport-
ing activities, taking the opportunity to use my experience and skills rather than
relying totally on my sight. In the working environment, it was merely a matter of
adjusting to conditions and looking at a smarter approach rather than the norm. I
continued to enjoy and play sports and have only recently given up playing indoor
hockey. The first of the sports that I retired from was softball and baseball, which I found
became more and more difficult. Because the ball spends much of its time airborne
and blends in with the background, I was unable to see it and position myself accord-
ingly. Furthermore, the expectations of your teammates continue to be in line with
one’s performance and they could not understand or appreciate why my performance
had declined. It is worth mentioning that I normally batted at third or fourth in the
line up and was considered to be one of the leading run scorers. This was indeed a
sad moment.

My other passion was that of squash, which I had played actively from my school
days and thoroughly enjoyed playing men’s league squash. With the deterioration of
my sight, I found the need to adjust my style of play and particularly focused on keep-
ing the ball at a low to middle projection, which seemed to fit in with my field of vision.
The high drop shots caused me the most problem and more than often I would forfeit
the point as I was unable to track the ball. At the same time, I was finding that I was
being hit by the ball, especially when the ball came off the back wall. Those who know
the game will appreciate how much this can hurt, leaving one with bruise marks. My
friends typically took advantage of the situation despite the fact that they had empathy
for me. I continued to play squash until the early 1990s when it became apparent that I was
no longer competitive and perhaps was endangering myself.

I have continued to play field hockey and now have the pleasure of having my two
sons on my team. I must mention that four or five of the players have played hockey
with me since 1972 and they continuously prompt me throughout the game. This has
often lead to confusion with those at the back prompting me to move left whereas those
facing me are prompting me to move to the right. I have become known in the league
as that deaf player as my teammates were in the early years congratulated for accom-
modating a deaf player because of the shouting/calling that took place. So you are
probably wondering how (or do) I see the ball. With my instinct for the game and my
ability to see movement and duly assisted by the prompting, I am able to follow the
play of the game. It is only when play is within 1 m or so that I am able to “pick up”
the ball provided the ball is in a good, clean condition. When the ball is traveling at a
speed, I am unable to “pick it” up resulting in a couple of bumps and bruises. Any free
hit taken close to the goal mouth, I am kindly asked to move out of the area. 
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The team always calls on me to take free hits as I have a natural ability to hit the ball
extremely hard. As you can appreciate in field hockey, the ball can be lifted fairly easy
depending on the condition of the field and this, combined with me not being able to
distinguish between my team and the opposition, depending on the team colors, has
unfortunately meant that I often hit players with the ball. My reputation in this regard
has certainly exceeded me, resulting in players reluctant to stand too close to me when
free hits are awarded. On the subject of the team colors, I have often been generous in
passing the ball to the opposition, which often has my team in a tizz.

From the time that I was diagnosed, I immediately informed my employer of the sit-
uation and it was mutually agreed that we would address the situation on a year-to-year
basis. I have now worked for the same company for 34 yr and have gone through many
trials and tribulations. 

Owing to the deterioration of my sight, I have tried many forms of glasses. At one
stage, the one lens of my glasses was almost 1-cm thick and my colleagues used to com-
ment jokingly that I should not sit with the sun behind me as it could cause the docu-
ments I was working on to catch on fire. It certainly does require an adjustment to the
many comments from customers and alike regarding how closely I read and that perhaps
I should change my optometrist. Naturally, this restricted me in my career development
because of the limitation of such matters as transport. I also learned that if you silently
teach people to adapt to your needs, they do so willingly and without realizing it. A good
example of this is that when staff extract fax messages, they will automatically read the
fax and not just merely place it in my in tray. They will ensure that work presented to me
is formatted and printed in a manner in which they know I will be able to read. To assist
me with computer work, I make use of a software package called ZOOMTEXT, which
has a variety of features, such as magnification and text reading. I also make use of a
micro reader, which facilitates the reading of documents and books. Despite the fact that
I have been overlooked for certain positions, I was recently asked to visit certain African
countries to consult on operational issues. This was certainly a challenge and not only
from a consultancy aspect, but also the whole aspect of dealing with mobility and obtain-
ing appropriate assistance from people within these countries.

Let me share with you some of my trials and tribulations. Shortly after my diagno-
sis, I realized that I had to read with my nose closer to the print. As mentioned, my first
set of spectacles had one lens that was extremely thick and of course very heavy to the
extent that I would have marks on my nose from the frames. As the spectacles were for
reading only and the fact that I would have to take them on and off, I often misplaced
the glasses resulting in such comments as: “you will have to get a pair of spectacles to
find your spectacles.”

Ensuring that the light conditions were favorable became a priority. Too much light
meant a reflection off the documents, resulting in strain on my eyes; simultaneously,
too little light resulted in difficulty in reading the material. It also became difficult to
write, taking into account the closeness of my face to the writing material. To accom-
modate this, I naturally adjusted my head to a more suitable position with the added
consequence of my handwriting deteriorating. My two sons often criticized my hand-
writing, stating that it was similar to that of a medical physician’s and they would
always suggest I scribe letters to the school.
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At about this time, I started to experience problems when driving my motor vehicle,
depending on a host of conditions such as the time of day, the condition of traffic
signs, the condition of the façade, and the amount of traffic on the road. I found that
I was not adhering to road rules, going through red lights and not stopping at stop
signs. In order to compensate, I found it in my interest to travel routes that I was famil-
iar with and would follow the vehicle in front of me on the basis that they were adher-
ing to the road rules. If there were no vehicles, the cautionary action taken would be to
turn left at a traffic light rather than proceed through. (Do not forget we travel on the
left side of the road.)

My family and I were preparing to leave on a short vacation and as we left our abode,
the motor vehicle stalled and we were unable to get the vehicle started. As it was our
intention to call on our dentist on the way because my eldest son was experiencing
toothache, my wife decided to proceed to the dentist using our second vehicle, leaving
me to sort out the problems. Shortly after my wife departed, I was able to get the car
started and, with my youngest son as a guide, made my way to the nearest service cen-
ter (which was luckily up the road). The motor mechanic requested that I pull the motor
vehicle into the garage in order to undertake an examination of the problem. Despite
my appeal, the mechanic insisted I drive the vehicle, which I duly did under guidance
from my son seated in the back seat. The workshop was a hive of activity and took
some careful maneuvering to reach the allocated service bay. It did not take the
mechanic all that long to attend to the problem. After which, he suggested we take the
car for a test drive. Once again he insisted that I drive, so with the mechanic in the pas-
senger seat and my son in the back seat, off we set. My son was quite clear on his instruc-
tions, which went something like—slow down you are about 5 m from the stop street,
okay you should now stop, it looks clear you can proceed, you are coming towards a
pedestrian crossing, etc. This prompted the mechanic to reply that it was most encour-
aging to hear a youngster so involved and knowledgeable on our local road ordinance.
When we returned to the workshop, the only means of payment was by cheque, which
my son duly completed on my behalf, requesting me to sign in the appropriate space.
The owner of the workshop was somewhat bewildered and also commented on how
nice it was to see a youngster being taught at such an early age.

After some minor accidents and having nearly written the motor car off, I decided it
was time to stop driving because I realized that I was not only becoming a danger to
myself but the consequences of my actions could be severe. This news I knew would
delight my ophthalmologist, who on each visit cautioned me not to drive. The loss of
one’s independence certainly takes a huge amount of adjustment, especially in a coun-
try like ours where public transportation is almost nonexistent. Part of the adjustment
entailed re-organizing getting to and from work, visiting customers, attending confer-
ences, and even on the domestic front. At the time, it was difficult to engage the full
impact, but this certainly placed an additional burden on my wife and friends. To this
day, this remains one of my stumbling blocks of life, as it does not matter what arrange-
ments I make, I always need to take into account the whole transportation matter.
Strange but true, I have a good sense of direction and, once I have been on a particular
route, I have the ability to memorize it. As a result, I am invariably requested to direct
people from point A to B.
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The nature of my job has required that I undertake trips to outlying areas, necessitat-
ing the use of air travel. I do not experience difficulty in getting around airports as one
only needs to ask for directions in order to get to the various areas requiring departure,
e.g., obtaining boarding passes, security, and access to airlines. I do experience prob-
lems when boarding the aircraft. The location of my designated seat is indeed a chal-
lenge and has often resulted in confusion with fellow passengers.

When arriving at new destinations, it is always important for me to familiarize myself
with the lie of the land. What I mean by this is finding out where the dining room,
toilets, lifts, and reception desk are located. This action also extends to hotel rooms—
making sure that I fully appreciate all the small things. I identify which bottle has the
shampoo vs hand cream. To make my life easier, the better I understand or familiarize
myself with the environment, the easier it is to adjust. On a recent visit, I exited the
hotel carrying a briefcase and, as the stairs leading to the pavement were not clearly
marked, I ended up sprawled all over the pavement. Pedestrians passing by were to my
amazement reluctant to assist me and I could sense from their remarks that they consid-
ered whether or not I was intoxicated. 

Living with a disabled person I do believe takes quite an adjustment and does impact
on all family members, from time to time. My two sons grew up with my condition from
the onset and to them this was the way of life. When playing with their toy cars, the lady
always did the driving and it was only when they went to school that they realized that
there was in fact a difference. However, being the ages they were, this did not deter them
and they played on. They would automatically do certain things differently, e.g., they
would look for me after school or school events rather than me looking for them. Without
hesitation, they would guide me up or down stairs and describe my immediate surround-
ings. When walking through the school grounds, they would politely advise me of any
teacher that was approaching in order that I could formally greet them. Of course, it was
difficult for me to help with school homework, particularly reading.

I would, from time to time, participate with my sons at certain scout outings like day
trips, camps, and hiking. Without their help and assistance, these outings would not
have been possible. During an overnight hike through some unforeseen circumstances,
the boys got split into two groups and for all in tense and purposes were lost. I was in
charge of the group and the hike itself was in a nature reserve, which stretched over
many kilometres. It took me quite a while to overcome the feeling of absolute helpless-
ness and gather my wits and attend to the immediate problem. The area was covered in
tall grass, which compounded the problem. Through applying some good logic and
some lady luck, we were able to regroup. As this was on the first day of the hike, it
taught me just how observant and careful I had to be. 

This reminds me of one incident when my wife was at work one Saturday morning.
The boys asked me to read them a story and, not wanting to disappoint them, I chose a
book that I was familiar with, not knowing it happened to be a favorite of theirs, which
my wife had read on several occasions to them. With my sons sitting on either side of
me, I pretended to read the book by telling them the story. It was not long before one of
them notified me that I was deviating from the story as read by their mother.

I took the liberty of cleansing my sons inside by default. This came about when my
wife went out and I was mowing the lawn and I was left instructions as to provide them
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with cool drinks and biscuits as and when the need arose. Youngsters being who they
are, it was not long before they requested that I pour a cool drink. I went into the kitchen
where the cool drink was kept and unfortunately on this occasion the dishwashing liq-
uid stood next to it (both were green). I took the dishwashing liquid by mistake and
poured it into their mugs, added water, and told them to drink up. Naturally the liquid
created a burning sensation and, in order to resolve this quickly, I dosed them with
milk. I asked them not to repeat this to their mom on her return, but this was to no avail.
You can imagine the first words they spoke to their mother and in what detail!

My wife has adapted to the situation and has been a pillar of support throughout the
years. She was fully aware of my eye condition at the time of our marriage, but I do not
believe anybody can anticipate the impact and the personal sacrifices that are associated
with a partner having this condition. With the loss of my sight being gradual, my wife sub-
consciously takes on more menial day-to-day tasks. I am unable, for example, to read the
price of items when shopping. Although I can memorize where the items are in a shop, the
condition and otherwise of the article requires assistance of a sighted person. When eating
at a restaurant, menus remain a stumbling block and always require somebody in your
company to assist you. It can be quite daunting to be told by restaurant staff that the bath-
room “is over there,” followed by pointing in the general direction. It does not end there:
when you locate the bathroom, the signage is invariably small and difficult to decipher.
In order to return to your table, one has to memorize the environment. 

Attending to domestic accounts and such matters can also be difficult, especially
without the assistance of your partner. I have been fortunate that my family has adapted
so well, ensuring that small furniture items are not placed haphazardly in the room.
Drinking glasses are stacked in manner that I am able to see them and take them out of
the appropriate cupboard without any damage being caused. The watching of television
is somewhat unusual as my family sits in their normal positions on the couch and I sit
to the side of the television and in close proximity, i.e., almost on top of it. Sliding
doors are clearly marked.

The family has become almost experts at describing the countryside when we travel
on location. On arrival, I get a full description of the lie of the land, which certainly
helps me to orientate myself and enjoy and share their enthusiasm. This is done invari-
ably without having to prompt them and seems to come naturally from them. Typically,
this type of behavior has been adopted by friends and family, who invariably are more
than willing to assist without making me feel disabled.

Once a year, I visit my local ophthalmologist for a full eye examination. Despite the
fact that there is no cure or treatment available, it is important to ensure that the rest of
my eye is healthy. During the examination my vision acuity is measured. I am actively
involved with Retina South Africa, which gives me the opportunity to keep abreast of
the latest developments both on a local and international basis. This includes research
treatment and technology enhancements. Public awareness remains an ongoing chal-
lenge and, in particular, in our country. This has a distinct disadvantage in that it is diffi-
cult to explain to people that you have sight but cannot see. The yellow cane concept,
which was muted some years ago, (as a means of indicating that the individual is partially
sighted as opposed to the white cane, which is interpreted that the person is blind), still
carries merit and should be reconsidered. Because of the lack of awareness, employers
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are also unaware of the various conditions and are hesitant to employ people who are
visually impaired and, in many cases, will terminate employment normally through
unethical means. What has become important to meet the day-to-day challenges is the
use of technology. Certainly, computers allow one to compete on a compatible basis.
The use of ZOOMTEXT has given me the access to the computer environment and,
with such features as text reading, I am able to keep up with the latest developments and
stay actively in communication with friends and customers. I also make full use of a
micro viewer, which allows me to enlarge print, thus giving me the ability to peruse doc-
uments and books. Although it is a slow means of reading, I can read. Other gadgets,
such as talking watches and alarm clocks, make life simpler. I have tried to obtain speech
text for my mobile phone, but this technology is new and expensive at the moment. As
most aids for visually impaired people are imported, the costs are extremely high. 

To maintain my standing at the workplace is very demanding. As there is no doubt
that it does take longer than a normal-sighed individual to maintain the required levels
of efficiency, I work extended hours and often take work home. This is in order to
spend time with the family. When attending courses, my first approach is to liaise with
the lecturer, explaining my condition so that he and I are not placed in an embarrassing
position. Work colleagues normally prepare a set of enlarged print slides when inviting
me to their presentation. I have experienced that, because I have taken the time to
explain my condition to colleagues and peers, they are accommodating and understand-
ing and as such have made my life that much easier. In conclusion, what has become
important to me in the way forward is Stephen Covey’s first habit in his book, “The 7
Habits of Highly Effective People,” Covey, S. R. (2004). The 7 Habits of Highly
Effective People. New York: Free Press. The gist of which is to concentrate on that
which we can influence rather than that which we cannot.

COPING WITH RETINAL DEGENERATION: GORDON COUSINS

Introduction

My objective in writing this chapter is to attempt to help people who suffer from RD
conditions and people associated in some ways with RD sufferers. I have attempted to
cover the various aspects of life and to highlight my experiences, my learning, and my
comments on coping in these different personal conditions. All of the situations referred
to are extracts from my own experiences and, as such, represent a very personal view of
how to cope with a retinal disorder.

With RP, as you will see from other chapters in this book, the nature of inheritance
has a significant impact on the date of onset, the severity, and the rate of degeneration
of the condition. I am a dominant inheritance RP, which tends to be the mildest form of
RP, in that, it implies early onset but with reasonably slow degeneration, particularly
visual acuity, resulting in usable central vision, often until the RP sufferer is quite old.
I, at 57 years of age, have lost all of my peripheral vision, but still have about a 15-
degree field of central vision. This implies that I am still able to continue my career as
an international lecturer and trainer, running my own training business. Coping with RP
has therefore, over the years, become not only a personal, but also a professional neces-
sity and in order to understand how to cope with RP, it is first necessary to understand
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the major symptoms of RP that are experienced by an RP sufferer and how these symp-
toms play out in different situations.

With reference to the symptoms of RP, there are five particular symptoms that cause
problems for an RP sufferer. They are tunnel vision, contrast sensitivity, night blind-
ness, slow dark adaptation, and loss of visual acuity. It is important for the reader to
understand how these symptoms are experienced and what they present to an RP suf-
ferer. In all of the situations that are covered in the forthcoming pages, we are referring
to these symptoms time and again. Therefore, it is worth spending some time on a brief
discussion of each of these symptoms and how they impact on an RP sufferer.

1. Loss of peripheral vision (tunnel vision). In early years, this takes the form of a ring sco-
toma, which does not significantly impact on mobility or vision for a classic RP. This is
especially so in my case, as I am a dominant RP and therefore had onset at an earlier age,
but a much slower rate of degeneration. However, once the condition is more advanced and
the peripheral vision is lost completely, then the impact of tunnel vision can be more severe.
I have a 15-degree field, which presents certain mobility challenges in that the inability to
see left, right, up, and down poses some difficulties. One of the biggest difficulties posed is
the fact that I appear to have absolutely normal vision and yet, will often bump into people,
fall over objects at floor level, etc. This often results in people assuming that I have been
consuming alcohol in large quantities.

2. Contrast sensitivity. The major problem for a patient with RP caused by lack of contrast
sensitivity is that vision becomes variable, depending on the location of the light source
and the position of shadow. With low-contrast sensitivity, the shading and shadow in a
sight situation becomes exceedingly important, as can be seen in the Figs. 1 and 2, which
show a set of steps leading onto the beach in Zanzibar, taken from two different angles.
As can be seen, the lack of shadows from one angle makes the stairs more difficult to see,
if you are an RP. This presents some interesting challenges.

3. Night blindness. Night blindness or the inability to see in low light situations, is one of the
first symptoms experienced by an RP and this tends to be one of the most debilitating
aspects of the condition, as will be covered extensively in the discussion of various situa-
tions later on.

4. Dark adaptation. The problem for an RP sufferer is that the time required to adjust to dif-
ferences in light intensity is much slower than for a person with normal vision. This pres-
ents certain problems when one changes from light to dark situations.

5. Visual acuity. In general, for most young patients with RP, visual acuity is not experienced
as a significant problem. However, as one gets into later years and, depending on the con-
dition itself, the loss of visual acuity has significant problems. 

6. The final difficulty that an RP sufferer has to deal with is the fact that the visual loss is
experienced over an extended period of time and, therefore, psychologically one has to
deal with the process of loss as a continuous lifestyle. The implication of this is that one
gets used to the thought of loss, but certain key activities or capabilities are lost at particu-
lar points in one’s life and it is these focal points that bring up the whole psychological
problem of loss of vision, again and again. For many people with RP, it is the fact that the
sense of loss is experienced time and time again, which is a particularly challenging and
difficult situation to deal with.

First Diagnosis 

I was first diagnosed with RP at the age of 6. However, in many ways I was fortunate
because, being from a dominant inheritance family, RP was already in the family and,
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therefore, perhaps, there was some, if limited, realization of what the implications of the
condition were. I first experienced night blindness as a very young boy, when playing
out at night with a friend, I ran into a tree, which my friend saw, but I did not. A few
similar experiences eventually resulted in my parents taking me to an ophthalmologist,
who diagnosed RP. The first diagnosis of RP is a particular challenge for most parents
and for young RP sufferers. Our advice would be not to underestimate the child’s abil-
ity to understand the condition and to deal with the truth of the condition. When I went
for my first eye examination, drops were placed in my eyes to dilate the pupils so that
the retina could be examined. Unfortunately, nobody told me that this dilation % would
cause an inability to focus and also nobody told me how long it would take for the dila-
tion to disappear. I can still remember, vividly, returning home from the doctor’s rooms,
at 11 o’clock in the morning and for the rest of the day, being unable to read and unable
to see clearly. It was an extremely traumatic experience, which could have easily been
avoided, had the eye-care professional simply taken the time to explain to this 7-yr-old
boy that he would find some blurredness in his vision for the rest of the day. My expe-
rience is that most professionals tend to err on the side of too little information to young
patients with RP rather than too much. Being diagnosed with RP in the 1950s, there
was very little information around on how the disease would progress, how the symp-
toms would be experienced, and what methods were available to cope with RP. This is
a common experience of young patients with RP, particularly in the case of patients

Fig. 1.
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with RP who are diagnosed from a recessive inheritance condition. In this situation,
there is no experience of RP in the family and, therefore, no knowledge of how to cope
with the condition. Given the extent of knowledge that exists on the condition today, it
should be possible to assist a young patient with RP to cope much more adequately with
the condition. However, it appears that because of the lack of awareness and lack of sen-
sitivity amongst both parents and eye-care professionals, not enough work is being done
to help the young patients with RP to understand that they will need to cope with con-
trast sensitivity, night blindness, loss of peripheral vision, slow dark adaptation, and
eventual loss of visual acuity. How did I experience these situations as I grew up?

Youth

As a young person, one desperately wants not to be different from any of one’s
friends and, therefore, the usual behavior of a young person with RP is to pretend that
there is nothing wrong with his or her vision. This inevitably results in the young per-
son with RP not wanting to talk about it to his or her friends and not wanting to ask for
assistance. The net result is that many young people with RP withdraw from social and
personal contact with his or her peers, often initially in low light situations and then
subsequently in sporting and other situations. The biggest gift that one can give to a
young person with RP is to encourage him or her to recognize that he or she has a con-
dition and to feel free to talk about the condition and the implications of the condition.

Fig. 2.
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I, as a youth with RP, went through a similar process of trying to avoid contact, partic-
ularly in low light situations. The hit song, “You Will Always Find Him in the Kitchen
at Parties” could well have been written for an RP sufferer because, at most parties, the
lights were always on in the kitchen and were always off in the dance room. This cre-
ated some significant difficulties in trying to find a girlfriend in a party situation, as the
pretty girls were always in the dance room, waiting to be asked to dance! 

The inability to share one’s disability and the implications of the symptoms with
one’s friends are probably the most significant debilitating factors for a young person
with RP If this can be overcome at an early age, it can make a significant difference to
the life of a young person with RP. 

Personal Situations

In this section of the chapter, I cover the problems of coping with RP with respect to
one’s parents, partners, siblings, friends, and the question of children. With regard to
parents, the problem of a retinal degenerative condition is that it is inherited and, there-
fore, there is implied guilt on the parents for having given birth to a child suffering
from a degenerative eye disease. This inevitably results in the parents wanting to do
more for the visually impaired child than is either necessary or healthy and often results
in parents increasing the sense of handicap of the child. In many cases, we have seen
that parents (because of their deep desire to help) are quick to consider putting the child
into special schooling facilities and other assistance programs, which I would not rec-
ommend. In fact, I do not feel they are necessary for the child. My recommendation is
to allow the child to be as normal as he possibly can be and to not over compensate for
the child’s handicap. I was very fortunate in that I came from a family of RPs and my
mother had her hands full dealing with my father and his RP. Therefore, she did not
have the time to concern herself excessively with my condition and handicap. She also
had the wisdom to understand that leaving me to cope with my condition was effec-
tively teaching me coping skills and equipping me for the conditions I would experi-
ence in the rest of my life. In almost all of the retina associations around the world, the
problem of trying to get parents to deal with their guilt for having given birth to a child
with a degenerative eye condition and to get them to deal with their guilt within them-
selves and not over compensate in terms of the way they behave with the child is a
common challenge.

When it comes to partners, someone with RP needs again to be as open, honest, and
direct as possible, with regard to what condition they have and what it implies for their
partner. In many situations, we have noticed the tendency for people with RP to not
involve their partners in their condition and in the implications in the attempt not to
“burden” their partner. This behavior generally results in continuing problems and,
therefore, should be avoided. The problem with partners is that the question of children
soon arises and, in this situation, we would recommend competent genetic counseling
to ensure that both parties understand the risks that are involved in having children
when one of the parties has a retinal degenerative condition. In my case, being of dom-
inant inheritance, there was a 50/50 chance of the condition being passed down to my
children and my daughter suffers from RP. This is a situation that still presents chal-
lenges to both my wife and me in terms of how to deal with a child with RP. The last
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subject in this section is that of siblings and friends. In the case of siblings, there is
often a tendency on the part of RP sufferers to ignore the feelings of ones brothers and
sisters, dismissing them with a view that they are, in fact, not suffering from the condi-
tion. In many cases, however, there is also guilt on the siblings part and an inability
from them to know how far to go to assist their brother or sister with RP. The same 
situation extends to friends and it is very common for a person with RP not to know
how to graciously accept the assistance that is offered by friends. One of the problems
of a person with RP is that one’s vision is variable, particularly because of the impact
of contrast sensitivity, which results in the person with RP being able to see and not see
in very similar light conditions, depending on the position of shadows and the extent of
contrast. This makes it very difficult for sighted people, because in some situations, the
RP sufferer is definitely in need of assistance and in other situations, which appear very
similar, the RP is absolutely fine with regard to their mobility. It is this variability of
vision that causes most of the interpersonal problems with friends and siblings. It is
also this apparent variability that sometimes causes problems, even with the public. On
many occasions, we have had complaints from the public that they have witnessed a
person walk down a street using a cane, and then sit down at a bus stop, take out the bus
time table, and read the time table. It is this incongruous situation that presents chal-
lenges both to the visually impaired person and to the public.

Doctors and Professionals

As has been referred to earlier, the biggest problem for a person with RP in coping
with doctors and other professional people is the instant assumption on behalf of many
professionals that the patients with RP can see nothing and, second, that these patients
should not be burdened with too much technical information regarding their condition.
My experience in Retina International is that the best way to assist patients with RP in
coping with their condition is to give them as much information as possible and to
assist them as far as possible to understand their condition. Many of our members have
complained that the eye care professionals they consult do not fully comprehend the
variability of the vision of the RP sufferer and are not able to give clear advice with
regard to how to deal with the condition. This, of course, is quite natural given the wide
number of inherited forms of RP that exist, and the variability of visual loss and disease
progression that exists. My advice to the professionals, however, would be to give your
patient as much information as possible, almost irrespective of their age, as patients
with RP usually have become quite adept at dealing with the difficulties that their vision
presents to them. Providing them with insights as to how the condition may develop, in
fact, empowers them to deal with the condition more effectively.

Study

When it comes to education, school, and university, the RP symptoms of contrast
sensitivity and dark adaptation often present some significant difficulties. This espe-
cially occurs with regard to seeing information on a chalkboard or overhead projector,
and it is very common for young people with RP, in an attempt to disguise their condi-
tion, not to disclose that they have a problem in the accessing of this information. It is
highly recommended that parents of a child with RP spend some time with their child’s
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teachers and lecturers to explain the implications of lack of contrast sensitivity, slow
dark adaptation, and, in some cases, the loss of visual acuity. Also, take the time to explain
how this will impact on the child in a classroom situation. Probably the most important
thing that one could do for a child with RP in the study situation would be to attempt to
provide information to the rest of the students and to the teachers on the symptoms of
the condition: how they will be experienced by the child with RP, how people
withoutRP will experience an RP child, and what can be done to assist in that situation.
The problem about this is that it first requires permission from your child to communi-
cate to their peers that they are an RP sufferer. Frequently, in attempting to assist your
child to cope with RP, you can create other difficulties and embarrassments, which
present more of a problem to your child than the RP does. My advice always is to con-
sult with your child and to not make the condition overtly public, unless your child is
comfortable with that strategy. However, I would encourage you to continuously
encourage your child to “come out of the closet” and declare his or her visual handicap.
The most significant thing that one can do for an RP is to inform people around them
as to how the condition will manifest.

Work and Career

The problem with RP is that the rate of degeneration is not known and cannot be
accurately predicted for any particular form of RP. Therefore, the extent to which vision
loss is going to impact on one’s career cannot be predicted. One comment that I would
have, however, is to recognize that in this day and age, one need not have a career for
life and, therefore, if your child is intent on following a particular career direction, and
they feel passionate about it, then encourage them to follow their heart. I have been
self-employed for the last 27 yr and have benefited from being able to control my work
environment to suit myself. James, however, has been employed in corporate positions
throughout his life and has also managed to structure his work environment to suit him-
self. The most important thing that I do today, being an international consultant and
lecturer, is to openly disclose my RP and the implications that this will have on dele-
gates to my seminars. This public announcement of my condition has significantly
assisted me to continue to perform my professional activities without significant restric-
tions caused by my RP. The same message pervades throughout all of what we are say-
ing. The best way of coping with the condition is to understand the symptoms oneself
and to ensure that everybody around understands those symptoms as well.

Sport

Sport is probably the one area where most people with RP experience the most sig-
nificant challenges and have their most humorous experiences with the condition. It
seems that people with RP continuously wish to ignore their condition in their choice
of sport and many become involved in sport that requires a fairly high degree of visual
acuity to be successful. There are very few sports that involve a ball, which do not
require a certain amount of visual acuity and yet people with RP seem to disregard this
fact totally in their choice of this sport. This “stubbornness” is highly commendable
and should be encouraged. It is in their sport that people with RP have the chance to
express their desire to be able to behave like fully sighted people. With age and maturity
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comes a small amount of wisdom. In my older years, I have learned that certain sports
are, in fact, much easier to undertake as a visually impaired person, but I still insist on
challenging myself with sport that require some visual skills, including golf, snow ski-
ing, some cross country running, and similar activities. Even in these situations, how-
ever, coping skills can assist significantly. I have not yet gotten involved in snow skiing
with radio-assisted support, but I typically ski following my wife or a friend and, there-
fore, mostly manage to make it from the top of the slope to the bottom unscathed. My
challenge, however, is to recognize exactly when to turn on the piste and I have often
gone slightly wider than would be recommended, therefore, disappearing into some
soft powder snow. It is these experiences that remind an RP suffers of their condition
and yet allows them to enjoy the fact that they are able to undertake sports, which, gen-
erally speaking, perhaps would not be recommended for them, without allowing their
handicap to restrict them in any way. My biggest challenge in scuba diving has been to
keep my buddy in some degree of visual contact and, therefore, ensure that I am fol-
lowing the correct group. When diving off the Barrier Reef, where there were a large
number of other divers, most of whom were wearing black wetsuits with yellow tanks
on their backs, often caused me to follow the wrong group in totally the wrong direc-
tion. In that situation, my son, who does not have RP, had his work cut out to ensure
that he kept me roughly in line with where the dive was intended to go—a proverbial
underwater sheepdog! You can imagine the look of surprise on another diver’s face
when someone he does not know, suddenly attaches himself to him as a dive buddy.
One benefit is that if you can explain it away, you do get to meet new people, but this
is a little difficult to do 20 m below the surface. Still, my recommendation would always
be to any visually impaired person, not to allow your visual impairment to restrict you
from doing anything that you think you can do. Only ensure that you inform everyone
around you of your condition and what the implications are for both you and them, so
that you can try and ensure your own safety, as well as the safety of the other people
with whom you are enjoying your pastime. On climbing Kilimanjaro last year, I expe-
rienced the challenge of having to set out for the summit at 11 PM at night and climb 7 h
in the dark. Although this was a particularly challenging experience, the exhilaration of
having completed the climb and reaching the summit of the highest peak in Africa was
worth all of the difficulties en route. However, my Tanzanian mountain guide, who
struggled to get me across the lava rocks without injury, might not agree!

Sports and recreation are probably the most important way in which a visually
impaired person can experience their own handicap and their own ability to conquer it.
Use the people and support around you wisely, and anything is possible.

Travel and Transport

Travel and transport probably represents the most significant challenge to a visually
impaired person. It is the area in which we are often reliant on other people and, fre-
quently, these people are not people that are friends of, or connected with us. We are
reliant on the general public and mostly in conditions in which we do not have the time
or opportunity to explain our condition. In areas where there are no efficient forms of
public transport, the RP sufferer is particularly handicapped and this is probably the
most difficult handicap to deal with. In these situations, most people with RP often
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have to employ drivers or make extensive use of taxis, which have significant cost
implications. Even using public transportation, such as trains and planes, have signifi-
cant challenges to someone with RP. My biggest concern in using trains is if one is
traveling at night and needs to leave the train at a particular station, then the ability to
see the station name becomes a core competence with which I have some difficulty. In
this situation, one can only resort to requesting the help of your fellow travellers. Also
in situations of travel, railway stations and airports present particular challenges to
someone with RP. Someone with RP may have a small visual field (in my case about
15 degrees) and have good central vision for objects that are further away, yet is blinded
to objects that are very near or outside the field of vision. As a result, the person with
RP tends to be quite “fixed” on a visual point somewhere in the distance and will often
move quite speedily to that point, ignoring the fact that there are people and objects to
the left and to the right of the visual field that may well come into play. I have been
known to trip more people in airports and railway stations than is probably good for
them or myself, and yet I travel extensively throughout the world, frequently on my
own, and am able to cope quite effectively. The biggest coping problem in these situa-
tions is often the remarks of people that one encounters (or trips) along the way. To
these people, the RP sufferer appears to be a perfectly sighted person, who appears to
act extremely rudely in that he will often crowd this person or bump this person with-
out realizing that it is happening. This often results in some disparaging remarks from
strangers. The important coping skill for the RP sufferer, and for his or her partner if
they are traveling together, is to not allow these remarks be upsetting, but simply to rec-
ognize that this is part of the cost of suffering from a retinal degenerative condition.

What tips can I offer for coping in a transport situation? Once again, my recommen-
dation on key coping skills is, at every opportunity, to inform the person of the implica-
tions that the symptoms of the condition will cause. I remember a most enjoyable plane
trip where, quite early on in the flight, I managed to explain to the person sitting next
to me the implications of tunnel vision, lack of contrast sensitivity, and night blindness.
The passenger next to me then took on the task during the rest of the flight of inform-
ing me as to when a crewmember was wishing to attract my attention to pass me some
food, hand me some travel documents, etc. Again, it is bringing people into our world
that allows us to cope with the conditions in our world. I am fortunate that, these days,
I travel mostly with my wife and, therefore, do not have the same challenges with
regard to travel and transport that I used to have.

Social: Including Dinners, Parties, Dating, etc.

Some comments earlier, with regard to youth, have already referred to the prob-
lems that are experienced at parties, or when dating, and of course, those comments
are not restricted to young people with RP, but are relevant to sufferers of any age.
The biggest difficulty in this situation is when one is exposed to dinner guests, who
are not close friends and where one has not necessarily had the opportunity or the
time to enlighten the people as to one’s visual condition. This is particularly so in the
case of business dinner engagements where, on meeting a customer for the first time,
it is not necessarily appropriate to talk of one’s visual condition immediately. The
risk of not doing so, however, is that one may end up creating some difficulties, such
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as knocking one’s drink over into your business associate’s lap and then subsequently
trying to explain that this was because of a visual condition. This does not usually
help to ease the embarrassment. For most young people with RP, however, they
inevitably tend to err on the side of not informing people of their condition, until it is
too late. Finding ways to inform people at a very early opportunity of the implica-
tions of having RP is the best way of coping with the resulting difficult situations.
Failing that opportunity, you need to be creative with finding ways to cope. I remem-
ber as a young boy I used to go to the movies with my father who also had RP. I
always wanted to leave my seat during intermission to buy popcorn, but the challenge
was how to find my seat in the dark. My father and I worked out a solution. He would
sit on the aisle seat with his arm extended out into the aisle. On my way back, I would
simply walk next to the seats until I bumped into his arm, and found my seat. The
sense of relief and accomplishment at finding my seat was tremendous! However, I never
stopped to think of the verbal abuse that my father probably endured for his “incon-
siderate” behavior. I guess one of the key coping mechanisms for someone with RP
is to develop a “thick skin.”

Changes Today

The situation today creates new challenges and also offers new opportunities for
people in coping with a retinal degenerative condition. First, technology now provides
significant assistance for visually impaired people and there is significantly more pub-
lic awareness in many parts of the world of the retinal degenerative conditions and how
they affect the people who suffer from them. This public awareness, together with the
activities of Retinal Associations and other support structures around the world, are
making it easier for suffers to talk openly about their condition, in a way that helps peo-
ple to understand the situation. In many parts of the world, governments are being sen-
sitized to the physical needs of visually impaired people and are adapting infrastructures
to make it easier for us all to cope. However, the most significant progress that needs to
be made in dealing with the condition is the acceptance of the condition inside one’s
own head and, therefore, to have the maturity and courage to admit and talk openly to
suffering from a retinal degenerative condition.

Conclusion

In conclusion, what can I say about coping with retinal degenerative conditions? I think
that the best tips, with regard to suffering from RP, all center around “I.” The first advice
on “I” is to stop thinking that the world revolves around “I,” that is, me. Many people with
RP and MD become totally preoccupied with their condition, their struggle to accept their
condition, and their struggle to live with their condition. They lose sight of the big picture. 

The second “I” relates to information and informing. One should ensure that one
acquires as much information as possible about one’s condition, including the amazing
developments that are happening on the scientific front and the progressive movement
towards treatments occurring across the world. It is then important to inform everybody
that one comes into contact with about the condition, the symptoms, how they affect a
sufferer, how they will impact on other people, and how other people can be of assis-
tance to someone with the condition. 



The next “I” refers to “involve.” I recommend that RP sufferers involve themselves
in the scientific and other activities of the Retinal Association in their country. Involve
the people around you: friends, family, and business associates in your condition and in
ways to assist you in coping with your condition. 

The next “I” involves the word “initiate.” With a retinal degenerative condition, you
should continually ensure that you are initiating situations that test your ability to cope
with the condition. Exposing yourself to new challenges and finding new ways of cop-
ing with those challenges helps you cope with the retinal condition in general and
assists others in realizing how they can help you with the condition. 

The final “I” refers to the word “inhibit.” Do not, in any way, inhibit yourself from
taking on any challenges, experiences, and new situations because of your retinal con-
dition. The more you are able to treat this condition as simply a fact of life that you
need to deal with rather than a restrictive condition that will stop you from reaching
your goals and dreams, the better you are able to cope with the condition. Coping is all
in the head!
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of irreversible blind-
ness and moderate visual impairment in older, white persons (1–11) and will remain a
major threat to vision in coming decades (12,13). AMD research has progressed sub-
stantially in the last quarter of the 20th century and provides clues for future research
directions (12,14–27). Although the exact etiology of AMD remains uncertain (12), we
now have a considerably better understanding of this condition than 30 yr ago. The pur-
pose of this chapter is to summarize progress on understanding the epidemiology of
AMD in the last two to three decades. 

CURRENT “GOLD-STANDARD” FOR IDENTIFYING AMD PHENOTYPES

The establishment of a standard retinal photographic grading method and the develop-
ment of the Wisconsin Age-Related Maculopathy (ARM) Grading System (28), followed
by description of the International Classification and Grading System for ARM and AMD
(29) was an important milestone in the epidemiological study of AMD. Photographic
documentation of AMD lesions permits validation and thus is a highly reliable diagnostic
method with a high level of clinical accuracy in identifying the AMD phenotype (17).
The almost uniform employment of The Wisconsin Grading System (with or without
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modifications) to grade retinal photographs, or the International Classification System
(29) by investigators of the most recent large population-based studies (30–40) has not
only enhanced the comparability of findings across studies, but also has permitted data
pooling (41–43) and meta-analysis (44). As a result, data obtained from such recent 
population-based studies have been extrapolated to other similar populations (44).

Various AMD severity scales based on the Wisconsin AMD Grading and
Classification System (28) have been proposed and used in the Beaver Dam Eye Study
(45,46), the Age-Related Eye Disease Study (AREDS) system (47,48) and the
Rotterdam Study team (49,50).

With the advance of imaging technology, the replacement of stereoscopic retinal
photography by digital imaging is inevitable and already now underway. The detection
of late AMD lesions (geographic atrophy and apparent neovascular lesions) from either
stereoscopic or nonstereoscopic digital images has been found to be reasonably compa-
rable to detection using stereoscopic slides (51,52). Agreement on the detection of
early AMD lesions, drusen, or pigmentary changes (hyper- and hypopigmentation),
however, has been found to vary substantially (51,52) depending on grader experience
and lesion appearance. The detection of retinal hyperpigmentation associated with
AMD from digital images has been found to have the lowest agreement compared with
assessment from stereoscopic photographic film-based grading (52). This would be
expected as stereoscopic photography provides multiple fields (enabling viewing from
different angles) that can enhance the detection sensitivity for this lesion.

PREVALENCE OF AMD 

Whites

Prior to the mid 1980s, a number of studies were conducted to assess the prevalence
of AMD, most with relatively small sample sizes (17,53–57). As a result of the wide
variations in the methods, criteria, and different observers used in ascertaining AMD
phenotype by these studies, comparison of findings between these early studies is lim-
ited (17). Since the mid 1980s, a growing number of large population-based studies have
been conducted, including the Baltimore Eye Survey (30), the Beaver Dam Eye Study
(BDES) (31), and the Salisbury Eye Evaluation (SEE) project (58,59) in the United
States, the Rotterdam Study (RS) (33) in the Netherlands, and the Blue Mountains Eye
Study (BMES) (34) and Visual Impairment Project (VIP) (36) in Australia. All of these
studies uniformly employed the “gold standard” of retinal photographic documentation
with subsequent masked grading to ascertain AMD phenotypes and have provided robust
estimates of the prevalence of AMD for white populations aged 40 yr or older. The meta-
analysis conducted by the Eye Disease Prevalence Research Group (44) showed rela-
tively high consistency in the age-specific prevalence of late AMD (Fig. 1) and large soft
drusen (≥125 μm in diameter) (Fig. 2) for whites across these different populations (44).
In all of these studies, the prevalence of late AMD (geographic atrophy and neovascular
AMD) increased exponentially with increasing age, rising from approximately less than
0.5% at age 60 yr to around 10% at more than age 80 yr (44) (Fig. 1). The prevalence of
large drusen shows a similar age-related increasing trend but the rising curve associated
with increasing age is more linear than exponential (44) (Fig. 2). Possible misclassification
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in the detection of drusen, together with the age-related natural course of AMD (involv-
ing the disappearance of large drusen associated with the progression to a more advanced
AMD stage with aging (60), could explain the observed age-related linear pattern, rather
than an exponential pattern, in the prevalence of large drusen.

Recent reports of the third National Health and Nutrition Examination Survey
(NHANES III) (61,62), the Atherosclerosis Risk in Communities (ARIC) study (35),
the Cardiovascular Health Study (CHS) (38), and the Reykjavik Eye Study (39) have
provided further AMD prevalence data from different populations. The NHANES III

Fig. 1. Prevalence of late AMD by age in whites (reproduced from the Eye Disease
Prevalence Research Group report [44]).

Fig. 2. Prevalence of large drusen (≥125 μm in diameter) by age in whites (reproduced from
the Eye Disease Prevalence Research Group report [44]).
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(61,62) (conducted in a multiracial US population aged >40 yr), the ARIC study (35)
(conducted in persons aged 45–64 yr), and the CHS (38) (conducted in persons aged
69–97 yr) took photographs from only one eye of each subject. This could explain, in
part, the lower overall late AMD prevalence in non-Hispanic whites (0.5%) (62) found
in the NHANES III compared to the BDES (1.6%) (31), BMES (1.9%) (34), and RS
(1.7%) (33) studies in which two eyes were photographed then graded for AMD and
defined from the worse eye. The same reasons may apply for the finding of lower AMD
prevalence in the ARIC study (35) compared to studies in which both eyes were pho-
tographed and graded (31,33,34). On the other hand, the CHS found similar age- and
gender-specific AMD prevalence in white participants compared to these three afore-
mentioned studies (BDES, RS, and BMES) (31,33,34). The relatively older age range
of the CHS population may partly explain the similarity in findings between the CHS
and the earlier studies, as AMD is a bilateral condition (63,64) and bilateral involve-
ment increases with age (64). The Reykjavik Eye Study (39) found a higher prevalence
of geographic atrophy in Iceland than that found in other white populations (31,34,44),
including another European population (the Netherlands) (33). A genetic influence for
all these geographic atrophy cases has been suggested (39).

Other Ethnicities 

Ethnic differences in AMD prevalence have been shown in the NHANES III
(61,62) and the Colorado-Wisconsin Study of ARM (65). Non-Hispanic blacks were
found to have a lower AMD prevalence than non-Hispanic whites. The Baltimore
Eye Survey (30), the SEE project (58,59), and particularly the Barbados Eye Study
(32), which examined a more racially pure sample, have provided AMD prevalence
data for black populations. Consistent findings suggest that the prevalence of AMD 
is lower in blacks than in whites (30,32,35,38,44,59,61,62,66), although possible
selection bias may have occurred in black participants because of the low participa-
tion rate (35), a high proportion with ungradable retinal photographs (30,35,38), or
poor survival in the eldest old group (30). However, the possibility that protection
against AMD, particularly against late-stage AMD, from increased ocular pigmentation
or gene variation in black populations is also a likely explanation of such differences,
warranting further investigation (30).

Mexican Americans (Hispanic whites) were also found to have a relatively lower
prevalence of late but not early AMD than non-Hispanic whites in previous studies
(10,61,62,65), now confirmed by the recently completed Los Angeles Latino Eye Study
(LALES) (40) with a much larger population-based sample. Survival bias could partly
account for this finding in Hispanic populations, as they have much higher proportions
of younger (aged <60 yr) than older (aged >70 yr) participants, seen in both the
Proyecto Vision Evaluation and Research (VER) (10) and the LALES (40), compared
to other white populations such as the BMES (7). The observed ethnic differences in
AMD prevalence rates (30,32,61,62) could also be related to differences in the preva-
lence of many other risk factors, including genetic influences. 

Relatively well-conducted population-based studies of AMD prevalence in Asian
countries are currently emerging (37).
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INCIDENCE AND PROGRESSION OF AMD

Whites
Incidence

Prior to 1997, when the BDES study team published the first population-based find-
ing on the 5-yr cumulative incidence of AMD (67), there were no population-based
data available. The Chesapeake Bay Waterman Study (68) conducted in a small sample
of watermen aged 30 or more years provided some information on the incidence of
early AMD lesions. Late AMD incidence was previously estimated either using preva-
lence data (69) or blindness registry data (3,4).

After the turn of this century, a number of population-based studies, following the
BDES (67), have provided AMD incidence in older white populations (50,60,70–72) or
from Medicare claims databases (73). The cumulative 5-yr, person-specific incidence
of early and late AMD is very similar between the BDES (8.2 and 0.9%) (67), the RS
(7.9 and 0.9%) (50), and the BMES (8.7 and 1.1%) (60), all of which used similar
study protocols in AMD phenotype ascertainment (41), although the baseline age range
is slightly younger in the BDES (43–86 yr) (31) and slightly older in the RS (55–98 yr)
(74) than the BMES population (49–97 yr) (41). The VIP (71) reported slightly lower
person-specific incident rates of early (5.4%, using the BMES definition) and late AMD
(0.5%) over a 5-yr period, partially reflecting the younger age group included in this
study population (aged 40–102 yr) (36). In the Reykjavik Eye Study population (72),
the 5-yr person-specific incidence of geographic atrophy was 0.85% (7 out of 846),
which was higher than the incidence reported by the RS (0.4%) (50), but similar to the
incidence found in the BMES (0.8%) (60). An overall high 5-yr incidence of early
AMD (14.8%) found in this Icelandic population could perhaps have been because of a
different definition used to classify early AMD (intermediate drusen were included in
the early AMD category) (39,72), but the low reported incidence of neovascular AMD
(0%) (72) is difficult to interpret, apart from an effect of the relatively small sample size. 

Similar to AMD prevalence, the incidence of this condition is strongly age-related
(50,60,67,71), showing an exponential curve with increasing age (see Fig. 2 of the
RS report [50]).

A substantially higher incidence of neovascular AMD (varying from 12 to 26% over
5 yr) has been observed in the second eye of clinic patients with unilateral neovascular
AMD (75–82). In a population-based case sample (BMES) (60), a similar incidence of
second eye unilateral late-AMD cases was observed over 5 yr: 19% of second eyes
developed either of the two late-AMD lesions (neovascular AMD or geographic atrophy
with or without involvement of the fovea) in subjects with either late lesion in the first
eye; 29% of second eyes developed end-stage AMD (either neovascular AMD or geo-
graphic atrophy involving the fovea) in subjects with unilateral end-stage AMD (60).

To date, only the BDES (45) has reported 10-yr cumulative incidence and progres-
sion of AMD data. The person-specific incidence was 12.1% for early and 2.1% for late
AMD over 10 yr (45), including 1.4% for incident neovascular AMD and 0.8% for
incident geographic atrophy. In addition to age, the incidence of late AMD was also
strongly related to the severity of early-AMD lesions at baseline (45).
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Progression

Progression of AMD from soft or reticular drusen, or retinal pigmentary abnormali-
ties to geographic atrophy, or neovascular AMD has been well documented in a number
of clinical case series (81,83–86). In the BDES and the BMES, early ARM lesion char-
acteristics have been studied in detail in terms of the distribution, location, size, lesion
type, and area involved in relation to the risk of subsequent development of late AMD
(45,87–89). Large soft drusen (≥125 μm in diameter), soft drusen with indistinct mar-
gins (indistinct soft or reticular drusen), or pigmentary changes involving large macular
areas plus close proximity to the fovea indicate a much higher risk of subsequent late
AMD development (45,88).

Late AMD lesions do not usually regress, apart from retinal pigment epithelial (RPE)
detachment (45). Although large soft drusen may disappear without signs of progres-
sion, such disappearance is often associated with progression of the disease to a more
advanced stage (60).

Other Ethnicities

Currently, there are no AMD incidence data available for other ethnicities except
blacks. The Barbados Eye Study recently reported the 4-yr incidence of macular
changes in a black population aged 40 to 84 yr at baseline (90). Incident neovascular
AMD was observed in 1 of the 2362 persons at risk (0.04%) and incident geographic
atrophy in none of the 2419 at risk (0%) over the 4-yr period. The incidence of early
AMD lesions, including intermediate-sized drusen, was also relatively low (5.2%, 60
out of 1160) (90). The proportion of participants in this study with ungradable retinal
photographs, however, was relatively high (19.3%, 616 out of 3193) (90).

RISK FACTORS ASSOCIATED WITH AMD 
PREVALENCE OR INCIDENCE

Genetic Influences 

All observational studies, including clinic-based case-control studies (91) and popu-
lation-based surveys (92–95), have shown that family history is a consistent, strong risk
factor for AMD with a risk ratio around 3 or higher for subjects with an AMD family
history compared to those without. Familial aggregation in AMD prevalence (93,96–100)
and incidence (94) has been confirmed in different study populations. Studies in twins
(101–104) have provided further evidence supporting a genetic basis for AMD by show-
ing that the concordance of AMD phenotypes is much higher in monozygotic twins
than in dizygotic twins (103,104), spouses (102), or in the general population (101). A
strong genetic component in the etiology of AMD is thus beyond doubt
(19,24,103,105).

The search for AMD-related genes, however, has been far from conclusive (24,106).
Much research effort has been put into the search for AMD genes (24,46,106–142). To
date, inconsistent findings from this research suggest that multiple genes are likely to
be responsible for the AMD susceptibility of affected individuals (24,105,138,143).
Although inconsistent findings have been reported from different study populations
(110), particularly with respect to exact gene loci (24), two AMD-related chromosome
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regions have been identified in more than one study population (24); 1q25–31
(107,108,138) and 10q26 (108,137–139). Other chromosome regions found to have
highly significant associations with AMD, or Hlod scores* of at least 3, from single
study populations include 17q25 (108), 6q14 (109), and 15q21 (138).

Candidate gene approaches and single nucleotide polymorphisms in the detection of
gene variations have been widely used in the search for AMD genes (24). Candidate
genes for AMD are causal genes responsible for monogenic degenerative retinal condi-
tions. One of the genes studied has been found to be possibly associated with AMD in
case-control studies (24). The ABCR, or ABCA4, a retinal-specific adenosine triphos-
phate-binding cassette transporter gene, known to be causally responsible for autoso-
mal recessive juvenile-onset Stargardt macular dystrophy (144), was found associated
with AMD susceptibility in more than one study population (111–114). These studies
all shared a contribution from the same principal investigator, with one conducted in a
large pooled sample (113). The ABCR–AMD association, however, was not able to be
confirmed in other study populations (115–120,145,146).

The cholesterol transporter gene apolipoprotein E (APOE) appeared to be a promis-
ing AMD-related gene. In 1998, Souied et al. (121) reported a lower frequency of
APOE ε4 allele carriers in 116 patients with neovascular AMD compared to 186 age-
and sex-matched controls. The RS team (122) also reported that the APOE ε4 allele
was associated with a lower risk of AMD and that the ε2 allele might be associated
with a higher risk of AMD in a population-based case-control study. Since then, APOE
polymorphisms have been attracting considerable research attention (123–129). The
protective association between the APOE ε4 allele and AMD has now been confirmed
in four different studies (124,125,128,129). Findings from one of these four studies
suggest that the APOE ε4 allele–AMD association may exist only in familial cases but
not in sporadic cases (124), whereas another study did not find an association in famil-
ial cases (127). In an analytic study which pooled data from four case-control study
populations (three from the United States and another from the RS) (126), a significant
protective effect from the APOE ε4 allele in both men and women and a possible
increased risk from the APOE ε2 allele in men, but not in women, was replicated,
although the pooled study samples and the study investigators were not completely
independent of previous reports (122,124). Another study in a Chinese population,
however, could not confirm the APOE–AMD association (123).

A recent meta-analysis of findings on the associations between APOE polymor-
phisms and AMD suggests a risk effect of up to 20% for the APOE ε2 allele  and a pro-
tective effect of up to 40% for the APOE ε4 allele (351). In early 2005, four independent
groups, Klein et al. (140), Edwards et al. (141). Haines et al. (142) and Hageman et al.
(352), simultaneously indentified a polymorphism in the CFH gene on chromosome
region 1q25-32, a tyrosine-to-histidine substitution at amino acid 402 (Y402H),
strongly associated with AMD. A second susceptibility gene marker at LOC387715, on
chromosome region 10q26, has also been documented in many different independent
studies (353–355).

*lod is an acronym for logarithm of odds, and the Hlod parameter takes into account both lod score
likelihood estimations and heterogeneity (24).
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The complexity of AMD genetics, including heterogeneity in both phenotypes and
genotypes, unknown correlations between specific genotypes and phenotypes, low pen-
etrance, and a high susceptibility to nongenetic factors, is well summarized by Gorin et al.
(143) and Tuo et al. (24). Despite these difficulties, the recent replication of associations
of AMD with gene variants in the CFH, LOC387715 (353–355) and C2/BF (356) genes
is encouraging and will accelerate revealing the pathogenesis of AMD. Using a quanti-
tative trait linkage approach to increase power in detecting linkage signals from genome-
wide screening may help to partially overcome some of these difficulties (24,46,147).

Lifestyle and Environmental Factors 
Smoking

To date, smoking is the only modifiable AMD risk factor consistently found across
different study populations (148–159). This association is also consistent in cross-sec-
tional analytic studies of clinical case-control study samples (148,157–159), in popula-
tion-based samples (41,149–154,160) (Fig. 3A–C), and in longitudinal analytic studies
of large samples (42,155,156,161–163) (Fig. 4). In the BDES population, people who
smoked at baseline were more likely to develop early AMD lesions 5 yr (162) and 10 yr
later (163), though a significant association between smoking and 10-yr incident neo-
vascular AMD was evident only in men (163).The magnitude of the risk for late AMD
in current vs noncurrent smokers, or in ever smokers vs never smokers, is between 
two- and sixfold higher (Fig. 4). In the BMES population (161,164), baseline current
smokers developed late AMD at a mean age of 67 yr, whereas past smokers developed
this at a mean age of 73 yr and never smokers at a mean age of 77 yr. This 10-yr earlier
development of late AMD among current smokers implies a substantial increase in the
burden on affected individuals, their families and aged/disability care. 

In an experimental choroidal neovascularization (CNV) mouse model, Suner et al.
(165) demonstrated that nicotine increased both the size and vascularity of CNV and that
this effect can be blocked by subconjunctival injection of hexamethonium, a nonspecific
nicotinic receptor antagonist. 

Based on current, available evidence from epidemiological studies (15,16,19,21–23,
25,164,166–168) and experiments in animal models (165), smoking is likely to have a
causal role (as trigger and/or promoter) in the course of the development of neovascu-
lar AMD (164,168). Currently, eye health practitioners give too little weight to smok-
ing cessation and tobacco control, and public health specialists insufficient attention to

Fig. 3. (Opposite page) (A) Smoking and prevalence of late AMD. (B) Smoking and preva-
lence of geographic atrophy. (C) Smoking and prevalence of neovascular AMD. *Pathologies
Oculaires Liees al’Age (POLA) study N = 2196, aged 60+ yr, risk for current smokers (154);
#Melbourne Visual Impairment Project N = 4744, aged 40+ yr, risk for smoking more than 40 yr
(153); †Blue Mountains Eye Study N = 3654, aged 49–97 yr, risk for current smokers (41,152);
^Rotterdam Study N = 7983, aged 55–106 yr, risk for current smokers (41,160); ‡Beaver Dam
Eye Study N = 4756, aged 43–86 yr, risk for current smokers (41); **Age-related Eye Disease
Study N = 4757, aged 60–80 yr, risk for past and current smokers (158); ##Case-Control Study
in Japan N = 138, aged 50–69 yr, risk for current smokers (157); ^^Eye Disease Case-Control
Study N = 1036, aged 55–80 yr, risk for current smokers (148).
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eye disease (164). The ocular hazards of smoking should be publicized more, and
appropriate smoking cessation support should be offered in eye and medical services
(164,168,169).

Alcohol Consumption

In a subsample of the NHANES I study population (170), persons who reported mod-
erate wine consumption were significantly less likely to have AMD than nondrinkers.
The subsample (n = 3072 out of 10,127) was chosen based on the age criterion (45–74 yr)
and the availability of alcohol consumption data. The proportion of participants who
responded to the alcohol questionnaire, however, was not stated (170). AMD was defined
during a clinical examination (170) and so could not be validated. This association
between wine and AMD, however, was not confirmed in either cross-sectional (171,172)
or longitudinal data (173–175) obtained from other large population-based studies. The
BDES 5-yr follow-up data showed that beer drinking in men was associated with an
increased risk of soft indistinct drusen (173). The BDES 10-yr follow-up data also showed
that people who reported being heavy drinkers at baseline were more likely to develop
late AMD (163). This was not found in either the BMES or RS (unpublished data). To date,

Fig. 4. Smoking and incidence of late AMD. ^Rotterdam Study N = 7983, aged 55+ yr,
follow-up for 6 yr, risk for current smokers at baseline (42); †Blue Mountains Eye Study N = 3654,
aged 49+ yr, follow-up for 5 yr, risk for current smokers at baseline (42); ‡Beaver Dam Eye
Study N = 4926, aged 43–86 yr, follow-up for 5 yr, risk for current smokers at baseline (42);
*Nurses’ Health Study N = 31,843, aged 50–59 yr, follow-up for 12 yr, current smokers who
smoke ≥25 cigarettes/d (156); **Physicians’ Health Study N = 21,157, aged 40–84 yr,
follow-up for 12.2 yr, risk for current smokers at baseline (155).
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accumulated evidence on the association between alcohol consumption and AMD appears
to suggest a U-shape association: moderate alcohol consumption associated with a
reduced risk, and no or heavy consumption associated with an increased risk. 

Diet/Supplement Intake 
ANTIOXIDANT NUTRIENTS (CAROTENOIDS/LUTEIN/ZEAXANTHIN)

The hypothesis that oxidative damage may be involved in the pathogenesis of AMD
(176,177) is supported by a number of factors: (1) a high concentration of polyunsaturated
fatty acids is present in the outer segments of photoreceptors in the retina; (2) there is
high photo-oxidative stress (178) and relatively high oxygen tension in this region; and
(3) the well-known susceptibility of polyunsaturated fatty acids to undergo oxidation in
the presence of oxygen or oxygen-derived radical species (177). Therefore, antioxidant
nutrients may have a protective effect on AMD (177,179–182). Findings from most
case-control studies (148,179,183–185), except one (186), support this hypothesis.
Observations from large study samples suggest that consumption of fruits and vegeta-
bles is associated with a reduced likelihood of AMD (187–189). Whether the beneficial
effect from consumption of fruits and vegetables is caused by carotenoids (a precursor
of vitamin A), including lutein and zeaxanthin, is less conclusive (190,191). An inverse
association between AMD prevalence and serum carotenoids was suggested by one
study (192), but has not been evident in the majority of population-based nested case-
control studies (193–195). Nor has there been an inverse association evident between
AMD prevalence and dietary carotenoid intake (195–197) or the use of vitamin and zinc
supplements (192,198) in cross-sectional analytical studies of population-based data.
Positive findings that were only observed in stratified analyses in the NHANES III (195)
could have been because of chance, resulting from multiple comparisons (195). In the
Pathologies Oculaires Liees a l’Age (POLA) study population, plasma α-tocopherol
(vitamin E) level was associated with a reduced AMD prevalence (199), whereas 
glutathione peroxidase was significantly associated with an increased late-AMD preva-
lence (200). Further, apart from an inverse association between intakes of pro-vitamin
A carotenoids, dietary vitamin E, and the 5-yr incidence of large drusen observed in
the BDES population (201), findings from most population-based longitudinal studies
have not provided convincing evidence supporting an inverse association between
antioxidant or zinc intake (diet or supplements) and the subsequent development of
AMD (189,201–204). Potential misclassification in phenotype identification could
have played a role in the negative findings from some of these studies (189,202,203), as
self-reported study outcomes with confirmation from doctors’ records were used.

Direct evidence supporting a link between antioxidant nutrient intake and a protec-
tive effect on AMD needs to come from intervention trials (191), a number of which
have been conducted in recent years (48,205–210). Currently, evidence as to the effec-
tiveness of intervention with antioxidant vitamin and mineral supplementation on slow-
ing AMD progression is dominated by the findings from one large randomized clinical
trial, the AREDS (48,205). In this study, a modest beneficial effect (25% reduction)
from antioxidant and zinc supplementation on progression to late AMD was observed
in persons with moderate to relatively advanced AMD (48). Although the majority of
intervention trials conducted so far were underpowered to detect small differences
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(206–210), there is limited evidence at present suggesting that people with early AMD
lesions should take supplements (190,205), despite commercial advertisements and
preparations already available in the market. AREDS findings should only be applied
with caution to appropriate at-risk patients (211,212).

Coffee and caffeine consumption have not been found to be associated with AMD
risk (213).
FATTY ACIDS AND LIPIDS

The hypothesis behind the postulated association between cholesterol, dietary fat intake,
and AMD is that AMD and cardiovascular disease may share some common risk factors
(214) or share a similar pathogenesis like atherosclerosis and arteriosclerosis (215–218). In
an experimental animal model, young transgenic mice fed a high-fat diet to achieve 
elevated plasma triglyceride and cholesterol levels, then exposed to nonphototoxic levels
of blue-green light, showed a high frequency of developing basal laminar deposits (BLD)
(219), an early degenerative change in RPE cells associated with risk of CNV (220).

An early case-control study conducted in the United Kingdom (221) found no differ-
ence between 65 AMD cases and 65 controls in plasma polyunsaturated acid content
and erythrocyte phospholipids. In the Eye Disease Case-Control Study (148), elevated
serum total cholesterol level was associated with an increased likelihood of neovascular
AMD. Cross-sectional population-based data showed that a high intake of saturated fat
and cholesterol was associated with an increased prevalence of early AMD in the BDES
population (215), and that high intake of cholesterol was associated with an increased
prevalence of late AMD in the BMES population (222). However, in the NHANES III
(223) and the CHS (38) populations, no significant association between dietary fat
intake and AMD prevalence was found.

Recently, in the older subsamples of the Nurses’ Health Study (NHS) and Health
Professionals Follow-Up Study (HPFS) populations, Cho et al. (217) reported that a
high total fat intake, including saturated, mono-unsaturated, and trans-unsaturated fats,
were all associated with a modest, marginally significant increase in AMD risk. In two
hospital-based samples, Seddon et al. (214,224) reported an increased risk for AMD
progression in subjects with high intake of fat, including vegetable, mono- and poly-
unsaturated fats. However, these associations could not be replicated in 5-yr incident
analyses using BMES population data (unpublished data). 

High intake of omega-3 fatty acids was associated with a reduced AMD risk in the
Eye Disease Case-Control Study population (224). Regular consumption of fish has
been consistently found to be associated with a reduced AMD prevalence (222) and
incidence (unpublished data) in the BMES population, an observation consistent across
different populations (214,217,224).

Use of cholesterol-lowering medications (statins) appeared to have an inverse asso-
ciation with AMD (225,226) in hospital-based clinical samples, but no significant pro-
tective effect on AMD prevalence (227) or incidence (43,228–230) was evident in
analyses of large population-based samples.

Interpretation of findings from hospital-based case-control populations (214,224) and
the NHS and HPFS (217) needs to consider possible indication bias, with changes in health
behavior and diet occurring after the diagnosis of early AMD. Furthermore, people with
high total fat dietary intakes are also more likely to have high intakes of all fat subtypes. 
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Iris Color, Skin Color, and Sunlight Exposure 

Light-colored irides were found associated with modest increased odds of AMD in
case-control studies (91,231,232) and in patients with unilateral neovascular AMD (233).
Population-based, cross-sectional findings, however, have been inconsistent (234,235).
Population-based longitudinal data also provide conflicting findings of either no asso-
ciation between iris color and 5-yr incident AMD (236,237) or a significantly decreased
10-yr risk of retinal pigmentary abnormalies in brown compared to blue eyes (238).
Persons with very fair skin appeared to have an increased risk of geographic atrophy
compared to those with fair skin in the BMES population (237). Sensitivity to glare or
susceptibility to sun burn in persons with very fair skin could be markers for AMD sus-
ceptibility; however, sun-avoidance behavior in these persons (observed in Australian
populations [235,239]) is likely to have confounded the association between these
markers and AMD (239). Macular pigment and melanin have not been found to be
associated with AMD in a subsample of the RS (240).

Although biologically plausible, the hypothesis of an association between sunlight
exposure and AMD has proved difficult to investigate, because of a lack of precise, quan-
titative measures on life-time exposure and confounding by sun-avoidance behavior in
subjects with very fair skin who are more susceptible to sun-related skin damage (239).
Surrogate factors (questionnaires, sun-related skin damage, or presence of pterygium—
a sunlight-related conjunctival degenerative condition) have been used in epidemiolog-
ical studies (158,235,239,241–244). The Chesapeake Bay Waterman Study (245)
reported no statistically significant association between ultraviolet UV-B or UV-A
exposure and AMD, but a significant association between exposure to blue/visible light
in the previous 20 yr and late AMD later in life (odds ratio [OR] 1.4, 95% confidence
interval [CI] 1.0–1.9) (241). There were only eight cases of late AMD in the Waterman
Study population (241) and recall bias would be likely to occur during questioning for
past exposure. In the BDES population, some consistency can be revealed from base-
line cross-sectional (242), 5-yr (246), and 10-yr (247) longitudinal data. Time spent
outdoors in summer, particularly early in life (teens to thirties), was associated with an
increased risk of early AMD later in life (246,247), whereas the use of hats or sun-
glasses appeared to provide some protection against development of early AMD lesions
later in life (246,247). Using pterygium as a surrogate factor for life-time sunlight
exposure, the BMES team (244) reported that persons presenting with pterygium or
reporting a past history of pterygium surgery at baseline had an increased risk of 5-yr
incident late (adjusted OR 3.3, 95% CI 1.1–10.3) and early AMD (adjusted OR 1.8,
95% CI 1.1–2.9). Findings are not consistent across different study populations (243),
likely resulting from the difficulty in measurement. Although these combined data sug-
gest the possibility of a sunlight exposure–AMD link, the impact from sunlight expo-
sure is likely to be only modest (21,25).

Demographic and Socio-Economic Factors 
Female Gender and Sex Hormones

Gender differences have been observed in the prevalence of some AMD lesions
(31,34,36), but these differences were not consistent across different populations
(19,32,33,35,38–41,248) and were not statistically significant. No significant gender
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difference has been found for AMD incidence (45,50,67,71), although in the BMES
population, women were (nonsignificantly) more likely to develop both early and late
AMD (60), and in the BDES population, a similar trend was observed in the oldest old
group (aged >75 yr) (67). Greater longevity in women could be a possible explanation
for these observed, nonsignificant gender differences (19). Interestingly, in the LALES
population (40,95), Hispanic men (12.3%) were significantly more likely than women
(7.8%) to have early AMD, independent of other AMD risk factors (95). In the Hisayama
study population (249), Japanese men (1.0%) were also much more likely to have late
AMD than women (0.1%). The participation rate in the Hisayama Study, however, was
relatively low (60.4%), so that a possible differential distribution of potential risk factors
between participants and nonparticipants could have led to the huge observed gender
difference in late AMD prevalence found in this study.

An association between exogenous estrogen exposure and AMD was postulated by
investigators of the Eye Disease Case-Control Study Group based on findings from a
hospital-based clinic sample (148). This hypothesis of an association between female
hormones and AMD has been investigated in basic research (250,251) and supported by
some, but not all, observational studies (252,253). Estrogen receptors have been found
in human RPE cells (250). In laser-induced CNV mice models, estrogen supplementa-
tion appeared to increase the severity of CNV and was found to interact with
macrophages (251). An inverse association between the prevalence of AMD and the
duration of endogenous estrogen exposure (number of years between menarche and
menopause) was observed in a nested case-control study of the baseline RS population
(252) and in a cross-sectional analytic study of baseline BMES data (253), but not in the
BDES (254) or in pooled data from the BDES, RS, and BMES studies (41). In the POLA
study (255), no association was evident between hormone replacement therapy (HRT)
and AMD prevalence in 1451 postmenopausal women aged 60 yr or older. 

There have also been no longitudinal associations from population-based studies in
support of the estrogen–AMD hypothesis (42,256). Findings from case-control studies in
postmenopausal women (257,258) share these inconsistent findings. One study (257) lent
support to the hypothesis that longer lifetime exposure to endogenous estrogen, or that
exposure to exogenous estrogen (HRT) after menopause, is associated with a reduced
likelihood of having advanced AMD, defined as grades 4 and 5 (level 4) using the AREDS
classification system (47). Another study found no evidence in support of this hypothesis
(258). An influence from selection and recall biases on these case-control study findings,
however, cannot be ruled out. On the other hand, a possible role for estrogen interacting
with other factors during the development of AMD also cannot be ruled out. A recent
report from the Women’s Health Initiative (WHI) Study (357) showed that women who
received conjugated equine estrogens combined with progestin for an average of 5 yr had
a reduced prevalence of soft drusen and neovascular AMD.

Socio-Economic Factors

No biologically plausible mechanism supports a causal association between socio-
economic factors and AMD. However, socio-economic factors can serve as surrogates
for other causal or noncausal factors. The AREDS reported a cross-sectional association
between lower education level and AMD prevalence in this large, multisite clinic-based
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study sample (259). In the BDES population, lower socio-economic status was not
related to AMD in a cross-sectional analytic study of baseline data (260), but nonpro-
fessional occupation was found to be related to the 5-yr incidence of early AMD (261).
The inconsistency of these findings suggests that the positive associations found are
likely to be the result of either chance, selection bias, or residual confounding effects
from measured and unmeasured risk factors (95,158,187,261).

Systemic Factors
Cardiovascular Disease and Risk Factors 

Many cardiovascular disease risk factors have also been suggested as potential risk
factors for AMD. These include age (41,249,262), smoking (41,148–154,157–159),
atherosclerosis (263), elevated blood pressure (153,158,249,264,265), elevated total
cholesterol level (148), high body mass index (BMI) (158,266,267), alcohol consump-
tion (170), and past history of cardiovascular diseases (91). These observations have
led to the proposal that AMD and cardiovascular disease may share common etiologic
pathways (19,148,218). Negative associations between AMD and cardiovascular risk
factors from cross-sectional analytical studies have also been reported (38,159,267, 268).
Longitudinal observational studies have provided support for a link between AMD pro-
gression or development and smoking (42,155,156,161,162), heavy drinking (163),
high BMI (269,270), high pulse pressure (271–273) or elevated systolic blood pressure
(272,273), atherosclerosis (273), elevated serum total cholesterol level (42), and hyper-
tensive retinal vessel wall signs (274). However, longitudinal analytical findings of an
association between high levels of serum high-density lipoprotein and increased AMD
risk (272,275), and an inverse association between serum total cholesterol and incident
neovascular AMD (42) run counter to the cardiovascular disease associations with these
lipids. These observed lipid–AMD associations could also be caused by genetic influ-
ences or interaction with susceptibility gene variations (275). An association between
AMD and cardiovascular mortality has also been reported (276,277).

Use of antihypertensive or cholesterol-lowering medications and low-dose aspirin
has not been found to have a significant protective effect on AMD prevalence (227,278)
or incidence (43,228–230,279) in large population-based samples. 

Inflammatory Markers 

Leukocytes were observed in CNV tissues from post mortem eyes with neovascular
AMD (280). In laser-induced CNV mice models, macrophages have been shown to
have a role in relation to the extent of choroidal neovascularization (281). The possibil-
ity that infectious agents may play a role in the pathogenesis of vascular diseases and
AMD is partially attributed to the recognition that atherosclerosis is an inflammatory
disease initiated by endothelial injury (282,283). Some inflammatory markers, such as
high leukocyte count (268,284) and high plasma fibrinogen level (266), were found to
be associated with AMD prevalence (266,268) and incidence (284) in the BDES and
BMES. C-reactive protein was found to be significantly higher among patients with
advanced AMD compared to controls in the AREDS (285). Recent reports (286,287)
also suggest possible links between AMD and Chlamydia pneumoniae infection (286),
neovascular AMD and prior cytomegalovirus infection (287), and neovascular AMD
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and monocyte/macrophage activation status (288). Neither the BDES (358) nor BMES
studies (unpublished data) could confirm the association between Chlamydia pneumoniae
infection and AMD. These findings need further confirmation (283,289). Clarification is
also needed regarding whether: (1) the inflammatory process or the infection is specific or
nonspecific (283) in terms of the link to AMD etiology, as these infectious agents are
known to cause chronic, persistent inflammation (283) or (2) the inflammation is an
antecedent or a consequential phenomenon in the course of neovascular AMD.

Use of anti-inflammatory medications was not found to have a beneficial effect on
AMD prevalence or incidence (279,290).

Hyperglycemia or Diabetes

There has been little evidence supporting an association between glycosylated hemo-
globin, impaired fasting glucose, or presence of diabetes and AMD (276,291,292).

Ocular Factors
Cataract and AMD

Aside from the fact that cataract and AMD are both strongly age related, findings
have been inconsistent for an association between cataract and AMD in case-control
studies (158,232,248) and in population-based cross-sectional (245,293–296) or longi-
tudinal studies (236), and no definite link can be confirmed between these two condi-
tions. The positive associations between cataract and AMD found in case-control
studies are likely the result of selection bias, a residual confounding effect or a chance
finding (158).

Cataract Surgery and the Risk of AMD

Whether the risk of late AMD is increased in eyes after cataract surgery is a long-
standing but unresolved clinical question. Early clinical case series reports suggested a
link between AMD and cataract surgery (297–299). A report from post mortem eyes
also suggested that neovascular AMD was more frequently observed in pseudophakic
than phakic eyes (300). These case series, however, cannot exclude the possibility that
subtle, unrecognized, new vessels existed before surgery. 

In a small number of cases, Pollack et al. (301,302) carefully documented that the
risk of AMD increased within 6 to 12 mo after surgery in cataract patients with bilat-
eral, symmetric early AMD. Each patient had only one eye operated, where the fellow
eye served as a control, and fluorescein angiography was performed pre- and postoper-
atively. In contrast, Armbrecht et al. (303) could not confirm such an observation
between surgical and nonsurgical cataract patients. In addition to small sample size and
possible selection bias, shortcomings of clinical case series also include that no ran-
domization procedure was used to decide which patient or which eye should be oper-
ated. Doctors’ decisions could have been biased towards eyes or patients with worse
vision. Hence the comparability of the operated and the nonoperated groups in these
studies is likely to be low. 

A recent report using pooled cross-sectional data from the SEE Project, the Proyecto
VER, and the Baltimore Eye Survey (59) supported an association between prior
cataract surgery (performed before baseline) and an increased prevalence of AMD. The
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link was stronger among persons who had cataract surgery at least 5 yr earlier. The
BDES longitudinal data have consistently indicated a link between cataract surgery
prior to the baseline examination and the incidence of AMD after 5 (236) and 10 yr
(304) (Fig. 5A,B). The increased AMD risk was around fourfold in pseudophakic com-
pared to phakic eyes (Fig. 5B). Presence of AMD lesions at baseline was not signifi-
cantly related to 5-yr incident cataract surgery in the BDES population (305).

Both the BDES and the BMES followed similar study protocols in diagnosing
AMD, with all incident late-AMD cases confirmed using side-by-side grading and
mutual cross-checking by investigators of the two studies. Pooled, longitudinal data
from these two studies have shown an approx 10 times higher crude incidence of late
AMD in operated compared to nonoperated eyes (306). The age-adjusted relative risk
was around 4; after multivariable adjustment the increased odds for subsequent devel-
opment of late AMD was between 3 to 5, a magnitude similar to the effect of smoking
on AMD (Fig. 5A). Higher odds were observed in models that also adjusted for base-
line early AMD status (306), suggesting that nonphakic eyes that developed late AMD
did not have as much advanced early AMD at baseline as phakic eyes that developed
late AMD.

Cataract surgery is currently the most commonly performed and most successful
ophthalmic surgical procedure worldwide, with case numbers continuously increasing.
In the BMES examination of two cross-sectional surveys, prevalence of cataract sur-
gery increased by one-third over a mean 7-yr interval, from 6 to nearly 8%, in cross-
sectional population samples with a similar age range (307). The increase in surgical
procedures was predominantly for the eldest old group (aged 80+ yr) and for second
eyes (307). If the link between prior cataract surgery and higher risk of subsequent late
AMD is confirmed, it is likely that AMD incidence will increase further, over and
above the increase from population aging alone. Longitudinal cohort studies on
cataract surgical patients are needed to answer this important, but still unresolved,
clinical question. A few such studies are currently underway. Discussion of a possible
higher risk of progression with patients who already have risk signs (unilateral late
AMD or significant early signs bilaterally) by their doctors prior to cataract surgery is
potentially important.

Refractive Errors

Previous case series (308), case-control studies (91,148,158,232,309,310), and
population-based cross-sectional analyses (187,311,312) have indicated a possible
link between hyperopia and AMD. However, apart from the RS (312), the majority of
population-based longitudinal data do not support a link between refractive error and
incident AMD (236,313,314). Without a biologically plausible mechanism (311,312),
the previous positive findings of weak association could have been as a result of selec-
tion bias or chance findings (158).

IMPACT OF AMD

Vision-Related Quality of Life, Depression, and Other Disabilities

Links between AMD and visual impairment (1–11,315,316) and decreased scores on
measures of vision-related quality of life (315,317,318) via impaired vision (317) are
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Fig. 5. (A) Prior cataract surgery and the risk of subsequent development of late AMD.
*Salisbury Eye Evaluation (SEE), Baltimore Eye Survey (BES), and Proyecto VER (PVER)
pooled cross-sectional data (59): prior cataract surgery and late AMD detected at the surveys;
**SEE and BES pooled cross-sectional data (59): cataract surgery ≥5 yr ago and late AMD
detected at the surveys; †Beaver Dam Eye Study (BDES) and Blue Mountains Eye Study (BMES)
pooled incidence data (306): cataract surgery prior to baseline and 5-yr incidence of late AMD.
(B) Cataract surgery prior to baseline and risk of 10-yr incidence of AMD, the BDES (304).
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obvious. Many studies have shown that visual impairment decreases the ability of older
people to perform usual activities of daily living (58,319–328). Visual impairment, a
direct consequence of AMD, also links with other conditions and disabilities in older peo-
ple including falls (329,330), fractures (331,332), depression (333–335), hearing loss
(336), Alzheimer’s disease (337), cognitive function decline (338), and low self-rated
health (339). A possible contribution from visual impairment to subsequent premature
admission to nursing homes (340) and to reduced survival (276,277,319,341–345) have
also been reported.

The Burden From AMD

It was estimated that 3.5% of the UK population aged 75 yr or older in 2003 (214,000
persons) were visually impaired as a result of AMD (346). The number of persons with
geographic atrophy and neovascular AMD in the United Kingdom was estimated at
172,000 and 245,000, respectively (346). In the United States, the estimated proportion
and number of persons aged 40 yr or older with AMD using the 2000 US Census pop-
ulation data was 1.5% and 1.75 million, respectively (44). The projected numbers with
AMD 10 to 20 yr in the future will be higher, owing to population aging (44,346). The
economic impact of visual impairment from AMD and the cost utility of screening and
treatment of early AMD with antioxidants has been explored recently (347–349), but
remains under-researched. 

SUMMARY

Early in the 21st century, our knowledge of the epidemiology of AMD has grown
substantially. Reliable data on prevalence and incidence is available for projecting the
magnitude of this disease (44) and to estimate the societal burden it causes (44,346).
Investigations of etiological factors for AMD have led to the identification of a number
of definite or probable risk factors—particularly age, susceptibility genes, and smok-
ing—and a number of possible risk factors such as light exposure, antioxidant status,
inflammatory processes, cataract surgery or aphakic/pseudophakic status, and cardio-
vascular-related pathogenesis including atherosclerosis and hypertension. At present,
our understanding of AMD etiology can be summarized thus: it appears that AMD is
caused by environmental factors triggering disease in genetically susceptible individu-
als (106). If AMD-related genes are identified as susceptibility factors that interact with
environmental factors during the aging process, then multiple genes and environmental
factors, together with all possible combinations for the possible interactions between
each of these genes and environmental factors will result in a much more complex pic-
ture of the pathogenesis of AMD (350). Research in animal models has already shed
some light on the complexity of possible interactions (219). A speculative etiology
model proposed by the authors is that interactions of susceptibility genes with various
environmental factors result in multiple pathogenetic pathways leading to the same dis-
ease. An example supporting this possible model is that elevated blood pressure, high
serum cholesterol, elevated blood glucose, and high BMI can all lead to coronary heart
disease (CHD). It is also possible that multiple pathogenetic pathways overlap between
different diseases and so the same pathogenetic pathway can lead to different diseases.
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An example supporting the latter is that high BMI can lead to a number of chronic con-
ditions like diabetes, hypertension, and CHD. This hypothetical AMD etiology model
may mirror etiologies of other diseases, such as cardiovascular disease and cancer. The
birth cohort effect on AMD prevalence observed in the BDES population (262) also
suggests that unmeasured risk factors and/or unknown interactions between suscepti-
bility genes and environmental factors may exist. The elucidation of the genetic basis
of AMD and the gene–environmental interactions responsible for the development of
AMD in some but not all aged individuals (19), is one of the challenges of ophthalmic
research within the next decade or two (143). With the collaboration between epidemi-
ology and genetics research teams, and use of currently advancing genetic
(46,108,138,147) and statistical techniques, together with basic scientists’ experiments
in vivo and in vitro, this goal is apparently achievable (350). Preventive and therapeutic
strategies should follow. 
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INTRODUCTION

Leber congenital amaurosis ([LCA], MIM 204000) is an important, currently untreat-
able congenital retinal dystrophy that inexorably leads to blindness. Its importance is
twofold and lies in the fact that it creates a tremendous burden on the affected child, the
family, and society, as the blindness is life long and commences at birth. Also, LCA gene
discoveries have led to an increased understanding of the molecular determinants of reti-
nal physiology and retinal development by identifying new biochemical and cellular path-
ways. Therefore, LCA serves as a model for all human retinal dystrophies and human
retinal development and physiology. LCA has a worldwide prevalence of 3 in 100,000
newborns and accounts for 5% or more of all inherited retinopathies and approx 20% of
children attending schools for the blind (1). We estimate that 180,000 patients are affected
worldwide (2). Leber defined LCA in 1869 as a congenital form of retinitis pigmentosa
(RP) with profound visual loss at birth, nystagmus, amaurotic pupils, and a pigmentary
retinopathy (3). A severely reduced electroretinogram (ERG) was added to the definition
as this distinguishes it from a complex set of overlapping retinal dystrophies (4).

LCA is both genetically and clinically heterogeneous, and since 1996, 10 genes/loci
participating in a wide variety of retinal functional pathways have been implicated in the
disease process. LCA associated proteins participate in phototransduction (GUCY2D)
(5), vitamin A metabolism (retinal pigment epithelium [RPE]65, Retinal dehydroge-
nase 12 [RDH12] (6,7), photoreceptor development (cone-rod homeobox [CRX]) (8),
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photoreceptor cell development and structure (Crumbs homologue 1 [CRB1]) (9),
biosynthesis of cGMP phosphodiesterase (PDE) (aryl hydrocarbon interacting protein
like-1 [AIPL1]) (10), and protein trafficking (RP GTPase Regulator Interacting Protein-1
[RPGRIP1]) (11). The LCA genes at chromosomal loci 6q11 (12), 14q24 (13), and
1p36 (14) remain to be identified. The seven currently known LCA genes account for
approx 40% of the cases, whereas genes underlying the remaining 60% of cases await
discovery. Histopathological variability of LCA cases has also been reported and three
possible groups may be distinguished (2). In group I, extensive retinal degeneration was
reported (15–21); in group II, the retinal architectural appearance is essentially normal,
suggesting a dysfunction (22–24); and in group III, primitive abnormal cells are
reported in the outer nuclear layer (ONL) of the retina, suggesting an aplasia or
hypoplasia (22,25,26). This is unlike the pathology reported for the later-onset RP
(27–29). Based on visual function, it is also possible to group patients into three cate-
gories (2). In group A, stable function was documented; in group B, declining function
was noted; and in group C, small improvements were found (30–33). It is also now evi-
dent that LCA and RP animal models respond to gene replacement and drug therapy
(34–43). The purpose of this chapter is to summarize currently known biological, diag-
nostic, and therapeutic concepts as they relate to LCA.

DIFFERENTIAL DIAGNOSIS OF LCA

The differential diagnosis of congenital blindness with nystagmus (which includes
LCA) can be difficult, as at least seven ocular phenotypes overlap with LCA. In a
retrospective study of 75 “LCA patients,” 30 patients had a different diagnosis on
later analysis, including congenital stationary nightblindness, achromatopsia, joubert
syndrome, zellweger syndrome, infantile refsum disease, and juvenile RP (33). Diffe-
rentiating these various entities is important for counseling parents and children regard-
ing exact diagnosis, prognosis, and management: (1) certain types of congenital
blindness may be associated with systemic disease; (2) some forms are stationary,
others progressive; (3) future potential therapies with gene replacement, cell transplants,
or drugs will be disease specific; and (4) genetic counseling. A study by Weiss and
Bierhoff in 1979 (44) revealed that patients with congenital blindness visit many oph-
thalmologists before the final diagnosis is made. This final diagnosis is usually made in
the teenage years. However, with carefully chosen diagnostic tests, LCA could be diag-
nosed before the age of 1 yr. The differential diagnosis of LCA includes: complete
achromatopsia, incomplete achromatopsia, complete congenital stationary night blind-
ness (cCSNB), incomplete congenital stationary night blindness (iCSNB), albinism,
optic nerve hypoplasia, and aniridia.

Patients with complete achromatopsia, also known as rod monochromatism, present
with striking photoaversion and blepharospasm in the light; whereas, in the dark, their
eyes open and their visual functioning appears to improve. Typically, patients remain
stable throughout life with 20/200 acuities, and they have absent color vision on D15,
FM100, and HRR testing. The ERG is diagnostic and reveals absent or severely reduced
cone function with essentially normal rod function. Retinal appearance may be com-
pletely normal although mild foveal abnormalities have been reported. Complete
achromatopsia is an autosomal recessive (AR) condition and mutations in three 
genes encoding phototransduction proteins including both the α and β subunits of the
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cGMP-gated channel proteins (CNGA3, CNGB3) (45,46) and the α subunit of cone
transducin (GNAT1) have been reported (47). Incomplete achromatopsia or blue cone
monochromacy (BCM) occurs only in males and also presents with photoaversion. It is
an X-linked recessive (XR) condition and is called incomplete achromatopsia because
blue cones function normally in BCM, whereas in the complete form of achromatopsia
they do not. A D-15 test will reveal protan and deutan axes of confusion in the BCM
patient but the tritan axis is intact, whereas in complete achromatopsia, there is no color
vision. This feature can be tested during an eye examination and used to distinguish the
two in an older child by color vision discrimination. Acuities in BCM range from 20/50
to 20/200 and a prominent maculopathy may develop, unlike complete achromatopsia.
The molecular biology of BCM is characterized by a loss of the 5′ locus control center
of the X-linked red and green genes, which occur in tandem and lead to inactivation of
both genes. Alternatively unequal homologous recombination and a point mutation in
the remaining gene have been found as a cause of BCM.

CSNB is an important, common and heterogeneous group of retinal dysfunctions,
with significant clinical overlaps with LCA. Several reports have found that blind
infants initially diagnosed with LCA were reclassified as CSNB following repeat ERG
testing (48). CSNB may be inherited as an autosomal dominant (AD), autosomal reces-
sive (AR) or X linked recessive (XR) condition. An electronegative ERG is the hallmark
finding in CSNB, which identifies an ERG where the b-wave amplitude is less than the
a-wave amplitude of the scotopic ERG. An electronegative ERG is not diagnostic for
CSNB, as this type of ERG may also be found in retinoschisis and central retinal artery
occlusion and other disease entities. Two types of ERGs are further found in CSNB, the
Riggs type ERG, with an absent a-wave, and the Schubert-Bornschein ERG, in which
the a-wave is present. Patients with CSNB with Riggs type ERG abnormalities have
gene defects encoding phototransduction proteins; “Rhodopsin type” CSNB harbors
heterozygous rhodopsin mutations, “Nougaret type” CSNB patients have heterozygous
α rod transducin mutations lesions, whereas “Rambusch type” were found to have het-
erozygous mutations in the β subunit of rod cGMP PDE gene (49). Children with CSNB
usually see better in the day, although they usually report very significant night blind-
ness, and their visual course is usually stable, and acuities range from 20/20 to 20/200.
AR patients with CSNB with the Oguchi phenotype harbour mutations in phototrans-
duction genes as well, both arrestin and rhodopsin kinase (RK) mutations have been
described (49). Another AR CSNB type of disease, fundus albipunctatus, was found to
harbour mutations in 11-cis retinal dehydrogenase (49). X-linked patients with CSNB
have Schubert-Bornschein ERGs (in which the a-wave is clearly present) and are
divided into two types: complete CSNB (cCSNB) with relatively normal cone waves on
photopic ERG testing, and incomplete CSNB (iCSNB) in which these cone waves are
absent. cCSNB is associated with lesions in nyctalopin (NYX), whereas iCSNB results
from mutations in the voltage-gated L-type α subunit of the calcium channel protein
(CACNA1F) (49). Patients with albinism present with photophobia and nystagmus, and
can usually be easily distinguished from LCA in that the acuities may range from
normal to 20/200, their hypopigmented retinal appearance with foveal hypoplasia,
by increased decussation of the ganglion cells axons (detectable by visual evoked
potentials), and normal or supernormal ERGs. Many gene-encoding proteins involved
in melanin production have been mutated in the different forms of albinism. Optic nerve
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hypoplasia (ONH) is an important and relatively common developmental abnormality
of the optic nerve and mimics LCA, as it presents with poor visual fixation and nystag-
mus and the abnormal optic nerve appearance may not be obvious. ONH may be uni-
lateral, bilateral, total, or segmental and may be part of the De Morsier syndrome (also
known as septo-optic dysplasia), which consists of absent corpus callosum, absent sep-
tum pellucidum, and pan-hypopituitarism. Because of the decrease in the number of
ganglion cells, the foveal mound appears shallow, and the optic nerve appears small and
may appear pale within a normal-sized scleral canal, creating the “double-ring” size.
Acuities are variable and range from 20/20 to no light perception. Distinguishing fea-
tures with LCA are the optic nerve appearance and a normal ERG. Aniridia is a domi-
nantly inherited pan-ocular disorder and presents with nystagmus and poor fixation. The
iris is always abnormal, but this ranges from subtle changes to almost complete loss of
iris tissue. In the former instance, aniridia may be difficult to distinguish from LCA.
Distinguishing features are the foveal hypoplasia and normal ERG of aniridia.

LCA must also be distinguished from an LCA ocular phenotype, which may be part
of a systemic disease. Nephronophtisis (NPHP) is a cystic kidney disorder which may
be present with congenital blindness as part of the Senior-Loken syndrome (MIM
266900), whereas skeletal anomalies or osteopetrosis may be found with congenital
blindness in the Saldino-Mainzer syndrome (cone-shaped epiphyses of the hand bones
and ataxia; MIM 266920). Cerebellar hyperplasia with blindness is known as the
l’Hermitt-Duclos syndrome. The Joubert syndrome consists of congenital blindness
with cerebellar vermis hypoplasia, oculomotor difficulties, and respiratory problems
(MIM 243910). Other systemic disorders with an LCA-type phenotype that must be
distinguished from LCA are the Bardet-Biedl syndrome, Alstrom syndrome, abetali-
poproteinemia, the peroxisomal disorders (such as infantile Refsum disease, neonatal
adrenoleuko-dystrophy, and Zellweger disease), and Batten disease (also known as neu-
ronal ceroid lipofuscinosis). 

BIOLOGY OF THE LCA GENES

AIPL1

AIPL1 was discovered and cloned by Sohocki et al. (10), localized to 17p13.1, found
to contain eight exons, and is expressed in retina (10). This gene is mutated in approx
7% of LCA patients and in an unknown percentage of patients with RP and cone-rod
degeneration (CRD) (50). The AIPL1 protein shows 70% similarity to AIP and both
possess three consecutive tetratricopeptide (TPR) repeats. TPR domains are sites of 
protein–protein interactions, in particular with the C terminus of partner proteins. Sequence
comparisons place AIPL1 in a family of proteins (FK-506-binding protein family) with
molecular chaperone functions (51). The chaperone function of this family of proteins
is not at the initial step of polypeptide folding, but rather in the more specialized steps
of maturation, subunit assembly, transport, or degradation (51). Many of the client pro-
teins are components of signal transduction pathways such as phototransduction in pho-
toreceptors. In a yeast two hybrid study by Akey et al, using a bovine retinal cDNA
library and AIPL1 as bait, AIPL1 was found to interact with Nedd8-ultimate buster 1
(NUB1), a protein thought to play an important role in the Wnt/Frizzled pathway that is
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critical in regulating cell cycle progression and cell fate specification in the developing
retina (52). AIPL1 mutations from patients with LCA were expressed and their interac-
tions with NUB1 were tested in vitro. Most, but not all, AIPL1 mutations significantly
reduced the interactions between the two proteins. Both AIPL1 and NUB1 were found
to be expressed in retinoblastoma Y79 cells, a known retinal progenitor cell. In situ
hybridization showed expression of both NUB1 and AIPL1 in inner segments (IS) of
photoreceptors in both embryonic and post natal mice (52). AIPL1 is predominantly
cytoplasmic, but NUB1 is primarily nuclear (53). Van der Spuy demonstrated that
AIPL1 modulates the nuclear translocation of NUB1 (53). Kanaya et al. (54) determined
that AIPL1 directly interacts with NUB1 through AIPL1’s amino acid residues 181–330,
and then showed that I206N, G262S, R302L, and P376S AIPL1 mutations are able to
interact directly with NUB1, but AIPL1 mutations W278X, A197P, and C239R do not
(54). This suggests that the former mutations cause LCA, not through an aberrant inter-
action with NUB1, but through a different mechanism (54).

In a second yeast two hybrid study by Ramamurthy et al., AIPL1 was found to inter-
act with farnesylated proteins (51). Farnesylation is a type of prenylation, which repre-
sents a posttranslational modification of the C terminal of several proteins. Several
retinal proteins involved in phototransduction are known to be farnesylated (51), includ-
ing cGMP PDE, transducin, and RK. Prenylation of proteins is a three-step process (55).
Step 1 involves the attachment of a farnesyl group to the cysteine residue of the CAAX
box-containing protein, catalyzed by farnesyltransferase. During step 2, the newly far-
nesylated proteins are targeted to the endoplasmic reticulum (ER), where the last three
amino acids are removed. In step 3, the proteins are carboxymethylated in the ER at the
newly created farnesyl cysteine groups. Finally, once the posttranslational modifications
are completed, the newly farnesylated proteins are transported to their target membranes
(51,55). Ramamurthy et al. (51) showed that AIPL1 interacts specifically with farnesy-
lated proteins, and that in cells lacking farnesyl transferase (which catalyzes the farne-
sylation process), the farnesylated proteins fail to interact with AIPL1. They also
showed that AIPL1 enhances this process by 2.5-fold. Three classes of AIPL1 mutations
have been associated with various human retinal dystrophies (51). Class I mutations
include missense mutations in the N-terminal part of AIPL1, whereas class II mutations
are missense mutations in the TPR domains, and nonsense mutations that lack one or
more TPR domains. Class III mutations are deletion type mutations in the C terminal of
AIPL1. Class I and II are associated with LCA, whereas class III are associated with
juvenile RP and CRD. Experiments with class I and II mutations (M79T, A197P,
C239R, and W278X) by Ramamurthy et al. revealed that the mutant AIPL1 does not
interact with farnesylated proteins, and the most common mutations W278X (a class II
mutation) causes complete loss of AIPL1. Surprisingly, the well-known R302L muta-
tion interacts normally with the farnesylated proteins, suggesting that it is not a disease
causing variation. They found that AIPL1 is expressed in both the IS and the synaptic
terminals of the outer plexiform layer (OPL) (51). Also, both A197P and C239R forms
of AIPL1 were unable to interact with the farnesylated proteins (51), but maintained the
ability to interact with NUB1 (52).

The divergent results of the two studies (51,52) would suggest that there are two pos-
sibilities for the essential roles of AIPL1 in the retina and, therefore, two potential
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causes for the development of LCA as a result of aberrant AIPL1 functioning. One is
that because of AIPL1’s interaction with NUB1, the essential role of AIPL1 may be to
control photoreceptor proliferation and/or differentiation. Based on this interaction, the
severity of LCA caused by AIPL1 defects, and the early expression of both AIPL1 and
NUB1 in the embryological retina, it is reasonable to suppose that the essential role of
AIPL1 may be in the initial development of photoreceptors. Secondly, because of
AIPL1’s interaction with farnestylated retinal proteins, AIPL1’s role may be to enhance
farnestylation of all or one of the known farnesylated proteins (PDE, RK, and or trans-
ducin). Because prenylation has been shown to maintain retinal architecture, photore-
ceptor structure, stability of cGMP PDE, and PDE’s ability to associate with its target
membrane, AIPL1’s role is then suggested to be photoreceptor maintenance. 

The development of three separate AIPL1 knockout (KO) mice (19,56,57) has led to
new insights into the essential role of AIPL1 in retinal development and functioning,
and resolved the divergent results of the two-yeast hybrid studies. The AIPL1 KO mouse
shows that rods and cones develop normally, but degenerate quickly (19,56,57), starting
on day 12, is complete in week 4 and proceeds centrifugally (from the center to the
periphery) (19). Ramamurthy et al. found that ERG responses were not present in the
KO at any age, and the photoreceptors were disorganized and the IS contained vacuo-
lar inclusions (19). Although rhodopsin, guanylyl cyclase, transducin, and recoverin
protein levels were normal, there was a striking reduction of all three subunits of PDE,
which corresponded with a 7- to 9-fold increase in the levels of cGMP. Immunoblot
analysis showed that the α, β, and γ subunits of PDE protein levels were reduced by
90%, whereas mRNA levels were normal (19), indicating a posttranslational abnormality.
The link between rapid retinal degeneration and elevated cGMP is well known from a
well-studied mouse retinal degeneration model rd/rd, in which there are null mutations
in the PDE gene, and the cGMP levels are thought to be toxic (54,58,60). Therefore,
cGMP elevation may be a common disease pathway in retinal degeneration (19).
Therefore, in the absence of normal AIPL1, it is possible that PDE is not properly or
efficiently farnesylated, and becomes unstable and is degraded (19). The result of
mutated AIPL1 in LCA may therefore be a toxic elevation of cGMP, and consequently
elevated intracellular calcium levels and rapid apoptosis. An alternative but similar
interpretation may be that AIPL1 acts as a chaperone that promotes folding and the
assembly of PDE and that the cGMP phenotype results from PDE subunit destabiliza-
tion (57). In their AIPL1 KO, Liu et al. (57) also found a progressive photoreceptor
degeneration after apparent normal development of both rods and cones. They also
found a lower abundance of rod PDE, but not of other retinal proteins, including farne-
sylated proteins such as transducin and RK. cGMP levels and calcium levels were not
significantly elevated which was unexpected (57). Dyer et al. (56) created a KO AIPL1
mouse and also found a near total loss of photoreceptors. In addition, they found abnor-
mal ERGs in the heterozygote, which correlates with our findings in the heterozygous
human parents of LCA offspring with AIPL1 mutations (61–63). Immunostaining
showed a reduced number of cones, a possible expansion of bipolar cells, a marked
increase in Müller cell reactive gliosis, and significant disruption of the ribbon synapse
formation in the OPL (56). Microarray analysis confirmed the marked reduction of
PDE, but also found significant reductions of two Wnt genes, important in retinal
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proliferation and cell fate determination. Real time reverse-transcriptase polymerase
chain reaction (RT-PCR) for markers of retinal cell proliferation and cell fate at several
different and key developmental stages demonstrated normal expression of 25 probes
(including Rb, Nr2e3, Nrl, Rpr1, and GFAP). Only the expression of the secreted
frizzled-2 gene was markedly increased (56). These findings suggest that, despite
AIPL1’s known interaction with a cell cycle regulatory protein, NUB1, AIPL1 is not
required for retinal proliferation or retinal cell fate determination, but that AIPL1 is
involved in a crucial photoreceptor function and OPL synapse formation. This function
relates to the phototransduction protein PDE, which becomes unstable in the absence of
AIPL1, either because of an abnormality in farnesylation of PDE (19), or interruption
of the chaperone function of AIPL1 upon PDE (57). Interestingly, AIPL1 is expressed
only in mature rods (not in mature cones) (64), but is expressed in both developing rods
and cones (65). Because of PDE’s early expression in the retina (cones and rods in early
development, but only rods later in life), a possible role of PDE in the Wnt-frizzled sig-
nalling pathway, coupled with the significant reductions of two Wnt genes and an
increase in frizzled-2 in the AIPL1 KO mouse, is that AIPL1 performs a dual role in reti-
nal function (56).

The clinical phenotype of human patients with AIPL1 lesions is particularly severe
as most patients have hand motion, light perception or no light perception vision,
and the retinal appearances reveal extensive degenerative changes including macular
colobomas (61,66). We have delineated the disease phenotype of AIPL1 type LCA
patients, by screening 303 patients with LCA and identifying 26 patients who carried
two AIPL1 mutations (17 were homozygotes, 9 were compound heterozygotes) (61).
The patients with the AIPL1 phenotype all presented with poor or no visual fixation at
or shortly after birth, wandering nystagmus and amaurotic pupils, whereas the ERGs,
which were done in the majority of cases, were nondetectable. Compared to the pub-
lished clinical phenotypes of the other five LCA types, we found overlapping features
but also found the following: in our cohort (61), the phenotype included an atrophic or
pigmentary maculopathy in 100% of the cases, varying degrees of midperipheral chori-
oretinal atrophy with intraretinal pigment migration in all patients over age 6 yr, kerato-
conus and cataracts in 33%, and optic disc pallor in 100% after age 6. We also established
for the first time that AIPL1 heterozygotes have significant rod ERG abnormalities (but
normal cone function), which correlates with the predominant rod-expression profile of
the adult (64). AIPL1 carriers may also develop patchy peripheral retinal atrophy and
older AIPL1 carriers may develop cone and rod ERG abnormalities (62,67).

In conclusion, AIPL1 lesions lead to a particularly severe form of LCA often associ-
ated with a maculopathy, keratoconus, cataracts, and optic disc pallor in the affected
patients (61) and subclinical but recognizable ERG and retinal abnormalities in the obli-
gate carrier parents (61,62). The molecular mechanism appears to be a toxic elevation
of cGMP, through a defect in the chaperone function (57) or defective farnesylation (19)
of the critical phototransduction protein cGMP phosphodiesterase (Table 1). 

CRX

The CRX gene (68) resides on 19q13.3, has three exons, and encodes a protein of 299
amino acids. CRX is mutated in a wide variety of retinal dystrophies, including LCA,
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Table 1
Proposal for a Molecular Classification of LCA

Molecular defect Presumed mechanism Evidence (ref.)

1. cGMP elevation
AIPL1 Defective biosynthesis of cGMP PDE 57,19
CRX Lowered expression of rhodopsin and 71,72

γ subunit of cGMP PDE
RPGRIP1 Mislocalization of rhodopsin, normal 146, no direct 

localization of cGMP PDE evidence

2. cGMP depression
GUCY2D Lowered cGMP production 105–107
RPE65 Constitutively active opsin, with lowering 129

of cGMP
RDH12 Constitutively active opsin, with lowering No direct

of cGMP evidence

3. OLM fragmentation and ectopic photoreceptor formation
CRB1 Loss of polarity and loss of zonula adherens 84,86

CRD, and RP. The gene encodes a paired-type homeobox transcription factor that belongs
to the orthodenticle (OTX) family and is expressed by both photoreceptors. Members of
the OTX family of proteins participate in regulating early neuronal development. The
expression of CRX commences very early in retinal development, at the time when the
photoreceptors first appear. The CRX protein binds to specific upstream DNA sequence
elements in vitro and transactivates several important photoreceptor genes, such as
rhodopsin, the β subunit of rod cGMP PDE, arrestin, and interphotoreceptor retinoid bind-
ing protein. CRX also interacts synergistically with NRL, a transcription factor expressed
both in retina and the brain. CRX controls outer segment (OS) formation (69,70), and
mutant CRX is associated with maldevelopment of the OS of both rods and cones (70).

The CRX KO mouse was developed by Furukawa et al. (69). When comparing reti-
nal sections of wild-type (WT) CRX –/– and CRX–/+, they found no differences between
the retinas at postnatal day 10 (P10) (this is before OS form). At P14, however, OS were
normal in WT, not present in the KO, and shorter than normal in the heterozygote. ERGs
were recorded in 1-mo-old mice, and WT was normal, in the KO both rod and cone
responses were abnormal, and in the heterozygote, the rod signals were abnormally
decreased, whereas the cone ERG was not yet present. At 6 mo, the rod and cone ERG
of the heterozygote was normal. At P10, the expression of several key photoreceptor
genes, including rhodopsin, cone opsins, rod transducin, arrestin, and recoverin were
significantly decreased. CRX was not found to be essential for cell fate determination as
markers for cell types were found to be normal (69).

Further analyses of the CRX KO were done to understand the changes of the inner
retina. Using immunocytochemical techniques on CRX KO mice retinas, Pignatelli et al.
(71) showed some very unexpected inner retinal changes, which are of major signifi-
cance to our understanding of LCA retinal pathology and our expectations that future
therapy may be feasible. Rod bipolar cells are normally connected to rod spherules by
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large dendritic arbors in the OPL, and to the inner plexiform layer (IPL) by axonal
arbors, and their postnatal development is complete at around 1 mo. In the CRX KO,
two important changes were found, first the axonal endings to the IPL were abnormally
small, and later the dendritic arborisation to the OPL was completely retracted. Similar
but later changes were found in the cone bipolars. In the horizontal cells, the authors
found intense neurite sprouting that increased in size and number during the mouse’s
lifetime. Ganglion cell, and both cholinergic and dopaminergic amacrine cell morphol-
ogy, were surprisingly normal. The histological similarity with the rd mouse (in which
cGMP PDE is mutated and leads to cGMP elevated levels of cGMP) (60) is striking and
provides indirect evidence that the molecular mechanisms of CRX defects and rd defects
may be similar (71). These aforementioned morphological changes are remarkably sim-
ilar to a completely different RP animal model, namely the rd/rd mouse, in which there
is a complete absence of the phototransduction enzyme the β subunit of rod phosphodi-
esterase, and a presumed high level of cGMP, which leads to a very rapid photo-
receptor degeneration (60). Despite the marked differences in genes, and presumed
mechanisms, the histological picture is surprisingly similar, leading the authors to pos-
tulate that second-order neuron modification and remodeling in the retina depends on
photoreceptor degeneration itself, not on the genetic mutation that causes the retina to
degenerate in the first place. Furthermore, microarray analysis of CRX+/+ (WT) and
CRX –/– (KO) showed differential expression of 16 retinal genes, 5 of which encode
phototranduction pathway proteins (72). Livesey et al. (72) showed that rhodopsin, rod
transducin (α subunit), recoverin, rod cGMP phosphodiesterase (γ subunit), and arrestin,
providing indirect evidence that cGMP may be elevated. Tsang et al. (73) showed that
KO of the γ subunit of cGMP PDE leads to a rapid retinal degeneration with elevated
levels of cGMP, similar to the rd mouse (with mutant cGMP PDE) (60).

In an attempt to elucidate the biological actions of CRX mutations and to understand
whether they act in a dominant negative fashion vs a loss of function, Rivolta et al. (74)
divided the reported CRX mutations into two categories; the “missense” group consists
of 13 missense mutations, and short inframe deletions which preferentially affect
residues of the homeodomain, whereas the 9 mutations in the “frameshift” group con-
sists of insertions and deletions of 1, 2, or 4 bp are all in the terminal exon 3 and affect
the OTX domain of the protein. Because frameshift mutations lead to premature termi-
nation codons, they are usually assumed to create null alleles. Because CRX’s
frameshifts occur in the terminal exon, this is probably not the case. Although recent
new knowledge about mRNA decay mechanisms indicates that premature termination
codon (PTC) lead to rapid mRNA decay (and therefore a null allele), PTC mutations in
the terminal exon of a gene escape this detection mechanism. Therefore, Rivolta et al.
(74) predict that both the “missense” and “frameshift” groups of CRX mutations will
lead to a stable RNA message. They also predict that the “missense” group in the home-
odomain will interfere with CRX’s ability to interact with NRL or with DNA binding,
whereas the “frameshift” group of mutations will produce truncated CRX molecules that
fail to transactivate the promotors of targetted retinal photoreceptor genes (74).

In humans with LCA, both heterozygous and homozygous CRX mutations have been
found. Swaroop et al. (75) showed that recessive R90W mutations in the homeodomain
of the CRX protein cause the LCA phenotype. They also showed that the CRX R90W
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protein shows reduced binding to DNA sequence elements, and the R90W mutation also
reduces CRX mediated transactivation of the rhodopsin promotor in vitro experiments.
The carrier parents with the heterozygous R90W CRX mutations developed a mild
CRD, which consisted of photoaversion, dark adaptation difficulties, subtle ERG
abnormalities of both rod and cone systems, color vision abnormalities (measured by
Ischihara plates), and perifoveal punctate changes of the retina (75). One frameshift
CRX mutation was found in both an affected LCA child and her normal-vision father,
suggesting mosaicism in the father or recessive inheritance in the affected child (67).
CRX is implicated in both dominant LCA (74) and recessive LCA (75), but also in dom-
inant cone-rod dystrophy (CORD) (68), and dominant RP (76). Most authors report a
severe phenotype for the CRX genotype (76) with a profound maculopathy, indicating
abnormal foveal development, whereas we have reported (77) one patient with LCA
with marked improvement in acuity, visual field, and cone ERG, when measured over a
period of 11 yr. A patient with LCA with a heterozygous Ala 177 (1bp del) frameshift
mutation was diagnosed with LCA at age 6 wk. Repeat ERGs showed a nondetectable
rod and cone signal. At age 6, we measured acuities at 20/900 and this improved to
20/150 at age 11. An ERG at age 11 showed an electronegative cone signal with a small
a- and b-wave, whereas the visual field was measurable by Goldman perimetry. We pro-
vide clinical evidence that in some patients with CRX, postnatal OS lengthening and
improved vision may take place after the initial insult of the CRX lesion (77).

In conclusion, the CRX defects lead to a highly variable phenotypic spectrum of 
disease. CRX mutations may lead to a dominant CORD (68) or a dominant or recessive
form of LCA (74). CRX defects appear to be a rare cause of LCA (78,79). Patients
affected with LCA have moderately severe visual loss, often associated with a macular
lesion, although one report noted improvements in several visual function parameters
(61). The obligate carrier parents appear to have a mild cone-rod dysfunction (on ERG)
(75). The histological phenotype is very similar to the rd mouse (with a cGMP PDE
defect and elevated cGMP levels) (71), and the expression of the γ subunit of cGMP
PDE is markedly decreased (72), suggesting that the molecular mechanism of CRX
lesions, may be cGMP elevation (Table 1).

CRB1

CRB1 was cloned by den Hollander et al. in the Netherlands (80). The gene resides
on 1q31, has 12 exons, and encodes a protein of 1376 amino acids and harbors muta-
tions that have been found in a wide variety of retinal dystrophies (9,80–83). These
include AR RP (ARRP) of the original RP12 family, which has a severe phenotype with
hyperopia, nystagmus, and preservation of the para-arteriolar RPE (also known as
PPRPE type of RP), ARRP without the PPRPE, RP with the Coats-like exudative vas-
culopathy, and LCA with and without the PPRPE type of retinal changes. 

The CRB1 protein shows 35% structural similarity to the Drosophila Crumbs (CRB)
gene. The similarity with the CRB protein suggests a role for CRB1 in cell–cell inter-
action and possibly in the maintainance of epithelial cell polarity of ectodermally
derived cells. The human CRB1 protein contain a signal peptide, 19 epidermal growth
factor-like domains, three laminin A Globular-like domains, a transmembrane domain,
and a highly conserved 37 amino acid cytoplasmic domain with a C-terminal ERL1
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motif (82). The cytoplasmic domain of the Drosophila CRB and human CRB1 proteins
domains, when overexpressed in Drosophila embryos, rescue the Crumbs phenotype to
a large degree, suggesting a critical function for this small domain (82).

The architecture of epithelial cells depends on the distribution of cellular junctions
and other membrane associated protein complexes. A core component of these com-
plexes is the transmembrane protein CRB. Human photoreceptors are packed together
in the ONL of the retina together with processes of Müller glial cells for structural and
metabolic support. The establishment and maintenance of apical–basal polarization and
cell adhesion is important for the photoreceptors. The apical part of photoreceptors is
the OS (which abuts the RPE), whereas the basal part represents the synapse of the pho-
toreceptor with bipolar cells. At the apical site of photoreceptors an adhesion belt named
the outer limiting membrane (OLM) contains multiple adherence junctions which are
present between photoreceptors and Müller cells. These adherence junctions consist of
multiprotein complexes and are linked to the cytoskeleton of the cell for cell shape. The
adhesion belt runs along the photoreceptor cells at the division of the IS and the cell-
body and nucleus. The potential space between the OLM and the RPE represents the
subretinal space and the photoreceptor IS and OS normally project and “float” in this
space. Cells lacking CRB fail to organize a continuous zonular adherens and fail to
maintain cell polarity. Pellikka et al. (83) showed that CRB1 localizes to a subdomain
of the photoreceptor apical plasma membrane, namely the IS. They proposed that CRB
is a central component of a molecular scaffold that controls zonula adherens assembly.
The role of mammalian CRB1, however was still unclear.

Clues about the function of CRB1 came initially from a natural CRB1 mutant mouse,
called retinal degeneration 8 (rd8). This mouse model produces a secreted truncated
CRB1 protein of 1207 amino acids, which lacks both the transmembrane domain and
the intracellular domain. The rd8 mouse develops striking retinal abnormalities, includ-
ing focal photoreceptor degeneration and irregularities of the OLM (84). Mehalow et al.
(84), reported that CRB1 localizes to both Müller cells and photoreceptor IS. They
found clinically that the rd8 mice developed irregular-shaped large white subretinal
spots, more heavily concentrated in the inferonasal quadrant of the retina. These spots
correspond histopathologically to regions with retinal folds and pseudorosettes. They
also found OLM fragmentation, OS shortening but normal IS. By 5 mo, the OS have
virtually disappeared, the IS are swollen, and the Müller cell processes are unusually
prominent. The retinal degeneration was focal in appearance, with nearly normal retina
present at the edge of a region with severe degeneration (85). The photoreceptor dyspla-
sia and degeneration reported by Mehalow et al. in the rd8 mouse with the CRB1 muta-
tions strongly vary with the genetic background, suggesting modifier effects from other
retinal genes. 

The rd8 mutation is probably not a null allele, therefore van de Pavert et al. (86) inac-
tivated both CRB1 alleles (CRB1–/–) to produce a complete null and examined the result-
ing mouse retina. There were marked differences between the CRB1–/– and the rd8
retinal findings. Two-week- nor 2-mo-old CRB1–/– mice had retinal abnormalities. 
At 3 mo, however, the KO mice developed focal areas of retinal degeneration. The OLM
was ruptured and there was protrusion of single or multiple photoreceptors both into the
subretinal space and into the inner nuclear layer. One of the most strikng histological
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findings were double photoreceptors layers (half rosettes). These rosettes developed
normal inner segments and a full OLM, very much unlike the rd8 model. This finding
suggests that CRB1 is not essential for the formation of junctional complexes and OLM,
but rather for the maintenance of these structures. In 6-mo-old CRB1–/– mice large
ectopic photoreceptor layers were identified, which were so large that they resembled a
“funnel” abutting the ganglion cell and inner limiting membrane. They suggest that the
initial insult of the CRB1 mutation is the loss of the photoreceptor to Müller glial cell
adhesion in retinal foci. Light exposure experiments revealed a significant increase in
retinal degeneration in the CRB1–/– mouse especially inferotemporally; therefore, light
enhances the retinal degeneration in the CRB1–/– retinas (86). This may be a correlate
of the thickened retinas that lacked the distinct layers of the normal retina, found by
Jacobson et al. (87), who used in vivo high-resolution microscopy (also known as opti-
cal coherence tomography [OCT 3]) in patients with LCA with known CRB1 mutations.
Comparable retinas from patients with LCA with RPE65 mutations were thinned when
examined by the same methodology (87).

Because of the severity of the PPRPE type RP, CRB1 was postulated also to cause
LCA. Den Hollander et al. (9) and Lotery et al. (85) indeed found that 13% of cases with
LCA can be explained by mutations in the CRB1 gene, making it a common and impor-
tant gene for LCA. In addition, CRB1 mutations were identified in five of the nine
patients with RP and Coats-like exudative vasculopathy, a severe complication of RP (9).
Patients with LCA with CRB1 mutations in three of seven cases also showed the PPRPE
picture (9). An overview of the CRB1 mutation spectrum can be found in den Hollander
et al. (83).

The phenotype of patients with LCA with CRB1 lesions may be distinct as the fol-
lowing constellation of findings may point to a CRB1 defect. Visual acuities range from
20/40 to light perception (61,85). Many patients have hyperopic refractions and the reti-
nal appearance, although variable and overlapping with other LCA phenotypes may be
distinct when PPRPE or white dots are found. Many but not all patients with LCA with
CRB1 mutations have one of these two features. Thick, abnormally laminated retinas by
OCT imaging may be a pathognomonic feature of LCA retinas with degeneration
caused by CRB1 mutations (87). Pigmented paravenous chorioretinal atrophy, a domi-
nant form of RP characterized by paravenous pigmentary deposits, was found to be
associated with a heterozygous Val162Met CRB1 missense mutation in a large RP
family (88). Obligate heterozygous parents of offspring with LCA and CRB1 mutations
have an ERG and a multifocal ERG phenotype that may be distinct from the phenotype
of obligate heterozygotes with other LCA gene defects (62,89). Cremers hypothesized
that LCA may be associated with complete loss of function of CRB1, whereas patients
with RP (early-onset RP with and without PPRPE, and RP with Coats-like exudative
vasculopathy) in whom the visual loss is more gradual and later in life, may have resid-
ual CRB1 function (90). This hypothesis is supported by the facts that 37% of LCA
CRB1 alleles are presumed null alleles, whereas only 19% of RP CRB1 alleles appear
to be null (p = 0.01 by Fisher’s exact test) (90).

In conclusion, CRB1 defects are an important and frequent cause of LCA (9,85).
Both the affected status and obligate heterozygotic parents may be recognizable
clinically (61,62). The affected CRB1 phenotype may be relatively mild and distinct,
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as some patients have PPRPE and relatively good visual function (61). The partial (84)
and complete (86) KO mice models of CRB1 suggest that the pathology involves frag-
mentation of the adhesion belt, the OLM, and absence of the zonula adherens, which
results in the loss of polarity of the photoreceptors, ectopic development of photorecep-
tors, and initially a focal retinal degeneration.

GUCY2D

The gene for retinal guanylyl cyclase GUCY2D was cloned by Shyjan et al. in 1992
(91) and mapped to 17p13.1 by Oliviera et al. (92). In 1995, Camuzat et al. (93,94)
mapped a gene for LCA to this region (17p13.1) by a homozygosity-mapping strategy
using consanguineous LCA families of North African origin. Perrault et al. (5) subse-
quently reported missense and frameshift mutations in GUCY2D in four unrelated LCA1
probands of these same families. The human gene contains 20 exons, and has thus far been
implicated in AR LCA and, surprisingly, also the later-onset AD CRD (95) (also known
as CORD6). GUCY2D is expressed in the plasma membrane of photoreceptor OS, but at
higher levels in cones than in rods (96,97). The protein of GUCY2D is GC and is a trans-
membrane protein that serves a key function in photoreceptor physiology as it synthesizes
the intracellular transmitter of photoexcitation guanosine 3′,5′-cyclic monophosphate
(cGMP). A unique feature of GC is its regulation by three small Ca2+-binding proteins
called GC activating proteins (GCAPs) (98–101). These regulatory proteins sense changes
in the cytoplasmic Ca2+-concentration (Ca2+) during illumination and activate GCs when
the (Ca2+) decreases below the value in a dark-adapted cell of 500–600 nM (102). GC is
responsible for the production of second messenger cGMP after it has been hydrolysed by
cGMP PDE (for a complete review, see ref. 103). cGMP PDE becomes activated after
light stimulation and depletes cGMP, resulting in closure of photoreceptor cGMP gated
channels and subsequent decreased levels of calcium, which leads to hyperpolarization of
the membrane. The drop in calcium stimulates GCAP, to stimulate GC to produce cGMP.
GC is an enzyme that is composed of an extracellular ligand-binding N-terminal segment,
a transmembrane domain, an internal protein kinase homology region, and a C-terminal
catalytic domain. In an attempt to identify the significance of the extracellular domain
(ECD), Laura et al. (104) created deletion mutants of GC and removed the ECD and
showed normal GCAP stimulated cGMP production by the mutant GC, concluding that
GCAP interacts with GC through the intracytoplasmic portion. Duda et al. (105) showed
that a Phe514Ser mutation (found in a patient with LCA) from the kinase homology
domain of the protein severely compromised the ability to produce cGMP (105), whereas
Rozet et al. (106) tested the basal functional capacities of catalytic domain and ECD muta-
tions and found that the catalytic mutations almost completely abolished basal cGMP pro-
duction. The extracellular domain mutations had no effect on basal cGMP production.
Tucker et al. (107) then showed that catalytic domain mutations severely compromise the
ability of GCAP to stimulate cGMP production, whereas ECD mutations cause only about
50% decrease in catalytic ability (108). Tucker et al. also showed that recessive GUCY2D
mutations in heterozygous state found in humans with LCA cause dominant negative
effects on the WT allele (108), and this correlates with significantly abnormal cone elec-
troretinographic responses in parents who are obligate heterozygotes for these same muta-
tions (109), who have children with LCA. 
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We were puzzled by the observations that mutations in the same gene, GUCY2D, can
cause two different diseases with very different onsets and severities; i.e., dominant
GUCY2D mutations (in the dimerization domain of the protein) are associated with cone-
rod dystrophy, whereas recessive GUCY2D mutations (found in all other protein
domains) are well known causes of the much more severe LCA. These facts prompted us
to hypothesize that parents of children with LCA with GUCY2D mutations must be obli-
gate heterozygotes for the same mutations and may therefore exhibit a mild cone-rod
disease (109,107). We tested this hypothesis by performing detailed ERGs on parents
with known GUCY2D lesions (P858S, L954P) and documented repeatable and signifi-
cant cone dysfunctions in four subjects (109). To address the question of whether abnor-
malities in the heterozygous state were caused by haploinsufficiency or dominant
negative effects, we tested the same mutations in an in vitro expression system (107). We
constructed the mutations in GUCY2D cDNA by site-directed mutagenesis (108) and
tested the ability of the mutant protein to produce cGMP. First, we showed (107,110) that
mutations in the catalytic domain dramatically compromise the ability of GCAP to stim-
ulate cGMP production (107). Membrane GCs are thought to exist in a dimeric state
(111,112) and, therefore, we tested whether the P858S and L954P mutants affect WT
RetGC-1 activity when co-expressed. We co-transfected HEK 293 cells with 2.5 μg WT
RetGC-1 and 2.5 or 5 μg of either pRc-cytomegalovirus (CMV) (as a control), P858S, or
L954P. Western blots showed that the total amount of WT and mutant protein transfected
correlates with the amount of protein used in the assays. The addition of increasing
amounts of either P858S or L954P reduced GCAP-2 stimulated activity by upto 55%.
These results showing a significant decrease in wild-type RetGC-1 activity when L954P
or P858S are coexpressed suggest that any heterodimers formed are inactive or poorly
active (107). We then expressed mutations from the extracellular domain of RetGC-1
(C105Y and L325P) to investigate their effects on cGMP production and found that these
only reduce RetGC1 activity by 50%. 

Disruption of the retinal GC gene in mice leads to normal development and normal
numbers of rod and cone photoreceptors (113). However, by 5 wk, the number of cones
in the mouse KO has been reduced dramatically and rapidly in the null mice compared
to age-matched controls (113). The degeneration of cones is not matched by a rod
decline. Both numbers and morphology of the rod photoreceptors remains normal.
However, the rod responses are also dramatically decreased despite their normal appear-
ance (113). The GC KO in the chicken also leads to rapid retinal degeneration after the
photoreceptors appear to have developed normally (114). Light-driven translocation of
photoreceptor proteins between inner and outer segment plays an important role in
adaptation of photoreceptors to light and this process is disrupted in the mouse GC KO
(115). The α cone transducin molecule, which is normally found in the OS, was found
in IS and synapses of cones in the GC KO, whereas arrestin, which is normally shifted
from the OS to IS during light exposure of the WT mice, was found only in the outer
segments of the GC KO (115). This may indicate that the absence of GC may be the
biochemical equivalent of light exposure and the sequestration of transducin in the inner
segmet may be a protective mechanism in the face of chronic light adaptation and
chronic hyperpolarization of the cell membrane (115). The molecular mechanism of pho-
toreceptor cell death in LCA retinas with GUCY2D defects may relate to the abnormally
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low cGMP levels, low calcium levels, chronic hyperpolarization, all consequences of
chronic light adaptation. The link between the former biochemical changes and apopto-
sis still needs to clarified.

In some populations, GUCY2D may be the most common LCA gene, with 20% of
patients with LCA carrying this genotype (79,116). Others, including our own, found
that 8% of LCA is caused by this gene (78). The phenotype of GUCY2D-type LCA is
distinct (78,117). Dharmaraj et al. found a severe phenotype for patients with LCA with
GUCY2D defects, but the visual course was stable (over a 20-yr period). Marked
hyperopia, photo-aversion, and an essentially normal retinal appearance were also noted
(78). Obligate heterozygous parents with GUCY2D mutations were found to have mild
cone ERG abnormalities (109), and may be recognizable clinically, reducing the time
and effort of the molecular diagnostic process (109). Silva et al. determined that a
GUCY2D mutation modified the phenotype of a patient with LCA with RPE65 defects
(118). Histological studies of a patient with LCA with GUCY2D mutations revealed the
surprizing presence of cone photoreceptors (24). In this study, Milam et al. (24) found a
Arg660Gln mutation and a deletion adjacent to the GUCY2D gene in an 11-yr-old patient
with LCA with light perception vision, +4.00 D hyperopia, and a subtle retinal pigmen-
tary mottling. OCT showed a thinned retina, whereas further histological study showed
OS loss, a normal bipolar layer, and a thinned ganglion cell layer (24). Autofluorescence
studies (which measure the active lipofuscin deposition in the RPE, and indicates
viability of the photoreceptor–RPE complex) showed normal autofluorescence patterns
in patients with LCA with GUCY2D mutations (119). These data (24,76,119) suggest the
possibility that patients with LCA with the GUCY2D genotype may have viable retinas
and may also be amenable to gene therapy.

In conclusion, the LCA disease phenotype associated with GUCY2D is a severe con-
genital cone-rod dystrophy associated with high hyperopia, a relatively normal retinal
aspect and a relatively stable course (76,79,117). The obligate heterozygous parents of
LCA offspring develop a recognizable subclinical cone dysfunction (109). Histological
and autofluorescence studies of affected patients suggest that some photoreceptors
remain intact in patients with the GUCY2D LCA (24,119). The molecular mechanism
appears to be a depression of the level of cGMP (Table 1). 

RPE65

The RPE65 gene was cloned by Hamel et al. (120) was found to be exclusively
expressed by the RPE and plays an important role in the vitamin A cycle. The gene for
RPE65 is located on 1p22 (121) and is composed of 14 exons, whereas the protein has
533 amino acids (122). RPE65 mutations are associated with a variety of overlapping
severe retinal dystrophies ranging from LCA (most severe), AR childhood-onset severe
retinal dystrophy, and to juvenile RP (least severe) (7,123,124). In an attempt to discern
the function of RPE65, a RPE65–/– KO mouse was constructed (125), which revealed that
OS discs of rod photoreceptors in RPE65–/– mice are disorganized compared to those of
RPE65+/– and RPE65+/+ mice. Rod function, as measured by electroretinography, was
abolished in RPE65–/– mice, although some cone function remained. The remaining
visual function in the RPE65–/– mouse was later determined to be generated by the rods,
not cones as shown by Seeliger et al. (126).
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RPE65–/– mice lack rhodopsin as a result of an inability to recycle 11-cis retinal, but
not opsin apoprotein, whereas all-trans-retinyl esters overaccumulate in the RPE, there-
fore, RPE65 is necessary for the production of rhodopsin and prevention of the accumu-
lation of retinyl esters (125). The logical conclusion could be that in humans and animals
lacking RPE65, the accumulation of the retinyl esters is somehow toxic to the RPE and,
therefore, involved in the pathogenesis and death of the photoreceptor cells. However,
there is also evidence that persistant opsin or rhodopsin signaling can cause photo-
receptor pathology, and Fain et al. have named this phenomenon the equivalent light
hypothesis (127,128). In an attempt to distinguish these two possibilities (accumulation
of retinyl esters vs light independent signaling), Woodruff et al. compared RPE65 null
mice with RPE65 null/transducin (that have a block in the phototransduction cascade)
mice and hypothesized that continuous, light independent opsin (unbound to its 
ligand 11-cis retinal) activity causes photoreceptor degeneration, without retinyl ester
accumulation playing a role (129). They postulated that if spontaneous opsin activity
simulates the light adapted state of the rod, then there must be a diminished circulating
current, a reduced light sensitivity, an accelerated light response kinetics, closure of the
cGMP gated channels, and subsequent reduction of the intracellular calcium levels (129).
If these predictions are accurate, they argued, then by blocking the transducin-ediated
signaling, the photoreceptor degeneration must be prevented. In the RPE65 KO mouse,
Woodruff et al. showed that indeed the circulating currents are much lower, the light sen-
sitivity is diminished, and the turn off of the photoresponse was accelerated in the RPE65
KO mouse compared to the WT. To test whether spontaneous-unliganded opsin causes
photoreceptor death through transducin-mediated signaling, the authors crossbred mice
null for RPE65 with mice null for transducin and examined the retinal histology, by
counting the number of photoreceptor nuclei in the ONL. Compared to WT, null/trans-
ducin mice, and RPE65 heterozygotes, which maintain 9–11 rows of nuclei, the RPE65
KO mice have 6–7 rows at 40 wk. The crossbred mice (KO for RPE65 and transducin)
had 8–10 rows of nuclei at 40 wk and were completely protected from the retinal degen-
eration. Dark rearing of the RPE65 KO mouse did not protect the retinal cells from
degeneration as expected, because the opsin activation is light independent. Retinyl
esters accumulations were found to be 14 times higher in the double KO than in the con-
trol mice, showing that the retinyl esters are not responsible for the degeneration. Finally,
Ca2+ levels were measured and found to be very low as expected in the RPE65 KO, illus-
trating the consequences of closed cGMP gated channels (129). How aberrant opsin sig-
naling, closure of the rod-cGMP channels, and low Ca2+ leads to death is not currently
known, but low Ca2+ is known to trigger apoptosis in neurons and photoreceptors
(128,130). In addition to the KO mouse, a natural KO of the RPE65 gene exists in the
Briard dog, which harbors a 4-bp deletion in RPE65. Because the retinal histology was
essentially normal except for RPE lipid vacuoles, the retinal phenotype of the Briard dog
was initially called congenital stationary night blindness (131). Further analysis of the
phenotype and retinal architecture revealed that the diagnosis was more a progressive
retinal dystrophy (132), and a good model for human RPE65 type retinal dystrophies.

Perrault et al. suggested that, based on the divergence of the underlying molecular
defects for patients with GUCY2D- and RPE65-type LCA, the resulting phenotypes
may be identifiable and distinguishable clinically (117). The observation of missense
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and frameshift GUCY2D mutations suggests that the cGMP production in photoreceptor
cells is markedly reduced or abolished in LCA (117). As a consequence, the excitation
process of rod and cone photoreceptors would be markedly impaired because of constant
closure of cGMP-gated cation channels, with chronic hyperpolarization of the mem-
brane. The cGMP concentration in photoreceptor cells would not be restored to the dark
level, leading to a situation equivalent to constant light exposure during photoreceptor
development. Thus, in contrast to GUCY2D mutations, RPE65 mutations would decrease
the rhodopsin production, leading to a situation equivalent to a retina kept in a constant
dark state (117). Although it appears possible to separate patients LCA with GUCY2D
defects from those with RPE65 defects (78,117), the results of Woodruff et al. (129)
strongly suggest that both GUCY2D and RPE65 defects lead to similar molecular
defects, i.e., abnormal lowering of cGMP and subsequent lowering of the intracellular
Ca2+ levels, a situation consistent with the equivalent light hypothesis suggested by Fain
et al. (127,128).

In the patients harboring GUCY2D mutations, no visual improvement was observed,
the pendular nystagmus remained unchanged, and visual acuity was reduced to light
perception or ability to count fingers held in the visual field. In addition, the patients
complained of severe photophobia and usually preferred half light, and significant
hyperopia was observed, although visual fields were not recordable because of pro-
found loss of visual acuity (78,117). However, in the patients with RPE65 mutations,
transient improvement in visual function was regularly noted by the parents (78,117,
133). This improvement or adaptation of visual function was later confirmed objectively
by Lorenz et al. and Paunescu et al. (133,134). Young children became able to follow
light or objects, especially during the daytime. They complained of night blindness and
usually preferred bright light. Visual acuity reached 20/100–20/200, mild or no hyper-
opia was observed, and mild myopia occured occasionally. Finally, the visual field in
this group was usually recordable and frequently displayed a peripheric concentric
reduction. They concluded that GUCY2D defects lead to a functional outcome that is
different and recognizable from the functional outcome of patients with RPE65
defects. Patients with GUCY2D develop a congenital stationary cone-rod dystrophy,
whereas patients with RPE65 defects develop a progressive rod-cone dystrophy
(78,117,133). Silva et al. found a modification of the RPE65 phenotype by a GUCY2D
missense mutation (118).

The relative burden of the RPE65 locus in LCA may be as high as 16% (124),
although most large studies found a burden between 6.1% (11 out of 179 patients LCA)
and 8.2% (8 out of 98 patients) (79,135). We screened 275 new patients with LCA and
found that 25 (9%) carry at least one RPE65 mutation, and 7 of these were novel. The
new LCA microchip constructed by the Allikmets group, which contains 81 mutant
RPE65 alleles (the largest number of any gene), only identified 2.4% of 200 new
patients with LCA with RPE65 defects (136,137). Strict clinical criteria must be main-
tained for LCA (including poor fixation, wandering nystagmus, amaurotic pupils and
nondetectable ERG) to allow exclusion of milder phenotypes, such as juvenile RP and
AR childhood-onset severe retinal dystrophy (133). In a large consanguinous family
with homozygous Y368H mutations in RPE65, we found a surprising variability in
visual evolution, with some patients having stable vision, others declining, whereas yet



78 Koenekoop

others were measured to improve, implying the action of modifier effects from genetic
or environmental factors or both (138).

We have thus far analyzed nine obligate RPE65 carriers and found that most carriers
have characteristic foveal drusen at a young age and all have normal rod and cone ERG
functions (62,89). We found that affected patients with RPE65 mutations have a char-
acteristic retinal aspect, with a transluscent RPE and areas of atrophy. Histological
analysis of the KO mouse and Briard dog shows subtle abnormalities of the RPE, but
essentially normal retinal architecture (131,132), although one human fetus with RPE65
mutations had attenuation of the photoreceptor layer (139,140). Autofluorescence studies
confirm the block in the vitamin A recycling process, as the autofluorescence of patients
with mutated RPE65 is very abnormal and low (119). Autofluorescent patterns may
provide a clinical flag for patients with the RPE65 genotype (119). Measurable acuities,
visual fields, and small cone ERG are possible in patients with RPE65 and this possi-
bly makes their phenotype distinct (78,117,133).

Recently, mechanism-based pharmacological therapy has been shown to arrest
photoreceptor death in the RPE65–/– mouse model of LCA, based on the emerging
knowledge of the genes and their functions in the retina. Van Hooser et al. (43), using
recent knowledge that RPE65 mutations in mice lead to an inability to form 11-cis
retinal (which binds to rod opsin to form light sensitive rhodopsin), supplemented the
mouse diet with a vitamin A derivative and consequently showed short-term improve-
ments in rod physiology. The long-term consequences of this intervention are not
known. Theoretically, adding vitamin A to a system, which is known to have a block
as a result of a mutant RPE65 protein, could lead to long-term accumulation of a toxic
intermediate, making the disease worse. Acland et al. (34) studied the effects of
RPE65 replacement in the Briard dog, which harbors a natural, homozygous 4-bp
deletion in the RPE65 gene and is blind at birth. ERG function is nondetectable,
despite the normal appearance of the retinas, including the photoreceptor layer in this
dog model. Subretinal injections in one eye of three dogs containing the adeno-
associated virus with cDNA of dog RPE65, with a CMV promotor, B-actin enhancer
and internal ribosome entry sequence were performed at age 4 mo (34). Rod-mediated
ERGs, cone-mediated ERGs, visual-evoked potential, pupillometry, and behavioral
testing all showed dramatic improvements in visual function at about 8 mo of age.
Genomic PCR and RT-PCR demonstrated expression of the WT message in the retina
and RPE, whereas immunoblots showed persistent RPE65 protein in RPE cells. This
is the first study to demonstrate restoration of visual function in a large-eyed animal
model with LCA caused by an RPE gene defect, and this persisted for more than 3 yr
after one injection (Jean Bennett, personal communication). It is currently not known
whether the retinas of human patients with LCA with RPE65 defects are intact,
and whether the photoreceptor layer is present. The time window before the retina
undergoes cell death is also not known. Also, it is not known whether photoreceptor
gene replacements have similar dramatic effects, which will now have to be evaluated.
A human clinical trial involving well-characterized LCA gene defects in babies with
LCA may commence in 2005.

In conclusion, the disease phenotype of patients with LCA with RPE65 defects
appears to be recognizable based on retinal appearance, relative mildness of the visual
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defect, a transient improvement in vision, and an absence of autofluorescence, and has
been termed early-onset severe retinal dystrophy (133). The molecular mechanism of
disease appears to be very similar to that of patients with GUCY2D defects, i.e., a
depression of the level of cGMP (129). RPE65 defects lead to lowered cGMP levels, not
through a depressed production, but as a result of constitutively active opsin, which
stimulates cGMP PDE to continously hydrolyze cGMP (129).

RPGRIP1

The RPGRIP1 gene was discovered by Roepman et al. (141), Boyle and Wright
(142), and Hong et al. (143). RPGRIP1 is expressed both in rod and cone photorecep-
tors, but surprisingly also in amacrine cells (144). RPGRIP1 is the molecular partner of
RPGR and both proteins co-localize to the connecting cilium, which connects the inner
to the OS of the photoreceptor cell (141–143). RPGR mutations cause several types of
retinal degenerations, including x-linked forms of RP, CRD, and macular dystrophy
(145). The RPGRIP1 protein may be a structural component of the ciliary axoneme
(146). The genes associated with NPHP, an important cause of end-stage kidney disease
(sometimes associated with LCA and/or RP), are also associated with ciliary function,
and there is evidence that NPHP proteins interact with the RPGRIP1 protein (147). The
exact function of RPGRIP1 is still unknown, however, and investigations are compli-
cated by the multiple RPGRIP1 isoforms, which have distinct cellular, subcellular local-
izations and biochemical properties in the retina (148,149). To understand RPGR and
RPGRIP1 function in the retina, the molecular partners of RPGR were sought in two-
yeast hybrid experiments. By screening bovine cDNA retinas with the RDH of RPGR
as bait, a novel RPGRIP was subsequently identified by three independent groups and
the protein bears no homology to any thus far identified retinal proteins (141–143). This
protein was named RPGRIP-1, and the gene RPGRIP1 was mapped to chromosome
14q11 (141–143). RPGRIP1 consists of 3861 bp (i.e., 1287 amino acids) (Gerber et al.
[150] divided more than 25 exons). 

In 2000, Roepman et al. found that RPGRIP1 contains a C-terminal RPGR interact-
ing domain and a coiled-coil domain, which the authors suggested is homologous to
proteins involved in vescicular trafficking (141). In vivo expression experiments with
RPGR mutations (from X linked retinitis pigmentosa [XRRP] patients) were observed
to impair RPGR–RPGRIP1 interactions. Both RPGR and RPGRIP1 were found in this
study to co-localize to the OS of rod and cone photoreceptors. Based on these observa-
tions, the authors concluded that the site of pathology for RPGRIP1 associated disease
is in mediating vescicular transport-mediated processes. In the same year, Boylan and
Wright (142) also isolated RPGRIP1 and showed its expression in retina and testis.
RPGR–RPGRIP1 interactions were confirmed by co-immunoprecipitation experiments
and RPGR mutation co-expression studies (142). Hong et al. then subsequently con-
firmed that RPGRIP1 is indeed a molecular partner of RPGR and found that both proteins
co-localize in the photoreceptor connecting cilium (143). Their data suggested that
RPGRIP1 is a structural component of the ciliary axoneme of both rods and cones and
functions to anchor RPGR within the cilium. Unlike the suggestions of Roepman et al.,
the subcellular localization of RPGRIP1 to the connecting cilium by Hong et al. would
suggest that RPGRIP1 could be critically important for the directional transport of
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nascent proteins from the IS destined for the OS and that RPGRIP1 associated disease
would be caused by an interruption of these processes. 

Disagreements about the subcellular localizations of RPGRIP1 existed as a result of
Roepman et al. finding that RPGRIP1 was localized in the outer segments and Hong 
et al. found localization to the connecting cilium. These differences predict important
disparities in putative pathophysiology of RPGRIP1 associated retinal diseases.
Mavlyutov et al. (149) then showed that RPGR and RPGRIP1 co-localize in restricted
foci in cone and rod photoreceptors in both bovine and human retinas but NOT in mice,
where the two proteins co-localize to the connecting cilium. They also determined for
the first time that RPGRIP1 expression is not restricted to the photoreceptor cells in
bovine and human retinas, but is also expressed in the inner retina, specifically in
amacrine cells (149). Therefore, they concluded that species–specific subcellular local-
ization of RPGRIP1 and RPGR exists which provides a rationale for the striking disparity
of the phenotypes (149).

Subsequently, Castagnet et al. (144) provided new evidence that RPGRIP1 isoforms
have distinct cellular, subcellular, and biochemical properties. They found that in bovine
and human retinas, RPGRIP1 can be found in four distinct locales: (1) in amacrine cells,
(2) in the OS of rod and cones, (3) in the cytoskeleton of photoreceptors, and (4) around
microtubules. In the amacrine cells, RPGRIP1 specifically localizes to restricted foci at
the nuclear pore complexes of the nuclei and it associates with RanBP2 (144). RanBP2
is a neuronal nucleoporin, which has been implicated in mediating rate-limiting steps of
the nuclear-cytoplasmic trafficking system. It has also been proposed that RanBP2
forms a flexible filamentous molecule, suggesting that it comprises a major portion of
the cytoplasmic fibrils implicated in initial binding of import substrates to the nuclear
pore complex (151). It has been proposed that docking and release reactions of cargoes
occur at the RanBP2 molecule (152). Therefore, in amacrine cells, it appears that
RPGRIP1 participates in nuclear-cytoplasmic trafficking (144).

The RPGRIP1 KO mouse was developed by Zhao et al. who found that the RPGRIP1–/–

mouse initially develops a full set of photoreceptors, based on the normal thickness of the
ONL (146). The subcellular histology, however, showed abnormalities of the OS, even as
early as P15. OS were disorganized, contained oversized discs, and pycnotic nuclei were
identified. Because of RPGRIP1’s location in the mouse’s connecting cilium and its puta-
tive role in protein trafficking between the source, the photoreceptor nucleus, and the des-
tination, the OS protein localization was tested. Surprisingly, arrestin, transducin, cGMP
PDE, cGMP-gated cation channel, peripherin retinal degeneration (RDS), and rod outer
membrane protein-1 (ROM1) were normally distributed in the RPGRIP1 KO mouse OS.
Rod (rhodopsin) and cone opsins, however, were abnormally mislocalized to the photore-
ceptor cell bodies. After 3 mo, most photoreceptors were lost, and compared to the RPGR
KO mouse, the RPGRIP1 KO mouse appears much more severe, which correlates well
with the human phenotypes for RPGR and RPGRIP1, as LCA is much more severe initially
than XRRP. Also, the heterozygous RPGRIP1 KO mouse was followed for 6 mo with ERG
measurements and histological analysis, but did not develop a phenotype at this time. The
authors conclude that RPGRIP1 in mice is a stable polymer in the photoreceptor-connect-
ing cilium and tethers RPGR. RPGRIP1 is required for disc morphogenesis in the mouse,
perhaps by regulating cytoskeleton dynamics. 
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In 2001, two independent studies found that RPGRIP1, when mutated, causes LCA,
the most severe retinal dystrophy in the RP group of retinal degenerations. Dryja et al.
(11) found recessive mutations in RPGRIP1 in 3 out of 57 (6%) patients with LCA. One
patient was a compound heterozygote for W65X and D1203 1-bp deletion, a second
patient was homozygous for a Q893 1-bp insertion mutation, and the final patient was
homozygous for a K369 1-bp deletion mutation. Each of the three frameshift mutations
are predicted to cause premature termination of translation and with the nonsense muta-
tion (W65X), all are predicted to produce null alleles. The two patients available for eye
examinations were found to have nystagmus and poor vision since childhood, with light
perception vision in their late teens and twenties, and essentially nondetectable ERGs.
The retinal appearance was similar to RP, with vessel attenuation and marked pigment
degeneration in one patient and was limited to vessel attenuation, without pigment
degeneration in the other (11). In the same year, Gerber et al. performed a genome wide
scan of seven families with LCA, unlinked to the six known LCA loci, and found
homozygosity of the RPGRIP1 markers at chromosome 14q11 in two of the seven fam-
ilies (150). In family 1, a homozygous missense mutation, G746E, was found, and in
family 2 a homozygous frameshift mutation, Y170 1-bp deletion, was identified. Out of
a group of 86 patients with sporadic LCA, another 6 patients were identified with
RPGRIP1 mutations. Therefore, the frequency of RPGRIP1 mutations in their cohort
totals 8 out of 142 patients with LCA, which is 5.6% of the patients. They also deter-
mined the complete RPGRIP1 exon–intron structure, with 9 new exons, bringing the
total number of exons to 24. As in the Dryja et al. series, Gerber et al. also found that
the majority of mutations likely produce null alleles, as they found five frameshift and
two nonsense mutations. 

Thus far, RPGRIP1 mutations have only been identified in patients with LCA. It
would seem reasonable to expect that if null mutations cause LCA, milder mutations,
which result in RPGRIP1 proteins with some residual function, a milder phenotype such
as juvenile- or adult-onset RP or cone-rod degeneration (CORD) may result, as sug-
gested by Cremers et al. (90). Hameed et al. studied two Pakistani families with CORD
and found linkage to marker D14S1023 at chromosome 14q11, the RPGRIP1 locus
(153). Their Zmax scores were 5.17 and 4.21 and in family 1 they found a homozygous
missense mutation, Arg827Leu, whereas in family 2 they found another homozygous
missense mutation, Ala547Ser. We also found linkage of juvenile RP families to the
RPGRIP1 locus, but found no mutations (154), despite intensive mutation screening by
denaturing high-performance liquid chromatography (155) and automated sequencing.
However, we did find that the Ala547Ser change was a very common polymorphism in
the general population, putting into question the significance of the aforementioned
findings (154). We also determined that the heterozygous parents of LCA offspring
appear to have a measurable rod-cone dysfunction (156,157).

In conclusion, RPGRIP1 defects cause LCA, and the mechanism appears to be a dis-
ruption of outer segment disc morphogenesis (146). The phenotype is severe with early
significant visual loss and progressive pigmentary retinal degeneration. The heterozy-
gous phenotype appears to be a rod-cone dysfunction. Both rod and cone opsin are mis-
localized as a result of RPGRIP1 mutations and this may lead to a increased levels of
cGMP, but there is no direct evidence of this in the RPGRIP1 KO mouse (146).
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RDH12

The relatively new LCA gene, RDH12, maps to 14q23.3, consists of seven exons, and
encodes a retinol dehydrogenase expressed in photoreceptors participating in the vitamin A
cycle, as does RPE65 (6,158). RDH12, however, is expressed in the photoreceptors and
encodes a retinol dehydrogenase involved in the conversion of all-trans retinal to all-
trans retinol. The exact consequences of RDH12 defects are not yet known, but are
hypothesized to be similar to defects in RPE65, with a possible inability to produce
rhodopsin, resulting in unliganded opsin, which is constitutively active and leads to a
chronic lowering of cGMP levels as in RPE65 defects.

SUMMARY

LCA is a severe congenital form of RP associated with a surprising variability in 
disease severity, final visual outcome, visual evolution, retinal appearance, histopathol-
ogy and genotypes. Both longitudinal visual function studies and histopathological
studies suggest that three functional groups of LCA exist. Visual function studies sug-
gest that visual function of some patients with LCA remains stable, whereas others
decline, and a small group improves. Histopathology studies suggest that some patients
have retinal degeneration, others appear to have a normal retinal architecture, whereas
yet others appear to have an aplasia. There are currently seven known LCA genes
accounting for approx 45% of the cases in large series (78,79,159) and the LCA
microchip studies (136,137), leaving more than 60% of the LCA genes still to be 
discovered. Unlike other retinal dystrophies with genetic heterogeneity such as the
Bardet-Biedl syndrome where all gene products appear to function in the same retinal
function/physiology (i.e., basal body dysfunction of the cilia) (160), the gene products
of LCA appear to function in a wide variety of retinal pathways. LCA gene products
have thus far been implicated in the phototransduction process (GUCY2D), the retinoid
(vitamin A) cycle (RPE65 and RDH12), farnesylation or chaperoning of PDE (AIPL1),
OLM and zonula adherens formation (CRB1), OS disc morphogenesis (RPGRIP1) and
OS formation, and transactivation of several key retinal genes (CRX). However, after
careful review of the molecular consequences of each LCA gene defect, it may be pos-
sible to classify the LCA disease into one of three molecular categories. In Table 1, an
attempt is made to provide a preliminary molecular classification of LCA. Three gene
defects may lead to increased cGMP production, i.e., AIPL1, CRX, and RPGRIP1.
Three gene defects have been postulated to lead to decreased cGMP levels, i.e.,
GUCY2D, RPE65 and RDH12. OLM fragmentation and abnormal zonula adherens for-
mation (and not cGMP metabolism) appears to be the pathology of LCA with CRB1
defects. How both abnormally low and abnormally high cGMP can both trigger apop-
totic photoreceptor cell death remains to be determined. The phenotypes of LCA het-
erozygotes are measurable in many cases and may be specific for the gene defect and
modifier alleles appear to play a role in the LCA phenotype. Much clinical and basic
laboratory work remains to be done to test the molecular classification system and to
correlate LCA gene defects to a variety of clinical parameters, including the type of
visual function, visual evolution and histopathology so that treatment options can be
matched to the disease type.
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INTRODUCTION

Owing to the lack of an effective prevention and appropriate treatment, age-related
macular degeneration (AMD) continues being the leading cause of central vision loss in
patients older than 65 yr of age in the first world, and the third cause in developing coun-
tries. Despite a relatively low prevalence of choroideal neovascularization (CNV) in
AMD, approximately a quarter of these patients will develop the complication (1,2). As
expected, the prevalence is likely to increase as a consequence of increasing longevity.

In wet AMD, a destabilization of the retinal and choroidal microenvironment leads to
the formation of new blood vessels, which ultimately results in a decrease of visual acu-
ity. Degenerative changes of the retinal pigment epithelial (RPE) and Bruch’s membrane
are the primary factors responsible for the disease. The pathophysiology of the disease is
still not completely understood. The putative role of specific genes in the degenerative
process in AMD is less clear. Although certain genes may predispose some patients to
develop AMD, the genetic linkage remains controversial and, to date, the genetic of
AMD is largely unknown. Genetic susceptibility to AMD is probably multifactorial and
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thus will not be amenable to gene therapy directed at the germinal line. In the absence of
a well-defined genetic defect which gives rise to AMD, gene therapy will likely focus on
somatic therapy using growth factors and anti-apoptosis therapy to prolong the survival
of the RPE and retinal photoreceptors.

GROWTH FACTOR GENE THERAPY FOR AMD

There is experimental evidence that growth factors play an important role in main-
taining the health of RPE cells and in enabling them to respond to injury. RPE cells
express growth factors and their receptors, demonstrating the autocrine and paracrine
functions of these substances. Theoretically, it may be possible to enhance RPE cell sur-
vival by somatic modulation of growth factor gene expression in patients with AMD. For
instance, age-related phagocytic dysfunction and incomplete digestion of photoreceptors
membranes by the RPE result in loss of RPE cells and in geographic atrophy, perhaps
because of the cytotoxicity of these deposits on the surrounding cells. Enhancing phago-
cytic activity in aging RPE cells using gene therapy is a potential approach to the treat-
ment of AMD. Basic-fibroblast growth factor has been shown to stimulate phagocytic
activity and prolong retinal survival in animals models (3). An important number of other
growth factors and secondary messengers of the intracellular-signaling pathways have
demonstrated a neuroprotective effect on the retinal neurons in animal models of retinal
degeneration. Gene transfer and expression of these growth factor proteins may similarly
inhibit retinal degeneration by a neuroprotective effect in AMD (4).

The RPE synthesizes proteins that are antiangiogenic, such as tissue inhibitors of
metaloproteinases and pigment epithelium-derived factor (PEDF). Thus, potential gene
therapy applications to CNV include anti-angiogenic growth factor gene therapy, anti-
sense or ribozyme therapy directed at angiogenic factors, and suicide gene therapy
directed at neovascular tissue. Moreover, recently it was demonstrated that expression
of angiostatin in experimental CNV significantly reduces the size of CNV lesions (5).

TRANSPLANTATION OF GENETICALLY MODIFIED IRIS 
PIGMENT EPITHELIAL CELLS

Submacular transplantation of autologous iris pigment epithelial (IPE) cells has been
proposed to replace the damage RPE following surgical removal of the CNV (6). The
IPE is anatomically continuous with the RPE and has the same embryonic origin. 
In vitro IPE cells share functional properties with the RPE cells such as phagocytosis,
degradation of rod outer segments, and synthesis of trophic factors. However, autolo-
gous transplantation of IPE cells alone has not resulted in a prolonged improvement of
the vision patients with AMD, potentially because the lack of expression of one or sev-
eral factors that is an important part of RPE function. Semkova et al. (6) have suggested
a treatment for AMD based on transplantation of genetically modified autologous IPE
cells. The most significant findings are summarized as follows: first, IPE cells were
readily transduced with a high-capacity adenovirus (HC-ad) vector. Second, IPE cells
secreted functionally active PEDF after HC-ad-mediated gene transfer. Third, subreti-
nal transplantation of PEDF-expressing IPE cells inhibited neovascularization in mod-
els of retinal neoangiogenesis, and prevent photoreceptor degeneration. 
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ADENOVIRAL VECTORS GENE THERAPY

Preclinical proof, using either recombinant adenovectors to carry the genes encoding
PEDF and endostatin or recombinant adeno-associated viruses (AAVs) carrying the trans-
gene encoding for angiostatin, has recently been published and demonstrated that significant
inhibition of the CNV in various animals models. Recently the intravenous administration
of an adenoviral construct carrying the murine endostatin gene in a murine model of CNV
was tested and found an almost complete inhibition of the neovascular activity. Similarly,
subcutaneous injection of an AAV carrying a truncated angiostatin gene resulted in signifi-
cant inhibition of retinal neovascularization. These encouraging results with endostatin and
angiostatin suggest a potential role of anti-angiogenesis in ocular disease. 

Recently, PEDF received major attention. PEDF was first described in 1989 by
Tombran-Tink in conditioned-medium form-cultured, fetal RPE cells as a potent neuro-
trophic factor (7). Subsequently, PEDF has been purified and cloned both from humans
and mice (8). The gene is expressed as early as 17 wk in human fetal RPE cells, sug-
gesting that PEDF is intimately involved in early neuronal development. PEDF attracted
even more attention when Dawson et al. demonstrated that PEDF is one of the most
potent natural inhibitors of angiogenesis (9). In addition, PEDF is an inhibitor of
endothelial cell migration. The amount of inhibitory PEDF produced by retinal cells
was positively correlated with oxygen concentrations, suggesting that its loss plays a
permissive role in ischemia-driven retinal neovascularization. Moreover, a correlation
between changes in the vascular endothelial growth factor (VEGF)/PEDF ratio and the
degree of retinal neovascularization in a rat model was demonstrated.

The AdPEDF (11) is a replication deficient adenovirus vector designed to deliver the
human PEDF gene. Intravitreous injection of AdPEDF resulted in increased expression
of PEDF mRNA in the eye compared with AdNull (the same vector without the trans-
gene) or with uninjected controls. PEDF trail was present not only in the retina, but also
in other parts of the eye, including the iris, the lens, and the corneal epithelium.
Afterward, the subretinal injection of AdPEDF was strongly detected in the RPE cells
compared with other ocular structures (8).

PHARMACOLOGICAL INHIBITION OF THE VEGF 
IN PATIENTS WITH WET AMD

Background

Ocular neovascularization is a key factor of the most common causes of blindness in
humans in the developed word: AMD and proliferative diabetic retinopathy are two
well-known examples. Prevention of ocular neovascularization by development of anti-
angiogenic drugs represents a rational and appealing therapeutic approach. However,
because these are chronic diseases characterized by ongoing new vessel formation,
long-term inhibition of the angiogenic stimuli is likely to be needed. 

The development of new blood vessels from pre-existing ones, a process known as
angiogenesis, is a physiological process that is fundamental to normal healing, repro-
duction, and embryonic development (10). Angiogenesis plays an important role in a
variety of pathological processes including proliferative retinopathies, AMD, rheuma-
toid arthritis, psoriasis, and cancer. 
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Over the past decade, our understanding of the complex processes involved in new
vessel development has lead to the isolation of a family of angiogenic stimulators
known collectively as VEGF. 

VEGF-A is a pivotal angiogenic stimulator that binds to VEGF receptors, promoting
endothelial cell migration, proliferation, and increasing vascular permeability.

Recognition of the central role of VEGF-A in angiogenesis has led to the hypothesis
that its inhibition may represent a novel and effective approach to the treatment of
choroidal neovascular membranes in wet AMD and other conditions characterized by
pathologic angiogenesis. 

VEGF AND ITS RECEPTORS

There are currently six known members of the VEGF family: VEGF-A, placental
growth factor, VEGF-B, VEGF-C, VEGF-D, and VEGF-E.

VEGF, also known as vascular permeability factor (VPF), is a diffusable endothelial
cell-specific mitogen and a pro-angiogenic factor that regulates vascular permeability.
VEGF is highly specific for vascular endothelium and its potent angiogenic action has
been demonstrated in arteries, veins, and lymphatic vessels, but not in other cell lines
(Fig. 1). In addition, there is also evidence that VEGF functions as an anti-apoptotic fac-
tor for endothelial cells in newly formed vessels. Several mechanisms may regulate
VEGF expression, the most important of which may be hypoxia. Other factors of impor-
tance include cytokines, such as epidermal growth factor, transforming growth factor-β,
keratinocytes growth factor, cell differentiation, and oncogenes (11).

The biological effects of VEGF are mediated by two receptor tyrosine kinases:
VEGFR-1 and VEGFR-2 (12). The expression of these receptors is largely restricted to
the vascular endothelium and it is assumed, but not proven, that all of the effects of
VEGF on the vascular endothelium may be mediated by these receptors (13).

THE ANGIOGENESIS PROCESS: HOW DO NEW VESSELS GROW?

Physiological adaptation to hypoxia is a necessity for organisms having an oxygen-
based metabolism. In mammals, these adjustments include vasodilation, angiogenesis,
upregulation of glucose transport, activation of glycolysis, and apoptosis (programmed
cell death) (14).

Angiogenesis is a multistep process that is regulated by a fine balance between pro-
and anti-angiogenic growth factors released in response to hypoxia, hypoglycemia,
mechanical stress, release of inflammatory proteins, and genetic alterations (Table 1).
Some of these factors are highly specific for the endothelium (e.g., VEGF), whereas others
have a wide range of activities  (e.g., matrix metalloproteinase inhibitors [MMIs]). 

A series of complex and interrelated steps are necessary for angiogenesis to take place
in a tissue (Fig. 2). The initial step requires the injured cell to release pro-angiogenic
growth factors (mainly VEGF) into the surrounding tissues. The released VEGF binds to
healthy adjacent endothelial cells located in the walls of normal blood vessels. VEGF
exerts its action on endothelial cells through the VEGFR-1 and VEGFR-2 receptors (12).
VEGF induces genetic modifications in the endothelial cell that results in the intracellu-
lar synthesis of lytic enzymes (e.g., matrix metalloproteinases [MMPs]) responsible for
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Fig. 1. Vascular endothelial growth factor molecule. Courtesy of Genentech.

Table 1
Pro-Angiogenic and Anti-Angiogenic Factors (Angiogenesis Foundation)

Pro-angiogenic factors Anti-angiogenic factors

Angiogenin Angiostatin (plasminogen fragment)
Angiopoetin-1 Antiangiogenic antithrombin III
Fibroblast growth factor (acid and basic) Cartilage-derived inhibitor (CDI)
Granulocyte colony-stimulating factor Endostatin (collagen XVIII fragment)

(G-CSF)
Hepatocyte growth factor (HGF) Fibronectin fragment
Interleukin-8 (IL-8) Human chorionic gonadotropin (hCG)
Leptin Interferon and interferon induced protein
Midkine Interleukin-12 (IL-12)
Placental growth factor (PFG) Tissue inhibitors of metalloproteinases (TIMPs)
Platelet-derived growth factor 2-Methoxyestradiol
Pleiotrophin (PTN) Placental ribonuclease inhibitor
Proliferin Plasminogen activator inhibitor
Transforming growth factor (α and β) Platelet factor 4 (PF4)
Tumor necrosis factor-α (TNF-α) Prolactin 16kD fragment
Vascular endothelial growth factor (VEGF) Retinoids

Tetrahydrocortisol-S
Transforming growth factor-β (TGF-β)
Vasculostatin
Vasostatin (calreticulin fragment)

the break down of vessel walls and the extracellular matrix. Proliferating endothelial
cells migrate through these holes into the extravascular space, differentiate, and organize
into hollow tubes creating new blood vessel walls. The newly formed vessels anastomose
and form new functional vascular loops structurally supported by pericytes. The new
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Fig. 2. Angiogenesis: the formation of new blood vessels. Source: The angiogenesis Foundation
(www.angio.org).

vascular loops carry blood back to the initially injured tissue in an effort to reverse the
initial hypoxic injury. 

ROLE OF VEGF IN PHYSIOLOGICAL AND PATHOLOGICAL
ANGIOGENESIS IN AMD

During embryogenesis, blood vessels are formed by two distinct processes: vasculo-
genesis and angiogenesis. Vasculogenesis involves the de novo differentiation of
endothelial cells from mesodermal precursors, whereas angiogenesis involves the gen-
eration of new vessels from pre-existing ones. Vasculogenesis, which occurs only dur-
ing embryonic development, leads to the formation of a primary vascular plexus. 

VEGF is naturally expressed in retinal tissues with especially high levels concen-
trated in the RPE (Fig. 3). In the normal eye, VEGF may play a protective role in main-
taining adequate blood flow to the RPE and photoreceptors (15). Deficiencies in blood
flow to the choriocapillaris, oxidative stress, and alterations in Bruch’s membrane have
all been demonstrated to trigger the initial over expression of pathologic levels of VEGF
in the RPE and the retina (16).

As mentioned earlier, VEGF promotes proliferation, chemotaxis of endothelial
cells, and increases vascular permeability. These vascular permeability changes result
in an artificial increase in interstitial fluid pressure, which produces leakage of plasma
proteins. The increased oncotic pressure in the extravascular spaces results in the
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Fig. 3. The VEGF has a specific affinity for its receptors at the level of the RPE and endothe-
lial cells. Overexpressed VEGF promotes angiogenesis, increased vascular permeability, and
express proteases and other cytokines. Courtesy of Eyetech Pharmaceuticals and Pfizer, Inc.

formation of a fibrin gel, which provides a substrate for endothelial cell growth and
migration (Fig. 4).

Localization of high levels of VEGF in the choroid in patients with wet AMD
strongly suggests its direct role in the progression of this disease (17).

CLASSIFICATION OF ANGIOGENESIS INHIBITORS
Several agents targeting angiogenesis have been developed and can be grouped into

four categories based on their mechanisms of action (Table 2) (18).

Fig. 4. The VEGF cascade contributes to CNV formation with breakdown of the blood–retinal
barrier and violation of the subretinal space. Courtesy of Eyetech Pharmaceuticals and Pfizer, Inc.
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Table 2
Inhibitors of the Angiogenesis

1. Matrix metalloproteinase inhibitors
a. Marimastat (BB2516)
b. Prinomastat (AG3340)
c. BMS 275291
d. BAY 12-9566
e. Neovastat (AE-941) 

2. Drugs blocking endothelial cell signaling
a. RhuMAb VEGF
b. Inhibitors of the VEGF receptors
c. SU5416
d. SU6668
e. ZD6474
f. CP-547,632
g. Other tyrosine kinase inhibitors

3. Endogenous inhibitors of angiogenesis
a. Endostatin
b. Interferons

4. Novel agents inhibiting endothelial cells
a. Thalidomide
b. Squalamine
c. Celecoxib
d. ZD6126
e. Integrin antagonists
f. TNP-470

1. Matrix metalloproteinase inhibitors: Degradation of the extracellular matrix and basement
membrane is one of the first steps in angiogenesis. The MMPs are a family of secreted zinc-
dependent enzymes that are capable of degrading the components of the extracellular
matrix and basement membrane. The MMP family includes four principal classes of mole-
cules: collagenases, gelatinases, stromelysins, and membrane-type MMPs (19). Because the
upregulation and activation of proteinases represents a common pathway in the process of
retinal neovascularization, pharmacological intervention of this pathway may be an alterna-
tive therapeutic approach to neovascular diseases (20).

2. Drugs blocking endothelial cell signaling and migration: Once degradation of the extracel-
lular membrane and basement membrane occurs, the next step in angiogenesis is endothe-
lial cell migration, proliferation, and differentiation. Clearly, VEGF and its receptors play a
critical role during the stimulation of the endothelial cells and is a logical target for anti-
angiogenic therapies (17,21,22).

3. Endogenous inhibitors of angiogenesis: Endostatin and inteferons are both endogenous
inhibitors of angiogenesis. Endostatin, a C-terminal fragment of collagen XVIII formed by pro-
teolysis, specifically inhibits endothelial cell migration and proliferation in vitro and potently
inhibits angiogenesis and tumor growth in vivo. Reduced levels of endostatin in Bruch’s mem-
brane, RPE basal lamina, intercapillary septa, and choriocapillaris in eyes with AMD may be
permissive for choroidal neovascularization (23). The therapeutic implications of endostatin
remain to be investigated. Inteferons were not better than the natural history of AMD when
tested in a well-controlled clinical trial as an endogenous inhibitor of angiogenesis (24).
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4. Other agents: Thalidomide, an immunomodulator and antiangiogenic drug, has been tested
as a treatment for wet AMD. Although the enrollment of patients is finished, the results are
not yet known (25). Squalamine, an aminosterol originally derived from the liver of the
dogfish shark, has shown potent anti-angiogenesis effects both in vitro and in vivo (26).

ANTI-ANGIOGENESIS THERAPY FOR EXUDATIVE AMD

Many clinical trials have been performed with the hope of finding a safe and effica-
cious pharmacological treatments for exudative AMD. Most of these drugs are directed
at interrupting neovascularization at various points along the angiogenic pathway as
illustrated in Table 3.

The recent Food and Drug Administration approval of Macugen in December of 2004
in the United States for the treatment of wet AMD represents a very important addition
to the armamentarium of vitreo-retinal specialist. 

Macugen®: Pegaptanib Sodium (Eyetech Pharmaceuticals) 

Macugen is an aptamer with a high affinity and specificity for the extracellular patho-
logical isoform VEGF known as VEGF-165. Macugen is injected into the vitreous
cavity every 6 wk. By selectively targeting VEGF-165, Macugen prevents VEGF uptake
by endothelial cells receptors, inhibits new vessel formation and prevents leakage from
existing new vessels (Fig. 5).

Preliminary results from phase I/II clinical trials on Macugen were quite promising
(22,27). Patients were randomly assigned to 0.3, 1, or 3 mg of pegaptanib sodium or to
sham treatment. Injections were given intravitreally, through the pars plana every 6 wk,
in most cases, for a total of nine treatments. 

The subjects were then followed for 54 wk. Macugen showed evidence of efficacy at
all three dosage levels. The 0.3 mg dose was chosen as the lowest efficacious dose and,
at this concentration, 87.5% of the patients treated with Macugen showed stabilization or
improvement in vision during a period of 3 mo. A 60% three-line gain at 3 mo was noted
in patients who received both the anti-VEGF aptamer and photodynamic therapy (22).

Ranibizumab: RhuFab (Lucentis, Genentech) 

RhuFab is a recombinant humanized anti-VEGF antibody fragment designed to bind
and inactivate all the VEGF isoforms. Like Macugen, it is injected into the vitreous cav-
ity in an office-based procedure. Lucentis is administered every 4 wk, whereas Macugen
is administered every 6 wk. The antibody fragment consists solely of the antigen-binding
portion of the entire antibody, which facilitates RhuFab’s retinal penetration. Results
of a phase I/II clinical trial at 6 mo have been reported. In early testing on 53 patients
with subfoveal CNVM, 50 (94) had stable or improved vision at day 98 following
intravitreal injection of Lucentis. The proportion of patients who had an improvement
in vision equivalent to three or more lines of vision was 26%, a result almost identical
to Macugen’s. Two different arms of a phase III trial are under evaluation. MARINA
evaluates the efficacy of Lucentis in patients with wet AMD. ANCHOR compares
Lucentis vs photodynamic therapy with Verterporfin in patients with wet AMD. The
only adverse effect in the treated group has been the development of a transient, mild-
to-moderate inflammatory reaction following injections with Lucentis.
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Table 3
Leading Angiogenesis Inhibitors

Macugen Lucentis Retaane Squalamine

Drug class/type PEGylated Humanized Synthetic Small-molecule
aptamer antibody angiostatic aminosterol

fragment steroids
Location of action Extracellular Extracellular Intracellular Intracellular
Mechanism of VEGF-165 VEGF Vascular Inhibition 

action inhibition (all isoforms) endothelial cell of VEGF (in
inhibition proliferation addition to other

and migration growth factors),
inhibition cytoskeleton 

formation,
and integrin
expression

Route of Intravitreal Intravitreal Posterior Intravenous
administration juxtascleral 

depot
Administration Every 6 wk Every 4 wk Every 6 mo Likely 4–8 wk

frequency
Comments The attachment Inhibition of all Should be Squalamine is

of polyethylene of the effective against administered
glycol to the isoforms multiple stimuli intravenously
aptamer slows of VEGF because it acts eliminating
its metabolism downstream the risks of eye
allowing for infection or
treatments to injury
be slightly 
longer than
Lucentis

Product Eyetech/Pfizer Genentech/ Alcon Genaera
company and Novartis
developer

Anecortave Acetate (Retaane, Alcon)

Anecortave acetate is an angiostatic steroid. Owing to structural modifications, it has
no glucocorticoid activity and does not elevate intraocular pressure nor increase the risk
of cataract formation. The drug inhibits both urokinase-like plasminogen activator and
matrix metallopeptidase 3, two enzymes necessary for vascular endothelial cell migra-
tion during blood vessel growth. Anecortave acetate seems to inhibit neovascularization
independent of the angiogenic stimulus and it, therefore, has the potential of nonspecific
angiogenesis inhibition. The drug is administered by means of a posterior juxtascleral
injection with a specially designed cannula. Preclinical and clinical trials have shown
that Retaane is far superior to placebo in maintaining positive visual outcomes, prevent-
ing severe visual loss, and inhibiting lesion growth (21).
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Squalamine (Genaera)

Squalamine is a naturally occurring, pharmacologically active, small molecule that
belongs to the aminosterols family. It is the first compound to be tested as a clinical drug
candidate in this group of agents. Squalamine is a potent molecule with a unique multi-
faceted mechanism of action that blocks the formation of the cytoskeleton, integrin
expression, and the action of a number of angiogenic growth factors, including VEGF
(26,28). The drug is administered intravenously (25–50 mg/m2). In a phase I/II study,
patients were treated weekly with an iv dose of Squalamine. After 4 mo of follow-up,
10 out of 40 subjects had three or more lines of visual improvement, and 29 (72.5%)
maintained their initial visual acuity or did not lose less than three lines of vision. 

Other Agents Under Investigation
1. Combretastatin A4 Prodrug (CA4P From Oxigene Inc.)

Combretastatin represents a new class of therapeutic compounds known as vascular target-
ing agents. It was originally derived from the root bark of the Combretum caffrum tree, also
known as the Cape Bushwillow. Zulu warriors utilized a substance made from this tree to
poison the tips of their arrows and spears as a charm to ward off their enemies.
Combretastatin works by microtubule inhibition present in the cytoskeleton of endothelial
cells lining the abnormal blood vessels. When this tubulin structure is disrupted, endothe-
lial cell morphology changes from flat to round, stopping blood flow through the capillary.
The drug was tested in two different models of ocular neovascularization. Combretastatin
suppresses the development of VEGF-induced retinal neovascularization and also blocks
and promotes regression of choroidal neovascular membranes (29).

2. Small interfering RNA (siRNA) targeting VEGF (Cand5 from Acuity Pharmaceuticals)
RNA interference (RNAi) mediated by siRNAs is a technology that allows the silencing of
mammalian genes with great specificity and potency. The highly potent RNAi mechanism of
action of Cand5 stops production of VEGF at the source, whereas other compounds inhibit
VEGF after it is produced, with VEGF remaining present at significant and potentially path-
ogenic levels. Cand5’s potency reflects the ability of a single RNAi drug molecule to stop the

Fig. 5. VEGF is blocked from binding with its natural receptor after Macugen® (pegaptanib
sodium injection) binds with VEGF. Courtesy of Eyetech Pharmaceuticals and Pfizer, Inc.
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production of VEGF protein molecules. RNAi mechanism also has the potential to translate
into a longer duration of action resulting in a lower required dosing frequency compare to
other compounds, which bind directly to VEGF (30).

CONCLUSION

Several different classes of agents that target angiogenesis have been developed
recently for the treatment of wet AMD, in which angiogenesis is thought to be the pri-
mary mechamism. It is well known that VEGF plays a critical role in the genesis of the
abnormal vessels. Antiangiogenic therapy targeting the VEGF signaling pathway is a
promising new strategy for the management of wet AMD. The development of dosing
strategies and combination therapies will become an important clinical challenge for the
vitreo-retinal specialist.
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INTRODUCTION

When the adenosine triphosphate (ATP)-binding cassette (ABC) transporter gene,
ABCA4 (originally named ABCR), was cloned and characterized in 1997 as the causal
gene for autosomal recessive Stargardt disease (arSTGD or STGD1) (1) it seemed as if
just another missing link was added to the extensive table of genetic determinants of
rare monogenic retinal dystrophies. Now, 9 yr later, the ABCA4 gene continues to
emerge as the predominant determinant of a wide variety of retinal degeneration phe-
notypes. ABCA4 has caused exciting and sometimes intense discussions among oph-
thalmologists and geneticists, resulting in more than 150 publications during this time.

In this chapter, I will summarize our current knowledge of the role of ABCA4 in
STGD. Substantial progress via extensive genetic and functional studies has allowed
for major advances in diagnostic and therapeutic applications for STGD, which most
recently seemed impossible. Although ACBA4 has proven to be a complex and difficult
research target, I hope to convince the reader that treatment of all ABCA4-associated
disorders, and especially STGD, should be possible in the near future.

STARGARDT DISEASE 

STGD1 (MIM 248200) is arguably the most common hereditary recessive macular
dystrophy (estimated frequency of 1 out of 8,000 to 10,000 in the United States [2]) and
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is characterized by a highly variable age of onset and clinical course. Most cases present
with juvenile to young-adult onset, evanescent to rapid central visual impairment, pro-
gressive bilateral atrophy of the foveal retinal pigment epithelium (RPE) and photore-
ceptors, and the frequent appearance of yellow-orange flecks distributed around the
macula and/or the midretinal periphery (3,4) (Fig.1). In a large fraction of patients with
STGD, a “dark” or “silent” choroid is seen on fluorescein angiography, which reflects
the accumulation of lipofuscin. Electroretinographic (ERG) findings vary and are not
usually considered diagnostic for the disease. A clinically similar retinal disorder, fun-
dus flavimaculatus (FFM), often manifests later onset and slower progression (5–7).
Despite historical separation (8,9), results of linkage and mutational analysis confirmed
that STGD and FFM are allelic autosomal recessive disorders with slightly different
clinical manifestations, caused by mutations of a single gene located within an approx 2-
cM interval between markers D1S406 and D1S236, at chromosome 1p13-p21 (3,10–13).

The wide variation in clinical expression of the disease in patients with STGD has
been classified into three major clinical phenotypes according to Fishman (14).
Phenotype I is characterized by an atrophic-appearing macular lesion, localized peri-
foveal yellowish-white flecks, the absence of a dark choroid, and normal ERG ampli-
tudes. Patients in the phenotype II group present with a dark choroid, more diffuse
yellowish-white flecks in the fundus, and inconsistent ERG amplitudes. Phenotype III

Fig. 1. Fundus photo of a patient diagnosed with STGD. Note characteristic yellowish flecks
around the macula and a defined area of central macular degeneration.
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group includes patients with extensive atrophic-appearing changes of the RPE and
reduced ERG amplitudes of both cones and rods.

GENETIC PREDISPOSITION: THE ABCA4 (ABCR) GENE

Several laboratories independently described ABCA4 in 1997 as the causal gene
for arSTGD (1,15,16). There is no definitive evidence of genetic heterogeneity of
arSTGD because, as described here previously, all families segregating the disorder
have been linked to the ABCA4 locus on human chromosome 1p13-p22. Hence, the
role of the ABCA4 gene as the only causal gene for arSTGD has not been disputed.
Subsequently, several cases were reported where ABCA4 mutations segregated with
retinal dystrophies of substantially different phenotype, such as autosomal recessive
cone-rod dystrophy (arCRD) (17,18) and autosomal recessive retinitis pigmentosa
(arRP) (17,19,20).

Disease-associated ABCA4 alleles have shown an extraordinary heterogeneity
(1,14,21–24). Currently, about 500 disease-associated ABCA4 variants have been
identified, allowing comparison of this gene to CFTR, one of the best-known mem-
bers of the ABC superfamily, encoding the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) (25). What makes ABCA4 a more difficult diagnostic target
than CFTR is that the most frequent disease-associated ABCA4 alleles, e.g., G1961E,
G863A/delG863, and A1038V, have each been described in only about 10% of patients
with STGD in a distinct population, whereas the delF508 allele of CFTR accounts for
close to 70% of all cystic fibrosis alleles (26).

Several studies have identified frequent “ethnic group-specific” ABCA4 alleles, such
as the 2588G > C variant resulting in a dual effect, G863A/delG863, as a founder mutation
in Northern European patients with STGD (22), and a complex allele (two mutations
on the same chromosome), L541P/A1038V, in both STGD and CRD patients of
German origin (24,27). Complex ABCA4 alleles are not uncommon in STGD (21), in
fact, they are detected in about 10% of all patients with STGD (28).

Because the ABCA4 gene has been screened mainly in European patients with
STGD, the estimates of allele frequencies and pathogenicity have been made based on
these data. However, several studies have suggested substantial differences in frequen-
cies of specific ABCA4 alleles between the Caucasian general population and those of
other ethnic/racial groups. For example, an ABCA4 allele T1428M, which is very rare
in populations of European descent, is apparently frequent (~8%) in the Japanese gen-
eral population (29).

An even more intriguing case involves one of the most frequent ABCA4 mutations,
G1961E. Although its frequency in the Caucasian general population is approx 0.2%,
and in patients with STGD of the same ethnic origin it reaches greater than 10% (30),
this allele has been detected at substantially higher rate in East African countries (tribes
from Somalia, Kenya, Ethiopia, etc.). It is likely that approx 10% of the general popu-
lation from Somalia carries the allele in a heterozygous form (31). At the same time, it
is almost absent in individuals of West African descent, including African Americans
(Rando Allikmets, unpublished data). Although the exact cause and consequences of
this phenomenon are still to be determined, it is likely that the prevalence of STGD in
East Africa is much higher than expected and/or observed.
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The summarized data presented here establish allelic variation in ABCA4 as the most
prominent cause of retinal dystrophies with Mendelian inheritance patterns. The latest esti-
mates suggest that the carrier frequency of ABCA4 alleles in general population is in the
range of 5 to 10% (22,32,33). This finding, that at least 1 out of 20 people carry a disease-
associated ABCA4 allele, has enormous implications for the amount of retinal pathology
attributable to ABCA4 variation and suggests re-evaluation of current prevalence estimates.

Soon after the discovery of ABCA4, a disease model was proposed that suggested a
direct correlation between the continuum of disease phenotypes and residual ABCA4
activity/function (34,35,36). According to the predicted effect on the ABCA4 transport
function, Maugeri et al. classified ABCA4 mutant alleles as “mild,” “moderate,” and
“severe” (22). Different combinations of these were predicted to result in distinct phe-
notypes in a continuum of disease manifestations, the severity of disease manifestation
being inversely proportional to the residual ABCA4 activity. This model, although
widely accepted, was recently disputed by Cideciyan and co-workers (37), who did not
find the suggested inverse relationship between residual ABCA4 activity and clinical
disease severity. The latter was defined by intensity of autofluorescence, rod and cone
sensitivity, and rod adaptation delay. However, their study cohort included only 15
patients with known ABCA4 variants on both alleles and only a few of these were severe
mutations, compared to mild mutations (3 vs 28). Furthermore, classification of muta-
tions by severity through circumstantial evidence, e.g., by predicting the effect of an
amino acid change on the protein function, would often lead to erroneous conclusions,
as clearly demonstrated by the available in vitro assay, which currently provides the
best estimate of the functional effect of ABCA4 variants (28,38). In summary, all
experimental, clinical, and genetic variables have to be carefully assessed when making
conclusions either on the proposed model of ABCA4, or on genotype/phenotype corre-
lations in patients with STGD.

MOLECULAR DIAGNOSIS

Allelic heterogeneity has substantially complicated genetic analyses of ABCA4-
associated retinal disease. In the case of arSTGD, the mutation detection rate has ranged
from approx 25% (14,39) to approx 55–60% (21,22,24,40). In each of these studies,
conventional mutation detection techniques, such as single-stranded conformational
polymorphism (SSCP), heteroduplex analysis, and denaturing gradient gel elec-
trophoresis (DGGE), were applied. Direct sequencing, which is still considered the
“gold standard” of all mutation detection techniques, enabled a somewhat higher per-
centage of disease-associated alleles to be identified, from 66 to 80% (28,32).

Other important parameters influencing mutation analysis are the effort and the
cost of screening the entire gene. ABCA4 presents a special challenge because, similar
to most full-sized ABC transporters, it is comprised of 50 exons and has an open read-
ing frame exceeding 6800 bp. Therefore, all mutation detection techniques that remain
exclusively polymerase chain reaction-based, are relatively inefficient, expensive, and
labor intensive. Efforts related to mutation detection and genotyping become espe-
cially crucial in allelic association or genotype/phenotype correlation studies, in which
screening of thousands of samples is needed to achieve enough statistical power, as is
the case with ABCA4, in which multiple rare variants must be studied (41).
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To overcome these challenges and to generate a high-throughput and a cost-effective
screening tool, the ABCA4 genotyping microarray was developed (33). The ABCR400
microarray contains all currently known disease-associated genetic variants (>450) and
many common polymorphisms of the ABCA4 gene (Fig. 2). The chip is more than 99%
effective in screening for mutations and it has been used for highly efficient, systematic
screening of patients with ABCA4-associated pathologies, especially those affected by
STGD. When a cohort of patients with STGD is analyzed by both the array and one of
the conventional mutation detection methods, e.g., SSCP, the mutation detection rate
reaches 70–75% of all disease-associated alleles, thus being comparable to direct sequenc-
ing (33).  The chip alone will detect approx 55–65% of these alleles, an efficiency similar
to that in the best studies with conventional (SSCP, DGGE, etc.) mutation detection meth-
ods (33,42,43). However, the effort and the expense of the array-based screening are each
at least one order of magnitude lower than any other method, whereas the speed and reli-
ability are much higher. A complete screening of one DNA sample takes only a few hours
and the current all-inclusive cost is estimated at $0.20/genotype. The reliability of the
chip, i.e., the efficiency of detection of any mutation on the chip, is more than 99% in any
given experiment. Another feature of the ABCR400 array allows for detection of any
sequence variation at each and all positions included on the chip, as it directly sequences
all queried positions. Several new, previously not described, mutations have been found
by the ABCR400 array in several studies (33,43). In conclusion, although the assessment

Fig. 2. The microarray for mutational screening of the ABCA4 gene (the ABCR400 chip).
Each allele (mutation) is queried by duplicate oligonucleotides from both strands, i.e., repre-
sented on the array by four dots. Four colors discriminate four dideoxynucleotide triphosphates
labeled with four different fluorescent dyes.
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of disease-associated variation of the ABCA4 gene still represents a difficult task for oph-
thalmologists and geneticists, the ABCR400 microarray offers a diagnostic tool that can
advance our knowledge substantially, specifically in genotype/phenotype correlation
studies of STGD. The latter will facilitate the counseling of patients on their visual 
prognosis. This information will also enhance future therapeutic trials in patients with
STGD (see below in Emerging Therapeutic Options).

FUNCTIONAL STUDIES OF ABCA4

The ABCA4 protein was first described in mid 1970s as an abundant component of
photoreceptor outer segment disk rims (44,45). Hence, it was called a Rim protein for
the next 20 yr. After the encoding gene, ABCA4, was cloned in 1997 and characterized
as a member of the ABC transporter superfamily, it suggested a transport function of
some substrate in photoreceptor outer segments (1,16). All-trans retinal, the isoform
of rhodopsin chromophore, was identified as a potential substrate of ABCA4 by its
ability to stimulate ATP hydrolysis by reconstituted ABCA4 protein in vitro, suggest-
ing that retinal could also be the in vivo substrate for ABCA4 (46). Studies of Abca4
knockout mice fully supported this hypothesis, proposing ABCA4 as a “flippase” of
the complex of all-trans retinal and phosphatidylethanolamine (N-retinylidene-phos-
phatidylethanolamine) (47). The most recent experimental data from Dr. Molday’s
laboratory fully confirmed this hypothesis (48).

Mice lacking the functional Abca4 gene demonstrated delayed dark adaptation,
increased all-trans retinal following light exposure, elevated phosphatidylethanolamine
(PE) in rod outer segments, accumulation of the N-retinylidene-PE, and striking deposition
of a major lipofuscin fluorophore (A2E) in RPE. Based on these findings, it was suggested
that the ABCA4-mediated retinal degeneration may result from “poisoning” of the RPE
owing to A2E accumulation, with secondary photoreceptor degeneration due to loss of the
RPE support role (47). A2E, a pyridinium bis-retinoid, which is derived from two mole-
cules of vitamin A aldehyde and one molecule of ethanolamine, has been characterized as
one of the major components of retinal pigment epithelial lipofuscin (49). Accumulation
of lipofuscin in the macular region of RPE is characteristic to aging eyes and is the hall-
mark of both STGD1 and age-related macular degeneration (AMD) (Fig. 1).

Together, these data define ABCA4 as the “rate keeper” of the retinal transport in the
visual cycle. ABCA4 is apparently not absolutely essential for this process, as individ-
uals completely lacking the functional protein (e.g., some patients with RP-like pheno-
type) maintain some eyesight for several years. Over time, however, even mild
dysfunction of ABCA4 affects the vision irreparably. 

EMERGING THERAPEUTIC OPTIONS

The scientific progress in determining the role of the ABCA4 gene in STGD and other
retinal pathology has been remarkable. We have significantly expanded our knowledge
of the extensive range of phenotypes caused by various combinations of ABCA4 muta-
tions. ABCA4 research has lead to the screening of thousands of patients with STGD,
encompassing large cohorts of ethnically diverse samples. We also know ABCA4 func-
tion as the transporter of N-retinylidene-PE, and have a mouse model that reproduces
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some features of the human disease. Considering all the above, our efforts should now
be directed towards finding therapeutic solutions to benefit patients with STGD. I will
discuss the available options and most recent advances in this area below (Fig. 2).

Modifying Exposure to Environmental Factors 
Avoiding Sunlight to Delay the Disease

Experimental and clinical data have documented the damaging effects of light expo-
sure on photoreceptor cells and several lines of evidence point to retinoids or retinoid
derivatives as chromophores that can mediate light damage. Studies from Jeremy
Nathans’ laboratory have concluded that ABCA4 is unusually sensitive to photooxida-
tion damage mediated by all-trans-retinal in vitro (50). Specifically, it was demon-
strated that photodamage to ABCA4 in vitro causes it to aggregate in sodium dodecyl
sulfate gels and results in the loss of retinal-stimulated ATPase activity. These observa-
tions suggested ABCA4 and several other photorecepter (PR) outer segment proteins as
targets of photodamage. This is especially relevant to assessing the risk of light expo-
sure in those individuals who already have diminished ABCA4 activity owing to muta-
tion in the ABCA4 gene, such as patients with STGD.

Moreover, studies on Abca4-/- mice (47) suggested that A2E did not accumulate in
RPE of animals kept in the dark. Therefore, patients with STGD can be advised to
avoid light exposure by wearing (ultraviolet-blocking) sunglasses and limiting the expo-
sure of eyes to direct light. However, the effectiveness of this approach has not been
demonstrated in epidemiological studies, nor is it likely to be conductive to a produc-
tive and satisfying lifestyle.

Limiting Dietary Intake of Vitamin A

Based on our knowledge of the ABCA4 function in the visual cycle, a sound recom-
mendation to all patients with ABCA4-associated pathology would be to limit the
dietary intake of vitamin A. Vitamin A has been recommended to patients with RP51
and also as a dietary supplement for patients with AMD (52). However, in a substantial
fraction of patients with both disorders, the disease phenotype is caused, at least in part,
by ABCA4 mutations. Elevated intake of vitamin A by these patients would only worsen
the disease prognosis by stimulating the visual cycle and, consequently, increasing the
accumulation of A2E in RPE with predicted grave consequences. This observation fur-
ther justifies thorough diagnostic screening of patients for underlying genetic variation
to pinpoint the molecular cause and/or mechanism of the disease before recommending
therapeutic intervention.

Drugs Modifying Functional (ATP-Binding and Hydrolysis) Activity 
of ABCA4

The in vitro assay developed by Hui Sun and coworkers (46) suggested several com-
pounds that either enhanced or diminished the (ATPase) activity of the ABCA4 protein.
Small-molecule drugs, synergistically enhancing the ATPase activity of ABCA4, may
represent potentially beneficial compounds for patients with STGD and/or for a subset
of individuals at risk for AMD. Although clear predictions regarding the in vivo effect
on ABCA4 function of compounds like amiodarone and digitonin are currently impossible,
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the existence of such compounds suggests that environmental and/or drug effects may
be relevant to ABCA4-associated degenerative retinal diseases. In this context, Sun et al.
suggested to study visual function in patients receiving amiodarone, an Food and Drug
Administration-approved drug that has been widely used in the treatment of cardiac
arrhythmias at tissue concentrations at 40 μM or greater (46).

Drugs Slowing Down the Visual Cycle

The vertebrate visual cycle consists of enzymatic reactions that contribute to the gen-
eration of 11-cis retinal, the visual chromophore. One consequence of the constant recy-
cling of vitamin A, as described here previously, is the formation of the fluorophores,
such as the bi-retinal conjugate A2E, its photoisomer iso-A2E, that constitute the lipo-
fuscin of RPE cells (53–58). Because of its unusual pyridinium bis-retinoid structure
(59), A2E cannot be enzymatically degraded and, thus, accumulates in RPE cells of
patients with STGD and Abca–/– mice (47). At sufficient concentrations, A2E perturbs
cell membranes (49,60), confers a susceptibility to blue light-induced apoptosis (61–63),
and alters lysosomal function (64). In light of this adverse behavior, there is consider-
able interest in retarding A2E formation as a means to prevent vision loss in STGD and
perhaps in AMD. Therefore, it is significant that studies have shown that RPE lipofuscin
is substantially reduced when the 11-cis and all-trans-retinal chromophores are absent
either because of dietary deficiency or gene knockout (65,66). Light exposure, an obvi-
ous determinant of the rate of flux of all-trans-retinal through the visual cycle, can also
moderate the rate of A2E synthesis (57,58,67). In addition, Radu et al. (68) reported that
isotretinoin (13-cis-retinoic acid), an acne medication Accutane known previously to
delay dark adaptation (69), dampens the deposition of A2E in RPE cells. Although her-
alded as a potential therapeutic agent for STGD, Accutane (i.e., retinoic acids) cannot be
used for chronic treatment of patients as a result of the numerous systemic side effects
associated with the use of these drugs, including teratogenic effects, depression, birth
defects, dryness of mucosal membranes, and skin flaking (70). Therefore, identification
of other, better-targeted compounds, which will slow down the visual cycle with mini-
mal and/or acceptable side effects (such as mild night blindness), could lead to the avail-
ability of treatment options for patients with juvenile-onset macular dystrophies and
possibly to preventive patient care.

Possible protein targets of these compounds, similar to Accutane, could include 11-
cis-retinol dehydrogenase (71), or RPE65 (72). Recent studies have demonstrated that
slowing the kinetics of the visual cycle curtails the accumulation of A2E (73). These
results also point to RPE65 as a rate-limiting step in A2E formation that can be thera-
peutically targeted. Therefore, a class of compounds that could provide a specific, con-
trolled inhibition of the visual cycle includes antagonists of the physiological substrate
of RPE65, all-trans-retinyl esters. (74) Furthermore, the fact that RPE65 is essentially
unique to the visual system strongly suggests that its inhibitors are unlikely to be gen-
erally toxic.

Gene Therapy

Although the therapeutic applications discussed here previously would only delay or
modify the disease progress, the gene therapy approach should provide “the cure” for
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STGD and other ABCA4-associated diseases. Because all ABCA4-associated diseases,
including STGD, are recessive, introducing a normal, functioning copy of the gene to
photoreceptors would restore visual function. Another advantage of the gene therapy
approach in the specific case of STGD relies on the fact that degeneration of the retinal
cells in this disease is relatively delayed, allowing a reasonable time window for thera-
peutic intervention.

The Abca4 knockout mice described earlier allows testing various gene therapy
approaches in vivo. The extent of the restoration of the retinal function in the mouse
model can be judged by a combination of biochemical and functional tests, such as non-
invasive electroretinogram and quantitation of A2E accumulation either by high-
performance liquid chromatography or autofluorescence. The functioning human
ABCA4 gene can be introduced into mouse photoreceptors via several techniques, the
most proven and robust of which are those utilizing viral vectors, which efficiently trans-
duce photoreceptors. The two main groups of viral vectors used in gene therapy to date
are adeno-associated viruses (AAV) and lentiviruses. Lentiviral vectors offer several key
advantages in the specific case of ABCA4 (75,76). First and foremost, lentiviruses are
capable of delivering genes stably and permanently into the genome of infected cells in
vivo. Second, they can transduce nondividing cells, a crucial requirement for terminally
differentiated cells such as photoreceptors. Third, they can carry large inserts, a distinct
advantage over AAV-based vectors because the coding region of the human ABCA4 gene
is extraordinarily large (>6800 bp), exceeding the capacity of AAV. 

Although the efficiency of transducing photoreceptors by lentiviruses has been a cer-
tain concern, several studies, e.g., those from the laboratory of Inder Verma (77) utiliz-
ing HIV-based vectors, allow substantial optimism. Moreover, the photoreceptor
transduction efficiency could be further increased by using vectors on the equine infec-
tious anemia virus backbone (78), especially those pseudotyped with the rabies virus
envelope protein, which has showed greatly improved neurotropism (79).

Alternatively, AAV-based vectors, which have demonstrated high PR-tropism, could
be utilized. In this case, however, the ABCA4 gene has to be delivered to the same pho-
toreceptor cell in two clones because of the capacity constraints. Subsequently, the func-
tional ABCA4 gene can be reassembled by either trans-splicing technique (80) or the
functional ABCA4 protein can be reconstituted from the two, structurally almost identi-
cal, ABCA4 domains (81). The well-publicized success in restoring vision in the dog
model of Leber congenital amaurosis by introducing the functional RPE65 gene via
AAV vectors (82) allows for optimism in other recessive retinal diseases, such as STGD. 

OUTLOOK

The scientific progress in determining the role of the ABCA4 gene in STGD and in
overall retinal pathology has been remarkable. We have significantly expanded our
knowledge of the extensive range of phenotypes caused by various combinations of
ABCA4 mutations, and have efficient diagnostic tools, such as genotyping arrays.
ABCA4 research has lead to the formation of multicenter studies, encompassing large
cohorts of ethnically diverse samples. Knowledge of the ABCA4 function as the
transporter of N-retinylidene-PE, and availability of the mouse model that reproduces
several features of the human disorders have allowed rapid advancement to the next
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stage of research directed towards finding therapeutic solutions for ABCA4-mediated
retinal disease. One, or a combination, of the therapeutic options discussed in this chap-
ter should be available relatively soon for application toward the therapy of the entire
spectrum of ABCA4-associated retinal disorders, which were most recently considered
incurable.
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INTRODUCTION

First described in 1898 in two affected brothers by the Austrian ophthalmologist
Haas (1), X-linked juvenile retinoschisis (RS) (OMIM #312700) is one of the more fre-
quently inherited retinal disorders affecting macular function in males. The prevalence
of RS has been estimated to range between 1 in 5000 to 1 in 20,000 (2). The name
derives from an internal splitting of the retina mostly affecting the temporal periphery
of the fundus. This trait is present in less than 50% of affected individuals. The major
diagnostic feature is a limited splitting of the central retina presenting as a spoke-wheel
pattern in the macular area (Fig. 1A). Although present in nearly all affected males less
than 30 yr of age, the alterations of the fovea may be very discrete and especially in
young children can sometimes be overlooked even by experienced clinicians (3).
Extraocular manifestations have not been reported in RS.

Frequently, the terms “congenital” and “juvenile” are used in conjunction with the
RS condition. Several cases of severe RS have been described in the first year of age,
suggesting that RS indeed may be present at birth (3) (Fig. 1B). Less severe retinal alter-
ations are generally associated with only moderate visual loss and are frequently diag-
nosed prior to school age, suggesting a juvenile onset. It is not uncommon that affected
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Fig. 1. Variation of retinal abnormalities in patients with RS. (A) Macular area with clearly
visible spoke-wheel pattern surrounding the fovea in a 16-yr-old patient with RS. (B) Severe RS
in a 3-mo-old infant. The RS involves nearly the complete retina forming two bullous schisis
cavities with the retina visible behind the lens and only a single small central horizontal area with
nonschitic retina.

males are misdiagnosed as amblyopic. Usually, the underlying cause is not detected
until a thorough retinal investigation including electroretinography is conducted.

CLINICAL MANIFESTATION

The penetrance of RS is almost complete with the vast majority of male mutation carri-
ers presenting with at least one sign of RS pathology, e.g., foveal changes (3). In contrast,
expressivity is highly variable. In our series of 86 patients with RS, manifestations ranged
from nearly complete RS in both eyes at the age of 3 mo (Fig. 1B) to normal visual acuity
with mild pigmentary macular abnormalities and a negative electroretinogram (ERG) in a
57-year-old male from a single RS family (4). In the majority of cases, the expression of
the disease is symmetrical in both eyes; however, a marked asymmetry of visual function
can be present, especially in cases where additional complications occur (5). Visual acuity
is reduced to 20/100 in most patients, although it may vary greatly. Although macular
abnormalities, such as the spoke-wheel pattern in younger patients and pigmentary changes
in older patients, are present in nearly all affected males, peripheral retinal abnormalities
are less common (in about 40–50% of patients). They are most frequent in the lower tem-
poral quadrant of the retina (4). In these cases, a sharply delineated RS usually is limited to
the periphery or mid-periphery, but may extend from the periphery to the macula, includ-
ing the fovea in some cases. If the inner sheet of the RS degenerates, the retinal vessels may
remain running free through the vitreous cavity (presenting as so called vitreous veils). 
If additional breaks occur in the outer sheet of the RS, a retinal detachment may occur.

In the majority of patients, the disease either shows no or minimal progression (6).
Around the age of 30 yr, the macular alterations may change from the characteristic
spoke-wheel pattern to unspecific mild retinal pigment abnormalities. In some cases,
severe visual loss with increased age has been described (7), although incidence data are
not available as a result of the lack of long-term follow-up studies. In contrast to other
X-linked disorders, female carriers have rarely been reported with retinal abnormalities
or visual loss. In two cases of female RS, unilateral retinal cysts (8,9) and an abnormal
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electroretinogram were noted (9). In addition, two affected woman were homozygous
carriers of disease mutations (10,11).

CLINICAL DIAGNOSIS OF RS

Diagnosis of RS is unambiguous when a typical spoke-wheel pattern or even periph-
eral RS are present. In boys with bilateral reduced visual acuity, a thorough examination
of the fovea with specific high-magnification lenses is necessary to detect retinal abnor-
malities. If a foveal RS cannot be detected or excluded, other techniques can be used to
demonstrate the macular alterations. With optical coherent tomography (OCT),
reflectance of retinal structures can be measured facilitating the detection of even small
RS cavities (12). Measurement of the fundus autofluorescence will reveal an increased
foveal autofluorescence in most cases of RS, most likely because of the altered light
transmission in the area of RS. Fluorescein angiography may reveal RPE alterations in
older males; however, this is of limited value in children. 

The major functional test for the diagnosis of RS is the full-field ERG. Typically, a
bright flash of light will elicit a “negative” response from the diseased retina, in which
the a-wave is larger than the b-wave in contrast to the normal findings (Fig. 2). Usually,
the light adapted responses show an amplitude reduction as well. The origin of the reti-
nal dysfunction is an abnormality in the ON- and OFF-pathways on the level of the
bipolar cells (13). A “negative” ERG can be associated with various retinal disorders;
however, in young males, the only major differential diagnosis is congenital stationary
night blindness (CSNB). The combination of macular alteration and a “negative” ERG
indicates RS. Recently, detailed evaluation of macular dysfunction with the multifocal
ERG has demonstrated a widespread cone dysfunction (14). Other functional tests are of
limited value. As in most disorders affecting the macula, color vision may be abnormal to

Fig. 2. Full-field ERG. Three responses at dark adaptation (DA) at low-stimulus intensity
(first row), high-stimulus intensity (second row), and with special filtering for oscillatory poten-
tials are shown for a normal individual (left column) and a patient with RS (right column). In
addition, a single-flash response at light adaptation (LA) and a response to 30 Hz flicker is
depicted. Note, the response in the second row reveals a severe reduction in the second part of
the response (i.e., the b-wave) in the patient with RS (the so-called “negative” ERG). The cone-
dependent responses at LA and 30 Hz flicker are reduced as well.
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a variable degree without any value for differential diagnosis. If peripheral RS is present,
visual field testing will reveal an absolute scotoma in the corresponding area, but other-
wise the visual fields will be normal. 

COMPLICATIONS IN RS

Complications include vitreous hemorrhages or retinal detachment. Vitreous hemor-
rhage mostly clears spontaneously and only rarely requires vitreous surgery. Results of
retinal detachment surgery are of limited benefit even with advanced surgical tech-
niques (15). Prophylactic treatment of RS either by laser or vitreoretinal surgery cannot
be recommended owing to possible severe complications (4,16). Overall, the frequency
of secondary problems is approx 5% in all affected males, with complications most fre-
quently developing in the first decade of life. 

Differential Diagnosis in RS

Differential diagnosis of RS includes disorders with congenital or juvenile retinal
detachment, other forms of inherited RS, and inherited disorders affecting macular
function in the first decade of life. 

RS is more frequently compared to disorders with retinal detachment. These include the
X-linked Norrie syndrome (NS), in which complete retinal detachment is present at birth
and visual function is nearly absent. NS is associated with mutations in the Norrie disease
gene on Xp11.4 (17,18). A less severe variant of NS is the X-linked familial exudative vit-
reoretinopathy (FEVR), also associated with mutations in the Norrie disease gene.
Peripheral vascular retinal abnormalities are present in a variable degree, which may lead
to retinal detachment. Similar alterations can be observed in autosomal dominant FEVR
(Criswick-Schepens syndrome) and can be associated with mutations in the frizzled-4
(FZD4) gene on 11q14.2 (19) or the LRP5 gene on 11q13.2 (20). The ophthalmoscopic 
features in both forms of FEVR are distinct from RS. Incontinentia pigmentii (Bloch-
Sulzberger syndrome) can present with early-onset retinal detachment; however, as the con-
dition is lethal in males, it is not a differential diagnosis for RS. Other forms of congenital
or juvenile retinal detachment, e.g., following trauma or retinopathy of prematurity, can
usually be excluded by the patient’s history.

Foveal RS has rarely been reported as an apparent autosomal recessive trait in fami-
lies with predominantly affected females (21–23). In Goldmann-Favre syndrome (alias
enhanced S-cone syndrome), which is associated with mutations in the NR2E3 gene on
15q23 (24), a foveal RS may be present. The ERG is quite different from RS and dis-
tinguishes the two disorders. 

Other inherited conditions affecting macular function are the macular dystrophies
and CSNB. The macular dystrophies, e.g., Stargardt disease, usually show a markedly
progressive course within 1 or 2 yr, which is not typical for RS. However, as expres-
sion in both disorders varies, an ERG can easily distinguish RS from other macular
dystrophies because of the presence of the “negative” ERG response (Fig. 2). CSNB,
most frequently inherited as an X-linked trait, presents with a similar reduction of
visual function and shows a “negative” ERG similar to RS (25). In contrast to RS, the
retina is normal on ophthalmoscopy.
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TREATMENT OPTIONS

In most cases, treatment of RS is limited to the prescription of low-vision aids.
Surgical interventions are indicated in vitreous hemorrhage without spontaneous reso-
lution or when retinal detachment occurs. 

ISOLATION OF THE RS1 GENE AND STRUCTURAL FEATURES 
OF ITS GENE PRODUCT

In 1969, a first tentative association of RS with Xg blood group markers was reported
suggesting a localization of the genetic defect to the distal short arm of the X chromo-
some (26). Later, a number of polymorphic DNA markers derived from Xp became avail-
able and mapped the RS locus more precisely to chromosomal region Xp22.1-p22.2
(27–29). In the following years, the DNA marker map of the X chromosome grew
increasingly dense, eventually facilitating the refinement of the RS1 gene locus to an
approx 1000-kb interval on Xp22.13 flanked by markers DXS418 on the distal side and
DXS999 on the telomeric side (30,31). Following the initial localization, the minimal RS
region on Xp22.13 was subsequently cloned and searched for disease gene candidates.
From a total of 14 genes positioned within the DXS418-DXS999 interval (32), one tran-
script, later termed RS1 (alias XLRS1), was found to be abundantly expressed exclusively
in the retina (33). Mutational analysis of RS1 in a number of multigeneration RS fami-
lies revealed distinct mutations segregating with the disease, thus providing strong and
convincing evidence for a causal role of the gene in the etiology of RS (33).

The RS1 gene locus spans 32.4 kb of genomic DNA and is organized in six exons cod-
ing for  retinoschisin, a 224-amino acid protein of which the N-terminal 23 amino acids
reveal a signature characteristic for proteins destined for cellular secretion (33). Significant
homology exists between a large portion of the predicted retinoschisin sequence (157
amino acid residues including codon 63 to codon 219) and the so-called discoidin domain,
which was first identified in the discoidin I protein of the slime mold Dictyostelium discoid-
ium (34). This motif is highly conserved in a number of secreted and transmembrane pro-
teins from many eukaryotic species and is known to be involved in functions such as
neuronal development and cellular adhesion (35–37). Two minor portions of the RS1 pro-
tein are unique with no homologies to other known proteins. N terminal to the discoidin
domain is a 38-amino acid RS1-specific sequence, whereas 5 unique amino acid residues
flank the discoidin domain on the C-terminal side. Functional properties of the two RS1-
specific protein domains have not been identified so far, but may be confined to structural
aspects of subunit assembly in protein complex formation (38,39).

SPECTRUM AND MOLECULAR PATHOLOGY 
OF RS-ASSOCIATED MUTATIONS

As of January 2005, 127 distinct disease-associated mutations have been reported
from patients with RS of various genealogical ancestry, such as British (40), Chinese
(41), Colombian (42), Danish (43), Finnish (44), French (45), German (33,45), Greek
(40), Icelandic (46), Italian (47), Japanese (48), North American (33,49), Swedish (50),
and Taiwanese (51). These findings further confirm the initial disease-association of the
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RS1 gene and demonstrate locus homogeneity within the studied ethnic backgrounds
(although with considerable allelic heterogeneity). Of the identified mutations, 75
(59.1%) are missense, 18 (14.2%) cause a shift in the reading frame consequently
resulting in a truncation of the protein, 13 (10.2%) represent a nonsense mutation,
11 (8.7%) affect the correct splicing of the pre-messenger RNA (mRNA), and 1 (0.8%)
results in an in-frame deletion of a single amino acid (Asn85del) (Fig. 3). Nine muta-
tions involve genomic deletions of entire or partial exons and range in size from 8 bp
(321_326+1del) to at least 15 kb (1-?-184+?del). Three of the smaller genomic dele-
tions (173-184+21del, 181_184+10del, 321_326+1del) affect splice donor sequences
and are likely to interfere with correct splicing of the pre-mRNA sequence. With the
exception of the missense mutations and the single in-frame deletion, the other
sequence changes represent true null alleles and thus should produce no protein or trun-
cated, non-functional, versions of the RS1 protein.

Although some families segregate unique mutations (e.g. Gly70Arg or Asn104Lys),
a number of sequence alterations are recurrent (for a comprehensive listing of muta-
tions, see RS1 mutation database at http://www.dmd.nl/). Most notably, the latter type
of sequence changes are exclusively missense mutations with the most frequent disease
alleles Glu72Lys and Arg102Trp reported 50 and 25 times, respectively. The missense
mutations Gly70Ser, Trp96Arg, Arg102Gln, Gly109Arg, Arg141Cys, Pro192Ser,

Fig. 3. RS-associated mutations in the RS1 gene. The RS1 locus is drawn schematically with
six coding exons represented by bars and intronic sequences by lines. Bar colors indicate the
functionally distinct domains of the RS1 protein encoded by the respective exonic sequences
(yellow = N-terminal 23-amino acid signal peptide; gray = RS1-specific domain; orange = dis-
coidin domain). Distinct mutations reported in the RS mutation database (http://www.dmd.nl/)
are divided in three categories including missense mutations, mutations resulting in protein trun-
cation (nonsense, splice site, frame shift, in-frame deletion), and larger genomic rearrangement
causing the loss of partial or complete exons.
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Arg200Cys were found in eight or more apparently unrelated families. In addition, the
Glu-72 and the Gly-109 residues have been affected by four different amino acid sub-
stitutions, codons Arg-197 and Arg-209 were affected three times each (Fig. 3). These
commonly altered amino acid residues could be indicative of mutational hotspots and/or
functionally important moieties of the RS1 protein. 

The distribution of missense mutations along the coding sequence of the RS1 gene is
nonrandom with significant clustering of this type of alterations in exons 4 to 6 (Fig. 3).
This uneven distribution coincides with the extent of the discoidin domain encoded by
codons 63 through 219. Although the 157 amino acid residues of the discoidin domain
are affected by 68 missense mutations (0.43 mutations per codon), there are only 7 mis-
sense mutations reported in the remaining 67 amino acids of RS1 (0.11 mutations per
codon). This amounts to an approximately fourfold excess of missense mutations within
the discoidin domain compared to the rest of the protein. In contrast, other types of
mutations combined (i.e., frame shift, nonsense, splice site, and in-frame deletion muta-
tions) are randomly distributed within the coding region. Compared to 23 such muta-
tions within the discoidin domain (0.15 mutations per codon), 8 mutations are localized
outside of the conserved motif (0.12 mutations per codon). Together, these data suggest
that absence of RS1 or loss of protein function may be the main molecular mechanism
underlying RS pathology. In particular, the discoidin domain appears to be most crucial
for RS1 function with strong constraints on the proper amino acid sequence.

To assess the pathological mechanisms of RS1 missense mutations, Wang and associ-
ates (52) have conducted in vitro studies expressing mutant RS1 protein (Leu12His,
Cys59Ser, Gly70Ser, Arg102Trp, Gly109Arg, Arg141Gly, Arg213Trp). Their findings
have led to the suggestion that in the majority of cases failure of cellular secretion (either
partial or complete) may underlie disease pathology. Based on an extended series of ele-
gant biochemical experiments, Wu and Molday (38) and Wu and associates (39) have
developed a structural model of the RS1 discoidin domain that identifies particular cysteine
residues as crucial components for intra- and intermolecular disulfide bond formation and
thus proper protein folding and subunit assembly (Fig. 4A,B). Essentially, intramolecular
disulfide bonds are formed between residues Cys-63 and Cys-219 and between Cys-110
and Cys-142 thus playing a central role in proper subunit folding (Fig. 4A). Eight such sub-
units are then joined together by disulfide bonds between the discoidin-flanking cysteine
residues Cys-59 and Cys-223, which are crucial for subunit oligomerization. Within this
complex, the homomeric subunits are further organized into dimers by Cys-40-Cys40
disulfide bond formation with dimerization and octamerization processes evidently inde-
pendent of each other (39) (Fig. 4B).

Based on this model, Wu and Molday (38) have pointed out three specific disease
mechanisms underlying RS. First, pathological missense mutations in the discoidin
domain (e.g., Glu72Lys, Gly109Glu, Cys110Tyr, Arg141Cys, Cys142Trp, Asp143Val,
Arg182Cys, Pro203Leu, Cys219Arg) cause protein misfolding and consequently reten-
tion of the mutant protein in the endoplasmatic reticulum (ER). Second, missense muta-
tions affecting the disulfide-linked subunit assembly (e.g., Cys59Ser, Cys223Arg) do
not significantly interfere with cellular secretion but cause a failure to assemble a func-
tional oligomeric RS1 protein complex. Third, missense mutations in the 23-amino acid
leader sequence of RS1 (e.g., Leu13Pro) prevent proper insertion of the protein into the
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Fig. 4. Topology and subunit organization of the retinoschisin discoidin domain. (A) Ribbon
diagram of the retinoschisin-discoidin domain modeled after the F5/8-type C-domain fold. The
eight core β strands are labeled β1–β8. The three loops (“spikes”) demonstrating amino acid
sequence-dependent ligand affinities are marked. The intramolecular disulfide bonds C63-C219
and C110-C142 as well as the C-terminal (C223) and N-terminal (C59) cysteine residues par-
ticipating in intermolecular disulfide bond formation are shown (38). (B) Schematic illustrating
the formation of the homo-octameric RS1 complex from intermolecular disulfide-linked
monomers. Subunits within the octamer are further organized into dimers mediated by
C40–C40 disulfide bonds (39).

ER membrane resulting in cellular mislocalization and thus defective secretion. Together,
these studies suggest that the known disease-associated RS1 mutations (i.e., missense
mutations and protein-truncating mutations) represent loss-of-function mutations. This is
also consistent with the observation that disease severity in RS does not appear to be cor-
related with the specific type of mutational change.

FUNCTIONAL PROPERTIES OF RETINOSCHISIN

The Discoidin Domain and Its Putative Role in Protein Function

Retinoschisin belongs to a family of proteins that contain one or two phylogeneti-
cally highly conserved discoidin domains (53). This motif, also known as the F5/8 type
C-domain fold, has been found in a variety of proteins such as coagulation factors V and
VIII (F5, F8), milk fat globule-epidermal growth factor (EGF) factor 8 (MFGE8), EGF-
like repeats- and discoidin I-like domains-containing protein-3 (EDIL3), neurexin IV
(NRXN4), neuropilin-1 and -2 (NRP1 and NRP2, respectively), discoidin domain
receptors-1 and -2 (DDR1 and DDR2, respectively), or aortic carboxypeptidase-like
protein. Many of these proteins are expressed only transiently, in response to specific
stimuli or during development and are associated with cellular adhesion, migration, or
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aggregation via membrane surfaces. High-resolution crystal structures of human F5
and F8 C2 domains have been reported (54,55) and provide a framework for the
homology-based modeling of the three-dimensional structure of the RS1 discoidin
domain (Fig. 4A). Its central feature is an eight-stranded antiparallel β-barrel consist-
ing of tightly packed five-stranded (β1, β2, β4, β5, β7) and three-stranded (β3, β6, β8)
β-sheets. This conserved β-barrel scaffold exhibits three protruding loops (“spikes”)
(Fig. 4A) that have been shown to display specific amino acid-dependent affinities
(56). A number of ligands have been identified for discoidin-containing proteins and
include negatively charged membrane surfaces with defined phospholipids (F5 [57],
F8 [58], MFGE8 [59]), integrin receptors that bind to the classic integrin-binding
RGD sequence (discoidin I protein of D. discoideum [60]; EDIL3 [61]), as well as col-
lagen (DDR1, DDR2 [62,63]). Modelling of the RS1 loops indicate that several
hydrophobic amino acid residues may be exposed at their spike apexes. This could sug-
gest that similar to coagulation factors F5 or F8, the discoidin domain of RS1 could
also interact with phospholipid membranes.

Expression of RS1 and Localization of the Protein in the Mammalian Retina

Expression of RS1 is restricted to the retina as shown by Northern blot hybridization
to a number of human (33) and mouse (64) tissues. Furthermore, in situ hybridization
experiments revealed RS1 mRNA transcripts in rod and cone photoreceptor inner seg-
ments (65,66) and also in other cell bodies of the retinal layers namely in bipolar cells,
amacrine cells, and retinal ganglion cells (67). In postnatal eye development, measura-
ble levels of RS1 expression resume around P1 and reach a maximum between P5 and
P7 (Fig. 5A). This level of expression is then maintained throughout adult live indicat-
ing that continued de novo synthesis of RS1 is required and is essential for the mainte-
nance of retinal integrity.

Fig. 5. Expression of murine Rs1h. (A) Reverse-transcriptase polymerase chain reaction
analysis of Rs1h, the murine orthologe of human RS1, in comparison to the cone-rod homeobox-
containing gene (Crx) and β-actin. Rs1h mRNA expression is detectable starting at P0 with
increasing expression until postnatal day P7. This level of expression is then maintained through-
out life. This is in contrast to the Crx transcript level where peak expression around P11
decreases in development and only low levels of expression remain during adulthood. β-actin
serves as a control for cDNA integrity. (B) RS1 immunolabelling of outer and inner murine
retina. Arrows point to the labeling of bipolar cell surfaces.
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As suggested by the presence of an N-terminal signal peptide sequence, retinoschisin
was shown experimentally to be secreted from the cell after removal of the first 
23-amino acid residues (38). To localize the protein within the mammalian retina, a num-
ber of mono- and polyclonal antibodies were raised against the RS1-specific N-terminus
of the mature protein (66–69). In the adult retina, prominent immunolabeling is consis-
tently observed at the extracellular surfaces of the inner segments of both the rod and
cone photoreceptors, most bipolar cells, as well as the two plexiform layers (66–68,70)
(Fig. 5B). There is still some controversy with regard to the immunoreactivity of gan-
glion cells (66,67) and Müller cells (70).

Developmental Expression of Retinoschisin

Immunostaining of the developing rat retina revealed weak RS1 labeling at P6 within
the neuroblastic zone (68). The staining intensity of the outer retina increased over time
with intense staining of the newly formed inner segment layer at P10. Adult pattern label-
ing was reached around P12. Developmental expression of RS1 was also investigated in
the mouse retina (67). Similar to the rat, inner segment labeling of the photoreceptors
became evident by P7 and more prominent by P10 to P14 when finally an adult pattern
of immunostaining developed. Interestingly, Takada and associates (67) observed a tran-
sient pattern of expression of RS1 in retinal ganglion cells in murine stages E16.5, P1,
and P3, but not at later time points of development. With subsequent layer formation, this
expression was found to move posteriorily through the retinal layers as additional types
of neurons became differentiated. If confirmed, this would suggest that RS1 is produced
locally at several defined neuronal cell populations (67), arguing against the need for a
trans-retinal transport system of photoreceptor- or bipolar-secreted retinoschisin as sug-
gested by Reid and associates (70).

Mouse Model for X-Linked Juvenile Retinoschisis

The ability to develop mouse strains with targeted mutations in a defined protein has
tremendously expanded our spectrum of experimental tools allowing us to gain insight
into physiological mechanisms controlled by these proteins. In particular, because pho-
toreceptor cells cannot be maintained in vitro, the study of animal models with a mutant
photoreceptor protein is instrumental in understanding pathological processes and in
testing therapeutic approaches. With these objectives in mind, a mouse line deficient in
Rs1h, the murine orthologe of the human RS1 gene (64), was generated and the clinical
phenotype characterized by electroretinography, histology, and immunohistochemistry
(69). The Rs1h−/Y mouse shares several diagnostic features with human RS, including
the typical “negative” ERG response and the development of cystic structures In addi-
tion, the diseased murine retina shows a general disorganization and a disruption of the
synapses between the photoreceptors and bipolar cells accompanied by a dramatic and
progressive loss of photoreceptor cells (Fig. 6). Starting at postnatal day 14, minor and
major gaps within the inner nuclear layer become evident. Some of the schisis cavities
are filled with fragmented nerve cell terminals containing synaptic vesicles. In accor-
dance with the observed lack of immunoreactivity of Müller cells (67,68), glial cells are
relatively unaffected in the Rs1h−/Y retina (69).
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Fig. 6. Retinal cryosections of 12-mo-old wild-type and retinoschisin-deficient mice
(Rs1h–/Y) stained with hematoxylin and eosin. In the Rs1h–/Y retina, note the striking reduction
of photoreceptor cell bodies of the outer nuclear layer (ONL) and the layer disorganization/cell
displacement greatly affecting the outer plexiform layer (OPL) and the inner nuclear layer (INL).
The outer (OS) and inner segments (IS) of the photoreceptor are markedly shortened in the
knockout mouse, whereas histology of the inner plexiform layer (IPL) and ganglion cell layer
(GCL) appears normal.

Evidently, the site of schisis in the retinoschisin-deficient mouse retina within the inner
nuclear layer is not consistent with the classic view of human RS pathology formerly
described as a splitting between the inner limiting membrane and the nerve fiber layer
(2,71). However, recent histopathological data from a 19-year-old patient with RS, have
emphasized a more general disorganization of the retinal layers with splitting readily
apparent in the inner and outer plexiform layers (IPL and OPL, respectively) (72).
Similarly, cross sectional views of younger patients with RS by OCT revealed schisis cav-
ities in multiple layers, both superficial and deeper in the retina including the outer and
inner nuclear layers (ONL and INL, respectively) (5,12,73).

Gene Therapy in RS

Because RS pathology arises as a consequence of a missing functional RS1 protein
(38,66), delivery of the normal RS1 gene product to the retina may be an amenable treat-
ment option for RS. To test this, we have delivered an adeno-associated virus (AAV)
serotype 5 vector containing the human RS1 cDNA under the control of the mouse opsin
promoter (AAV5-mOPs-RS1) into the subretinal space of the right eyes of Rs1h-deficient
15-day-old mice (74,75). At 2 and 3 mo after treatment, ERG recordings revealed a sig-
nificant improvement of a- and b-waveform characteristics in injected over noninjected
left control eyes. At 5-mo, five treated animals were sacrificed and retinal cryosections
analyzed by immunohistochemistry (Fig. 7). Retinal tissues from treated eyes showed an
RS1 immunostaining pattern similar to that of wild-type with intense RS1 labeling pres-
ent in the inner segment layer while more moderate staining was seen in the ONL and
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OPL (Fig. 7A,B). The INL and to a lesser degree the IPL was also labeled. As expected,
no immunostaining was observed in the uninjected left control retina (Fig. 7C). It is inter-
esting to note that in the treated eyes retinoschisin can be found at physical distances as
far away from the site of secretion (i.e., photoreceptors) as the IPL. This may indicate
that secreted retinoschisin is able to spread through the various retinal layers. In agree-
ment with this, we also observed an impressive lateral movement of secreted
retinoschisin away from the site of injection in all animals analyzed.

The expression of RS1 coincided with a marked improvement in the structural organ-
ization of the retinal layers as visualized in differential interference contrast images
merged with DAPI nuclear stain (Fig. 7D–F). The treated retina was organized into
characteristic layers with a distinct separation of the INL and ONL and an absence of
gaps between bipolar cells. An increased thickness of the ONL, indicative of enhanced
photoreceptor survival, was also seen in the treated retina (Fig. 7E). In contrast, the
untreated eye showed the known manifestations of advanced disease (Fig. 7F).

Recently, Zeng and associates (73) reported on a similar approach to treat
retinoschisin-deficient mice, although with some minor variations. Instead of the human

Fig. 7. Fluorescence microscopy of retinal cryosections from wild-type (A,D) and
retinoschisin-deficient mice 5 mo after subretinal delivery of a serotype 5 AAV vector contain-
ing the wild-type human RS1 cDNA driven by the mouse opsin promoter (AAV5-mOPs-RS1) to
the right eye of 15-d-old mice (B,E). The left eyes of the Rs1h–/Y mice were not injected and
served as internal controls (C,F). (A–C) Sections were labeled with RS1 3R10 anti-RS1 mono-
clonal antibody (69). (D–F) sections were stained with DAPI (blue) and imaged with DIC
microscopy. Note the wild-type like expression pattern of RS1 and the recovery of the retinal
structures in the treated animals. The arrows point to schisis cavities in the untreated animals.
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gene, they delivered an AAV construct containing the orthologous mouse Rs1h cDNA
under the control of a cytomegalovirus (CMV) promoter. By intraocular instead of sub-
retinal injections, a serotype 2 AAV vector was administered to adult knockout mice of
13 wk of age. Similar to our results, their preliminary data indicate retinoschisin expres-
sion in all retinal layers. So far, no data are available documenting the effects of the
treatment on the morphology of the retinal layers or on photoreceptor cell survival.
Despite the late delivery of retinoschisin at an advanced stage of disease progression,
ERG recordings nevertheless showed a reversal of the electronegative a-wave and
restoration of the normal positive b-wave (73). The latter findings may be encouraging
for the future design of gene therapy protocols aimed at adult RS patients with advanced
pathology.

CONCLUSIONS AND FUTURE DIRECTIONS

Although a relatively rare Mendelian condition, RS is an important disease to study, not
only to achieve a better understanding of retinal physiology in the normal and diseased eye
but also more importantly to define targeted treatment options for the patient. From the
early descriptions of the clinical features of RS more than 100 yr ago, advances in molec-
ular research over the last 10 yr have given us tremendous insight into RS pathology not
without the promise for novel therapeutic avenues. The gene mutated in RS codes for
retinoschisin, a protein secreted as a disulfide-linked oligomeric complex from the photore-
ceptors, to a minor degree from bipolar cells and possibly other neuronal cells of the retina.
Retinoschisin is firmly associated with membrane surfaces owing to a highly conserved
discoidin motif, which is known in other proteins to mediate cell adhesion/aggregation
properties. Particularly, high concentrations of RS1 are found along the entire length of the
photoreceptor inner segment membranes. Most bipolar cell types also markedly bind
retinoschisin. Müller cells, however, long thought to play a crucial role in RS pathology,
appear devoid of retinoschisin strongly arguing against a pivotal part of this cell type in dis-
ease etiology. Rather, the characteristic retinal expression pattern of retinoschisin brings
primary pathology of photoreceptor and bipolar cells more into focus.

Analysis of the molecular pathology of disease-associated RS1 mutations has sug-
gested that the mutant gene product is either absent or nonfunctional in patients with
RS, leading to a complete absence of retinoschisin in males. Consequently, retinoschisin-
deficient mice closely mimic human RS pathology by forming cystic structures within
the inner retina and revealing a characteristic electronegative ERG waveform pattern. In
addition, a striking reduction of rod and, to a greater extent, cone photoreceptor cells is
seen in several week old mutant animals. In postnatal retinal development, retinoschisin
deficiency results in destabilization of the retinal organisation and decreased cohesion
of cell structures but appears also critical for the formation and maintenance of retinal
synapses in the outer and inner plexiform layers.

The disease mechanism in RS suggests that replacement of the normal gene product
in the retina may provide an adequate therapeutic approach to improve the outcome for
patients with RS. Toward this end, gene delivery to the retinoschisin-deficient mouse retina
via AAV particles has successfully been attempted. The findings are most promising and
provide proof-of-concept for the feasibility of protein replacement in RS. AAV-mediated
RS1 gene therapy lies ahead of us as an optional treatment for patients with RS.
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INTRODUCTION

Inherited retinitis pigmentosa (RP) in combination with deafness was reported in the
19th century (1,2), but became known as Usher syndrome from a report by Charles Usher
in 1914 (3). Usher syndrome is autosomal recessive (3) and responsible for more than half
of the cases involving deafness and blindness (4). It affects about 1 in 23,000 within the
United States (5). Estimates are slightly lower from Scandinavia at 1 in 29,000, and as high
as 1 in 12,500 from Germany (6). Because the frequency of RP is 1 per 4000 persons (7),
Usher syndrome accounts for about 17% of all cases of RP in the United States. 

CLINICAL SUBTYPES AND GENETICS

Usher syndrome is clinically and genetically heterogeneous. It includes three general
subtypes, types 1, 2, and 3, which are distinguished from each other primarily by the
extent and onset of the deafness, which results from defective hair cells of the inner ear.
Patients with Usher 1 are profoundly deaf from birth. They also have vestibular dysfunc-
tion, which results in retarded motor development. The deafness in Usher 2 is less severe,
and vestibular function is normal. Patients with Usher 3 also have milder deafness, but,
unlike in Usher 2, the hearing loss is progressive, and about half have vestibular dysfunc-
tion (8). RP, which is clinically similar to nonsyndromic RP, develops in all types of Usher
syndrome (9,10). RP has been reported to have a slightly earlier onset in Usher 1 (9).

Usher 1 can be caused by mutations in any one of seven different genes, and muta-
tions in any one of three different genes can result in Usher 2. Only one reported locus
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has been linked to Usher 3. Thus, so far, Usher syndrome can be divided further into
eleven different genetic loci, for which eight of the genes have been identified (Table 1).
It should be noted that mutations in these genes do not always result in Usher syndrome.
Cases of nonsyndromic deafness have been linked to mutations in the Usher 1B, 1C and
1D genes (11–15). Conversely, mutations in USH2A and USH3A can cause autosomal
recessive RP without reported hearing loss (16–18).

Usher 1 and 2 are the most common forms of Usher syndrome, with Usher 3 con-
tributing to a large proportion of cases only in isolated areas, such as Finland (19) and
Birmingham, UK (20).

VISUAL IMPAIRMENT IN USHER SYNDROME 

The visual loss in Usher syndrome begins with deterioration of peripheral and night
vision, as in other forms of RP. Measurements of the kinetics of visual field loss in
patients with Usher 2 were determined to be comparable to those of nonsyndromic RP
(21). Among the different types of Usher syndrome, some differences in visual impair-
ment have been identified, although such differences are much less evident than differ-
ences in vestibular and auditory dysfunction. Fishman’s group has observed that the
visual loss with respect to age is significantly greater in Usher 1 than in Usher 2, on the
grounds of visual acuity and visual field (22,23), and according to the probability of
developing foveal lesions (24). In a multifocal electroretinogram (ERG) analysis (25),
it was found that the ERG amplitude of Usher 1, Usher 2, and nonsyndromic patients
with RP was reduced to a similar extent and in the same pattern across the retina (i.e.,
more reduced in the periphery). However, the waveform of the ERG differed between
patients with Usher 1 and Usher 2. The time to the peak of the response (latency or
implicit time) was unaffected in patients with Usher 1, but this time was significantly
longer in patients with Usher 2 or nonsyndromic RP. 

The finding of distinguishing characteristics between Usher 1 and 2 has not extended
to differences among different genotypes of the same type of Usher syndrome. No
significant difference in visual acuity, visual field, ERG amplitude, and ERG implicit

Table 1
Usher Syndrome Genes

Subtype Locus Gene (protein) References

Usher 1A 14q32 Unknown 69
Usher 1B 11q13.5 MYO7A (myosin VIIa) 70,71
Usher 1C 11p15.1 USH1C (harmonin) 30,72
Usher 1D 10q21-22 CDH23(cadherin23) 15,31,73
Usher 1E 21q21 Unknown 74
Usher 1F 10q21-22 PCDH15 (protocadherin15) 32,33
Usher 1G 17q24-25 SANS (sans) 34,75
Usher 2A 1q41 USH2A (usherin) 76,77
Usher 2B 3p23-24 Unknown 78
Usher 2C 5q14-21 VLGR1 37,79
Usher 3 3q21-25 USH3A (clarin) 38,80
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time was detected between Usher 1B and other Usher 1 genotypes (25,26). Similarly,
no distinguishing characteristics between Usher 2A and 2C were found, using psy-
chophysical, electrophysiological, and retinal imaging analyses (27).

RETINAL FUNCTION OF USHER PROTEINS

The function of proteins, involved in phototransduction and related events, is best
understood in the photoreceptor and retinal pigment epithelial (RPE) cells. Although the
cell biology of the photoreceptor and RPE cells—these cells are among the most spe-
cialized cells in our bodies—is clearly important, considerably less is known about the
proteins involved in their structural organization. Yet, hair cells of the inner ear and the
photoreceptor and RPE cells of the retina are more similar structurally than they are
functionally. In particular, all possess regions of amplified plasma membrane: the stere-
ocilia in the hair cells, the apical microvilli of the RPE cells, and the disk membranes
that make up the photoreceptor outer segments. Not surprisingly, then, the Usher pro-
teins appear to be more related to cell structure than function.

The proteins encoded by the known Usher genes are listed in Table 1, their distribu-
tions in the retina are shown in Fig. 1, and their structural organization is depicted in
Figs. 2 and 3. MYO7A was predicted to encode an unconventional myosin, i.e., a molec-
ular motor that uses energy from adenosine triphosphate (ATP) hydrolysis to move
along actin filaments. Direct experiments have now shown this to be the case; myosin
VIIa is a bona fide actin-based motor (28,29). The USH1C gene generates a number of
different isoforms, belonging to three different classes of harmonin. The isoforms each
contain two or three PDZ domains (modular protein interaction domains), so that har-
monin is predicted to be a scaffolding protein (30). The Usher 1D and 1F genes are both
predicted to encode cadherins (15,31–33). The Usher 1G protein, sans, has no indicated
function (34). Usherin, encoded by USH2A, is an extracellular matrix protein that binds
type IV collagen (35). The Usher 2B gene is not known, although a likely candidate is
that encoding the sodium bicarbonate cotransporter, NBC3. NBC3 is at the Usher 2B
locus, and mice lacking NBC3 undergo degeneration of the retina and inner ear (36).
VLGR1 appears to be a G protein-coupled receptor with a large N-terminal region (37).
Lastly, the only reported Usher 3 gene encodes clarin1, which has been speculated to
function in synaptic shaping and maintenance, based on loose homology with a protein
known to function in this manner in the cerebellum (38).

The precise retinal functions of these proteins are largely unknown. It has been pro-
posed that many of the proteins might function together in a common cellular mecha-
nism. Such a unifying hypothesis is attractive and, certainly, the similarities of clinical
phenotype within the different types of Usher syndrome suggest that the mutated genes
of each type might affect a common cellular mechanism. Experimental evidence to sup-
port this notion has come from studies indicating that some of the Usher 1 proteins can
interact with each other. 

In 1956, it was reported that a genetic interaction in ear function was evident from
crossing shaker1 mice with waltzer mice (39). We now know that shaker1 mice carry
mutations in Myo7a (40,41), and waltzer mice carry mutations in Cdh23 (42), so that
this result indicates that these two Usher 1 proteins might interact. More recently, in
studying the retinas of shaker1 and waltzer mutant crosses, no interaction was found by
ERG analysis (43). However, after approx 12 mo, double homozygous mutants were
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Fig. 1. Distribution of Usher proteins in the retina. The Usher 2A protein, usherin is present in
Bruch’s membrane, a basement membrane that supports the retinal pigment epithelial (RPE) (81).
The Usher 1B protein, myosin VIIa, is found mainly in the apical RPE (53), but also in the connect-
ing cilium between the photoreceptor inner and outer segment (IS and OS, respectively) (59). All
three classes of isoforms of the Usher 1C protein, harmonin, are represented in the OS, whereas iso-
forms of the smaller-sized classes, a and c, are present in the IS and synaptic terminal (82). The
Usher 1F protein, protocadherin15 is present at the base of the OS (83). Localization data that
remain controversial have not been considered for this figure. There are no reports on the distribu-
tion of the Usher 1G protein, sans, and the Usher 2C protein, VLGR1. The Usher 3 protein, clarin1,
is absent from the RPE and photoreceptor cells; it is present in the inner retina (62). Modified from
ref. 84, with permission from Elsevier.
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Fig. 2. Structural organization of the known Usher 1 proteins. The Usher 1B protein,
myosin VIIa, has an N-terminal myosin motor domain, which contains binding motifs for
ATP and actin filaments. The rest of the “head” of the myosin contains five IQ motifs, to
which light chains, mostly calmodulin, bind, and a short coiled-coil (CC) domain, which may
effect dimerization. The “tail” contains a duplicated tandem repeat of myth4 (myosin tail
homology 4) and FERM (protein 4.1, ezrin, radixin, and moesin-like) domains, with a weak
SH3 (src homology 3) domain between the repeats (84,85). The Usher 1C protein, harmonin,
has three different classes of isoforms, a, b, and c (30). All have the first two PDZ domains
and at least one CC region. The Usher 1D protein, cadherin23, is a very large molecule with
27 extracellular cadherin (EC) repeats 15, 31. The Usher 1F protein, protocadherin15, is also
a cadherin, but with fewer (eleven) EC repeats (32,33). The Usher 1G protein, sans, contains
three ankyrin-like domains (ank) in tandem, and a sterile α motif (SAM) 34. PST, proline,
serine, threonine-rich region.
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Fig. 3. Structural organization of the known Usher 2 and Usher 3 proteins. The Usher 2A pro-
tein, usherin, has four main structural elements. Following a signal peptide sequence (SP), is a
domain with homology to the thromospondin family of extracellular matrix proteins (TS), and a
laminins (LN) module, which is a globular domain found in many laminins. Like laminins, this
domain is followed by 10 consecutive repeats of laminin-epithelial growth factor-like modules
(LE). Lastly, it contains three repeats of fibronectin type III (FN) 86. Three different isoforms of
the Usher 2C protein, VLGR1, are predicted, with isoforms a and c being abbreviated versions of
isoform b. VLGR1b is a G protein coupled receptor (GPCR) with a very large extracellular com-
ponent, containing 35 CalX-β domains, a LamG/TspN/PTX homology domain (LTP), 7 EAR/EPTP
repeats (epilepsy-associated repeat/Epitempin repeat, forming a protein interaction domain), and
a GPCR proteolysis site (PS). 7TM, seven transmembrane domains. See references in ref. 37. The
Usher 3 protein, clarin1, has four predicted transmembrane regions 38.

observed to undergo a small amount of retinal degeneration, which was not observed in
mice that were homozygous mutant for only one of the genes (44).

In protein-binding studies with ear isoforms, two groups found binding of the cytoplas-
mic region of cadherin23 to the second PDZ domain of harmonin (45,46). One of the groups
also reported binding between the first PDZ domain (PDZ1) of harmonin and myosin VIIa
(45), whereas the other group reported that the PDZ1 domain of harmonin binds the isoform
of cadherin23 that is found in tissues other than the ear, such as kidney, brain, and retina (46).
The binding of sans to the harmonin PDZ1 domain has also been reported (34).
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Rather controversially, Wolfrum and colleagues have proposed that all the Usher 1 and
Usher 2 proteins, including the putative Usher 2B protein, NBC3, form a supramolecular
complex in the photoreceptor synapse (47). This suggestion is based on protein-binding
data and immunolocalization studies. However, it has been argued that the reported
immunolocalization of some of these proteins to the synapse is artefactual (48). Moreover,
none of the mouse models for Usher syndrome have been shown to have defective synap-
tic transmission from the photoreceptor cells. Detailed ERG analyses have been made on
mice carrying mutations in Myo7a, Cdh23, and Pcdh15 (orthologs of the Usher 1B, 1D,
and 1F genes) (43,49,50), and although the Myo7a and Cdh23 mutants have a reduced a-
wave amplitude (indicating a reduced photoreceptor response), the ratio of the b-wave
amplitude to a-wave amplitude appeared normal in all three mutants. This ratio is a good
indicator of signal transmission from the photoreceptor cells to the second-order neurons;
it is reduced in a variety of mice with photoreceptor synaptic defects (51,52).

Although it is likely that some Usher proteins function together, on balance, most
evidence points to independent functions of Usher 1 proteins in the retina. There are
several subcellular regions in which only one protein is found (Fig. 1). The clearest
example of an independent function is the RPE function of myosin VIIa, the most exten-
sively-studied Usher protein.

Most of the retinal myosin VIIa is present in the RPE (53), where it performs more
than one function. No other Usher protein has been detected in the RPE. Studies on
mutant Myo7a mice, including a line that has a null allele, have shown that myosin VIIa
is required for the correct localization of the RPE melanosomes (54), by transporting
and tethering melanosomes in the apical RPE (55–57). In addition, myosin VIIa func-
tions in the delivery of phagosomes to the basal RPE and, in this role, is important for
the efficient degradation of phagosomes (58).

Myosin VIIa is also present in the connecting cilium of photoreceptor cells (59),
where it is required for the normal transport of opsin (60). Cadherin23 also appears
to be associated with the connecting cilium (46,61) (which may explain the syner-
gistic effect of the combined loss of MYO7A and CDH23 on photoreceptor death
[44]). So far, there have been no reports of any other Usher protein associated with
this structure, however, protocadherin15 appears to be “nearby,” at the base of the
outer segment (83).

Little is known about the Usher 2 and Usher 3 proteins that have been identified. As
noted previously, usherin is an extracellular matrix protein. In the retina, it has been
described as a component of Bruch’s membrane, which supports the RPE (88). A dif-
ferent group has found it to be localized also in the photoreceptor cells (89).

The Usher 3 protein, clarin1, is unusual among RP proteins in that it is present in the
second-order neurons of the retina and, thus, apparently functions in one or more post-
synaptic processes (62).

RETINAL PATHOGENESIS

Our understanding of the cellular bases of retinal degeneration in Usher syndrome
has been limited by the availability of animal models that mimic Usher syndrome.
Curiously, none of the Usher 1 mouse models has been found to undergo retinal
degeneration. Such models include different alleles for Myo7a, Ush1c, Cdh23, and
Pcdh15. Animal models for Usher 2 and Usher 3 have yet to be published. 
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The most thoroughly studied model is the shaker1 mouse, which has mutant Myo7a
(40), with the 4626SB allele having a null mutation (60,63). As noted here previously,
studies of these mice have shown that myosin VIIa is required for normal photorecep-
tor electrophysiology (49), and several normal cellular functions in the RPE and 
photoreceptor cells (54,56–58,60), although there is no photoreceptor cell death. Of par-
ticular interest to pathogenesis is its role in the turnover of phototransductive mem-
brane. Myosin VIIa is required for both the efficient phagosome delivery to the basal
RPE, and its ensuing degradation, as well as the normal flow of opsin along the con-
necting cilium. Either one or both of these roles results in a retarded turnover of the pho-
totransductive disk membranes (60). Although in the mouse retina, these defects do not
result in photoreceptor cell death (at least within the life span of a mouse), this turnover
process is clearly critical. Faults at any one of several stages of disk membrane turnover
underlie various forms of retinal degeneration, whether it is in the transport of proteins
to the outer segment, the formation of new disk membranes (as in Rds mutations)
(64–66), or in the phagocytosis of outer segment disks (as in Mertk mutations) (67,68).
The retinal degeneration found in patients with Usher 1B might therefore be linked to
defects in the turnover of phototransductive disk membrane.

SUMMARY

Most of the genes responsible for Usher syndrome have been identified. Clinical stud-
ies of retinal defects have identified minor differences between Usher 1 and Usher 2, but
no differences have yet been detected among the different genotypes of a given Usher
type. Most of the Usher proteins are present in the photoreceptor cells, although the
Usher 1B protein also functions in the RPE cells, the Usher 2A protein is a component
of Bruch’s membrane, and the Usher 3 protein is found only in the inner retinal cells. The
proteins are more likely to function in cellular organization rather than in processes more
directly related to phototransduction. 

The previously reported locus for Usher syndrome type 1A (69) has now been shown
to be false (90). Hence, there are presently six, not seven, known loci for Usher 1.

REFERENCES

1. von Graefe A. Vereinzelte Beobachtungen und Bemerkungen Exceptionelle Verhalten
des Gesichtsfeldes bei Pigmentenartung des Netzhaut. Arch Klin Ophthalmol 1858;4:
250–253.

2. Leibreich R. Abkunft und Eben unter Blutsverwandten als Grund von Retinitis Pigmentosa.
Deutsch Klin 1861;13:53–55.

3. Usher C. On the inheritance of retinitis pigmentosa with notes of cases. R Lond Ophthalmol
Hosp Rep 1914;19:130:236.

4. Vernon M. Usher’s syndrome—deafness and progressive blindness. Clinical cases, preven-
tion, theory and literature survey. J Chronic Dis 1969;22:133–151.

5. Boughman J, Vernon M, Shaver K. Usher syndrome: definition and estimate of prevalence
from two high-risk populations. J Chronic Dis 1983;36:595–603.

6. Otterstedde CR, Spandau U, Blankenagel A, Kimberling WJ, Reisser C. A new clinical clas-
sification for Usher’s syndrome based on a new subtype of Usher’s syndrome type I.
Laryngoscope 2001;111:84–86.

7. Berson EL. Retinitis pigmentosa. Invest Ophthalmol Vis Sci 1993;34:1659–1676.



Usher Syndrome 145

8. Sadeghi M, Cohn ES, Kimberling WJ, Tranebjaerg L, Moller C. Audiological and vestibu-
lar features in affected subjects with USH3: a genotype/phenotype correlation. Int J Audiol
2005;44:307–316.

9. Fishman GA, Kumar A, Joseph ME, Torok N, Anderson RJ. Usher’s syndrome. Ophthalmic
and neuro-otologic findings suggesting genetic heterogeneity. Arch Ophthalmol 1983;
101:1367–1374.

10. Smith RJ, Berlin CI, Hejtmancik JF, et al. Clinical diagnosis of the Usher syndromes. Usher
Syndrome Consortium. Am J Med Genet 1994;50:32–38.

11. Liu XZ, Walsh J, Mburu P, et al. Mutations in the myosin VIIA gene cause non-syndromic
recessive deafness. Nat Genet 1997;16:188–190.

12. Liu XZ, Walsh J, Tamagawa Y, et al. Autosomal dominant non-syndromic deafness caused
by a mutation in the myosin VIIA gene. Nat Genet 1997;17:268–289.

13. Weil D, Kussel P, Blanchard S, et al. The autosomal recessive isolated deafness, DFNB2,
and the Usher 1B syndrome are allelic defects of the myosin-VIIA gene. Nat Genet
1997;16:191–193.

14. Ahmed ZM, Smith TN, Riazuddin S, et al. Nonsyndromic recessive deafness DFNB18 and
Usher syndrome type IC are allelic mutations of USHIC. Hum Genet 2002;110:527–531.

15. Bork JM, Peters LM, Riazuddin S, et al. Usher syndrome 1D and nonsyndromic autosomal
recessive deafness DFNB12 are caused by allelic mutations of the novel cadherin-like gene
CDH23. Am J Hum Genet 2001;68:26–37.

16. Rivolta C, Sweklo EA, Berson EL, Dryja TP. Missense mutation in the USH2A gene:
Association with recessive retinitis pigmentosa without hearing loss. Am J Hum Genet
2000;66:1975–1978.

17. Seyedahmadi BJ, Berson EL, Dryja TP. USH3A mutations in patients with a prior diagno-
sis of Usher syndrome type I, Usher syndrome type II, and nonsyndromic recessive retini-
tis pigmentosa. Invest Ophthalmol Vis Sci 2004;45:E-Abstract 4726.

18. Seyedahmadi BJ, Rivolta C, Keene JA, Berson EL, Dryja TP. Comprehensive screening of
the USH2A gene in Usher syndrome type II and non-syndromic recessive retinitis pigmen-
tosa. Exp Eye Res 2004;79:167–173.

19. Pakarinen L, Tuppurainen K, Laippala P, Mantyjarvi M, Puhakka H. The ophthalmological
course of Usher syndrome type III. Int Ophthalmol 1996;19:307–311.

20. Hope CI, Bundey S, Proops D, Fielder AR. Usher syndrome in the city of Birmingham—
prevalence and clinical classification. Br J Ophthalmol 1997;81:46–53.

21. Iannaccone A. Usher syndrome: correlation between visual field size and maximal ERG
response b-wave amplitude. Adv Exp Med Biol 2003;533:123–131.

22. Piazza L, Fishman GA, Farber M, Derlacki D, Anderson RJ. Visual acuity loss in patients
with Usher’s syndrome. Arch Ophthalmol 1986;104:1336–1339.

23. Edwards A, Fishman GA, Anderson RJ, Grover S, Derlacki DJ. Visual acuity and visual
field impairment in Usher syndrome. Arch Ophthalmol 1998;116:165–168.

24. Fishman GA, Anderson RJ, Lam BL, Derlacki J. Prevalence of foveal lesions in type 1 and
type 2 Usher’s syndrome. Arch Ophthalmol 1995;113:770–773.

25. Seeliger MW, Zrenner E, Apfelstedt-Sylla E, Jaissle GB. Identification of Usher syndrome
subtypes by ERG implicit time. Invest Ophthalmol Vis Sci 2001;42:3066–3071.

26. Bharadwaj AK, Kasztejna JP, Huq S, Berson EL, Dryja TP. Evaluation of the myosin VIIA
gene and visual function in patients with Usher syndrome type I. Exp Eye Res 2000;
71:173–181.

27. Schwartz SB, Aleman TS, Cideciyan, et al. Disease expression in Usher syndrome caused
by VLGR1 gene mutation (USH2C) and comparison with USH2A phenotype. Invest
Ophthalmol Vis Sci 2005;46:734–743.

28. Udovichenko IP, Gibbs D, Williams DS. Actin-based motor properties of native myosin
VIIa. J Cell Sci 2002;115:445–450.



146 Williams

29. Inoue A, Ikebe M. Characterization of the motor activity of mammalian myosin VIIA. J Biol
Chem 2003;278:5478–5487.

30. Verpy E, Leibovici M, Zwaenepoel I, et al. A defect in harmonin, a PDZ domain-contain-
ing protein expressed in the inner ear sensory hair cells, underlies Usher syndrome type 1C.
Nat Genet 2000;26:51–55.

31. Bolz H, von Brederlow B, Ramirez A, et al. Mutation of CDH23, encoding a new member
of the cadherin gene family, causes Usher syndrome type 1D. Nat Genet 2001;27:108–112.

32. Ahmed ZM, Riazuddin S, Bernstein SL, et al. Mutations of the protocadherin gene
PCDH15 cause Usher syndrome type 1F. Am J Hum Genet 2001;69:25–34.

33. Alagramam KN, Yuan H, Kuehn MH, et al. Mutations in the novel protocadherin PCDH15
cause Usher syndrome type 1F. Hum Mol Genet 2001;10:1709–1718.

34. Weil D, El-Amraoui A, Masmoudi S, et al. Usher syndrome type I G (USH1G) is caused by
mutations in the gene encoding SANS, a protein that associates with the USH1C protein,
harmonin. Human Mol Genet 2003;12:463–471.

35. Bhattacharya G, Kalluri R, Orten DJ, Kimberling WJ, Cosgrove D. A domain-specific ush-
erin/collagen IV interaction may be required for stable integration into the basement membrane
superstructure. J Cell Sci 2004;117:233–242.

36. Bok D, Galbraith G, Lopez I, et al. Blindness and auditory impairment caused by loss of the
sodium bicarbonate cotransporter NBC3. Nat Genet 2003;34:313–319.

37. Weston MD, Luijendijk MW, Humphrey KD, Moller C, Kimberling WJ. Mutations in the
VLGR1 gene implicate G-protein signaling in the pathogenesis of Usher syndrome type II.
Am J Hum Genet 2004;74:357–366.

38. Adato A, Vreugde S, Joensuu T, et al. USH3A transcripts encode clarin-1, a four-transmem-
brane-domain protein with a possible role in sensory synapses. Eur J Hum Genet 2002;
10:339–350.

39. Deol MS. The anatomy and development of the mutants pirouette, shaker-1 and waltzer in
the mouse. Proc Roy Soc (London) 1956;145:206–213.

40. Gibson F, Walsh J, Mburu P, et al. A type VII myosin encoded by mouse deafness gene
shaker-1. Nature 1995;374:62–64.

41. Mburu P, Liu XZ, Walsh J, et al. Mutation analysis of the mouse myosin VIIA deafness
gene. Genes Funct 1997;1:191–203.

42. Di Palma F, Holme RH, Bryda EC, et al. Mutations in Cdh23, encoding a new type of cad-
herin, cause stereocilia disorganization in waltzer, the mouse model for Usher syndrome
type 1D. Nat Genet 2001;27:103–107.

43. Libby RT, Kitamoto J, Holme RH, Williams DS, Steel KP. Cdh23 mutations in the mouse
are associated with retinal dysfunction but not retinal degeneration. Exp Eye Res 2003;
77:731–739.

44. Lillo C, Kitamoto J, Liu X, Quint E, Steel KP, Williams DS. Mouse models for Usher syn-
drome 1B. Adv Exp Med Biol 2003;533:143–150.

45. Boeda B, El-Amraoui A, Bahloul A. Myosin VIIa, harmonin and cadherin 23, three Usher
I gene products that cooperate to shape the sensory hair cell bundle. Embo J 2002;
21:6689–6699.

46. Siemens J, Kazmierczak P, Reynolds A, Sticker M, Littlewood-Evans A, Muller U. The
Usher syndrome proteins cadherin 23 and harmonin form a complex by means of PDZ-
domain interactions. Proc Natl Acad Sci USA 2002;99:14,946–14,951.

47. Wolfrum U, Marcker T, Van Wijk E, et al. Molecular linkage between Usher syndrome 1
and 2 by interacting within supramolecular Usher protein complexes. Invest Ophthalmol Vis
Sci 2005;46:E-Abstract 5173.

48. Gibbs D, Williams DS. Usher 1 protein complexes in the retina. Invest Ophthalmol Vis Sci
2004;45:e-letter (May 26).



Usher Syndrome 147

49. Libby RT, Steel KP. Electroretinographic anomalies in mice with mutations in Myo7a, the gene
involved in human Usher syndrome type 1B. Invest Ophthalmol Vis Sci 2001;42:770–778.

50. Ball SL, Bardenstein D, Alagramam KN. Assessment of retinal structure and function in
Ames waltzer mice. Invest Ophthalmol Vis Sci 2003;44:3986–3992.

51. Peachey NS, Ball SL. Electrophysiological analysis of visual function in mutant mice. Doc
Ophthalmol 2003;107:13–36.

52. Libby RT, Lillo C, Kitamoto J, Williams DS, Steel KP. Myosin Va is required for normal
photoreceptor synaptic activity. J Cell Sci 2004;117:4509–4515.

53. Hasson T, Heintzelman MB, Santos-Sacchi J, Corey DP, Mooseker MS. Expression in
cochlea and retina of myosin VIIa, the gene product defective in Usher syndrome type 1B.
Proc Natl Acad Sci USA 1995;92:9815–9819.

54. Liu X, Ondek B, Williams DS. Mutant myosin VIIa causes defective melanosome distribu-
tion in the RPE of shaker-1 mice. Nat Genet 1998;19:117–118.

55. El-Amraoui A, Schonn JS, Kussel-Andermann P, et al. MyRIP, a novel Rab effector, enables
myosin VIIa recruitment to retinal melanosomes. EMBO Rep 2002;3:463–470.

56. Futter CE, Ramalho JS, Jaissle GB, Seeliger MW, Seabra MC. The role of Rab27a in the
regulation of melanosome distribution within retinal pigment epithelial cells. Mol Biol Cell
2004;15:2264–2275.

57. Gibbs D, Azarian SM, Lillo C, et al. Role of myosin VIIa and Rab27a in the motility and
localization of RPE melanosomes. J Cell Sci 2004;117:6473–6483.

58. Gibbs D, Kitamoto J, Williams DS. Abnormal phagocytosis by retinal pigmented epithelium
that lacks myosin VIIa, the Usher syndrome 1B protein. Proc Natl Acad Sci USA
2003;100:6481–6486.

59. Liu X, Vansant G, Udovichenko IP, Wolfrum U, Williams DS. Myosin VIIa, the product of
the Usher 1B syndrome gene, is concentrated in the connecting cilia of photoreceptor cells.
Cell Motil Cytoskel 1997;37:240–252.

60. Liu X, Udovichenko IP, Brown SDM, Steel KP, Williams DS. Myosin VIIa participates in
opsin transport through the photoreceptor cilium. J Neurosci 1999;19:6267–6274.

61. Lillo C, Siemens J, Kazmierczak P, Mueller U, Williams DS. Roles and interactions of three
USH1 proteins in the retina and inner ear. Invest Ophthalmol Vis Sci 2005;46:E-Abstract 5176.

62. Geller SF, Isosomppi J, Makela H, Sankila E, Johnson PT, Flannery JG. Vision loss in Usher
syndrome type III is caused by mutations in clarin-1, an inner retinal protein. Invest
Ophthalmol Vis Sci 2004;45:E-Abstract 5123.

63. Hasson T, Walsh J, Cable J, Mooseker MS, Brown SDM, Steel KP. Effects of shaker-1
mutations on myosin-VIIa protein and mRNA expression. Cell Motil Cytoskeleton
1997;37:127–138.

64. Sanyal S, Zeilmaker GH. Development and degeneration of retina in rds mutant mice: light
and electron microscopic observations in experimental chimaeras. Exp Eye Res 1984;
39:231–246.

65. Kajiwara K, Hahn LB, Mukai S, Travis GH, Berson EL, Dryja TP. Mutations in the human
retinal degeneration slow gene in autosomal dominant retinitis pigmentosa. Nature 1991;
354:480–483.

66. Farrar GJ, Kenna P, Jordan SA, et al. A three-base-pair deletion in the peripherin-RDS gene
in one form of retinitis pigmentosa. Nature 1991;354:478–480.

67. Bok D, Hall MO. The role of the pigment epithelium in the etiology of inherited retinal dys-
trophy in the rat. J Cell Biol 1971;49:664–682.

68. Gal A, Li Y, Thompson DA, et al. Mutations in MERTK, the human orthologue of the RCS
rat retinal dystrophy gene, cause retinitis pigmentosa. Nat Genet 2000;26:270–271.

69. Kaplan J, Gerber S, Bonneau D, et al. A gene for Usher syndrome type I (USH1A) maps to
chromosome 14q. Genomics 1992;14:979–987.



148 Williams

70. Kimberling WJ, Moller CG, Davenport S, et al. Linkage of Usher syndrome type I gene
(USH1B) to the long arm of chromosome 11. Genomics 1992;14:988–994.

71. Weil D, Blanchard S, Kaplan J, et al. Defective myosin VIIA gene responsible for Usher
syndrome type 1B. Nature 1995;374:60–61.

72. Smith RJ, Lee EC, Kimberling WJ, et al. Localization of two genes for Usher syndrome type I
to chromosome 11. Genomics 1992;14:995–1002.

73. Wayne S, Derkaloustian VM, Schloss M, et al. Localization of the usher syndrome type id
gene (ush1d) to chromosome 10. Hum Mol Genet 1996;5:1689–1692.

74. Chaib H, Kaplan J, Gerber S, et al. A newly identified locus for Usher syndrome type I,
USH1E, maps to chromosome 21q21. Hum Mol Genet 1997;6:27–31.

75. Mustapha M, Chouery E, Torchard-Pagnez D, et al. A novel locus for Usher syndrome type
I, USH1G, maps to chromosome 17q24-25. Hum Genet 2002;110:348–350.

76. Eudy JD, Weston MD, Yao S, et al. Mutation of a gene encoding a protein with extracellu-
lar matrix motifs in Usher syndrome type IIa. Science 1998;280:1753–1757.

77. Eudy JD, Yao S, Weston MD, et al. Isolation of a gene encoding a novel member of the
nuclear receptor superfamily from the critical region of Usher syndrome type IIa at 1q41.
Genomics 1998;5:382–384.

78. Hmani M, Ghorbel A, Boulila-Elgaied A, et al. A novel locus for Usher syndrome type II,
USH2B, maps to chromosome 3 at p23-24.2. Eur J Hum Genet 1999;7:363–367.

79. Pieke-Dahl S, Moller CG, Kelley PM, et al. Genetic heterogeneity of Usher syndrome type
II: localisation to chromosome 5q. J Med Genet 2000;37:256–262.

80. Sankila EM, Pakarinen L, Kaariainen H, et al. Assignment of an Usher syndrome type III
(USH3) gene to chromosome 3q. Hum Mol Genet 1995;4:93–98.

81. Pearsall N, Bhattacharya G, Wisecarver J, Adams J, Cosgrove D, Kimberling W. Usherin
expression is highly conserved in mouse and human tissues. Hear Res 2002;174:55–63.

82. Reiners J, Reidel B, El-Amraoui A, et al. Differential distribution of harmonin isoforms and
their possible role in Usher-1 protein complexes in mammalian photoreceptor cells. Invest
Ophthalmol Vis Sci 2003;44:5006–5015.

83. Reiners J, Marker T, Jurgens K, Reidel B, Wolfrum U. Photoreceptor expression of the
Usher syndrome type 1 protein protocadherin 15 (USH1F) and its interaction with the scaf-
fold protein harmonin (USH1C). Mol Vis 2005;11:347–355.

84. Williams DS. Transport to the photoreceptor cell outer segment by moysin Vlla and kinesin
II. Vision Res 2002;42:392–403.

85. Chen ZY, Hasson T, Kelley PM, et al. Molecular cloning and domain structure of human
myosin-VIIa, the gene product defective in Usher syndrome 1B. Genomics 1996;36:440–448.

86. Weil D, Levy G, Sahly I, et al. Human myosin VIIA responsible for the Usher 1B syndrome:
a predicted membrane-associated motor protein expressed in developing sensory epithelia.
Proc Natl Acad Sci USA 1996;93:3232–3237.

87. Weston MD, Eudy JD, Fujita S, et al. Genomic structure and identification of novel muta-
tions in Usherin, the gene responsible for Usher syndrome type IIa. Am J Hum Genet
2000;66:1199–1210.

88. Bhattacharya G, Miller C, Kimberling WJ, et al. Localization and expression of usherin: a
novel basement membrane protein defective in people with Usher’s syndrome type IIa. Hear
Res 2002;163:1–11.

89. Reiners J, van Wijk E, Marker T, et al. Scaffold protein harmonin (USH1C) provides molec-
ular links between Usher syndrome type 1 and type 2. Hum Mol Genet 2005;14:3933–3943.

90. Gerber S, Bonneau D, Gilbert B, et al. USH1A: Chronicle of a Slow Death. Am J Hum
Genet 2006;78:357–359.



From: Ophthalmology Research: Retinal Degenerations: Biology, Diagnostics, and Therapeutics
Edited by: J. Tombran-Tink and C. J. Barnstable © Humana Press Inc., Totowa, NJ

149

8
Mouse Models of RP

Bo Chang, MD, Norman L. Hawes, BS, Muriel T. Davisson, PhD,
and J. R. Heckenlively, MD

CONTENTS

INTRODUCTION

TYPES OF RETINAL DEGENERATION

SUMMARY

REFERENCES

INTRODUCTION

Retinitis pigmentosa (RP) is the name given to a group of eye diseases often charac-
terized by night blindness and the gradual loss of peripheral vision RP causes the
degeneration of photoreceptor cells in the retina. As these cells degenerate and die,
patients experience progressive vision loss to eventual blindness. The most common
feature of all forms of RP is a gradual degeneration of photoreceptor cells: rod cells
and cone cells. The rods and cones are the cells responsible for converting light into
electrical impulses that are transmitted to the brain where “seeing” actually occurs. RP
is an inherited, genetically heterogeneous condition, i.e., RP can result from mutations
in many different genes. It is caused by mutations in genes that are active in retinal
cells. RP is a common form of retinal degeneration (RD). Mouse models of RD have
been investigated for many years to understand the causes of photoreceptor cell death.
Knowledge about these mutations is essential for proper selection of mouse models for
use in research. In this chapter, we review these naturally occurring mouse mutants that
manifest degeneration of photoreceptors in the retina with preservation of all other reti-
nal cell types. The mutations are described in chronological order and provide a list of
the mouse strains that carry each mutation.

TYPES OF RETINAL DEGENERATION

Retinal Degeneration 1 (Pde6brd1)

The first RD, discovered by Keeler more than 80 yr ago, is Pde6brd1 (formerly rd1, rd,
identical with Keeler rodless retina, r) (1–3). Mice homozygous for the Pde6brd1 mutation



150 Chang et al.

have an early-onset severe RD because of a lack of activity of rod cGMP-phosphodi-
esterase (PDE) because of a murine viral insert and a second nonsense mutation in exon
7 of the Pde6b gene encoding the β-subunit of cGMP-PDE (4–7). This mutation has been
found in several common laboratory inbred strains, as well as wild-derived inbred strains
including MOLD/Rk, MOLF/Ei, derived from Mus musculus molossinus trapped in
Japan; SF/CamRk, SF/CamEi, derived from Mus musculus domesticus trapped in
California; and SK/CamEi, derived from Mus musculus domesticus trapped on
Skokholm Island off Pembrokeshire (8). It is important for investigators evaluating eyes
to be aware of Pde6brd1 and its associated morphological findings, as it is a frequent

Table 1
Mouse Strains With Different Retinal Degenerations

Chromosome Chromosome Retinal ONL
Gene mouse human loss by mo Strains

Pde6brd1 5 4p16 1 ABJ/Le; BDP/J; BUB/BnJ; C3H,
all substrains; CBA/J; CBA/NJ;
FVB/NJ; JGBF/Le; MOLD/Rk; 
MOLF/Ei; NFS/N; NON/LtJ;
P/J; PL/J; RSV/Le; 
SF/CamEi; SF/CamRk; 
SK/CamEi; ST/bJ; SJL/J; SWR/J;
WB/ReJ; WC/ReJ

Agtpbp1pcd 13 9q21.33 13 B6.BR-pcd; B6C3Fe-a/a-pcd/+;
BALB/cByJ-pcd3J

nr 8 8p21-p11.2 10 BALB/cByJ-nr; C3Fe.CGr-nr
RdsRd2 17 6p21.2-p12.3 12 O20/A; C3.BliA-RdsRd2

rd3 1 1q32 4 RBF/DnJ; Stock Rb4Bnr; RBJ/Dn;
Stock In30Rk

Cln8mnd 8 8p23 6 B6.KB2-mnd/MsrJ
Rd4 4 1p36 2 Stock In56Rk Rd4
Tubtub 7 11p15.5 8 C57BL/6J-tub/+
Mitfmi-vit 6 3p14.2-p14.1 10 C57BL/6J-Mitfmi-vit

Mfrprd6 9 11q23 24 B6.C3Ga-rd6/rd6; 
Nr2e3rd7 9 15q22.32 30a 77-2C2a-special; Stock Nr2e3rd7

Cln6nclf 9 15q23 13 B6.Cg-nclf; Stock a/a nclf/nclf
Crb1rd8 1 1q31-q32.1 30b B6-Crb1rd8

Rd9 X Xp12.1 30 C57BL/6J-Rd9
Pde6brd10 5 4p16 2 Stock Pde6brd10

Rd11 13 5p15 2 Stock rd11
Rpe65rd12 3 1p31 20 B6-Rpe65rd12

rd13 15 12q13 4 Stock rd13
rd14 18 18q21 20 Stock rd14
rd15 7 19q13.3 9 Stock rd15
rd16 10 12q22 2 Stock rd16

aNr2e3rd7 mice have a five-cell layer in ONL at 16 mo of age and still have a five-cell layer when mice
reach 30 mo of age.

bCrb1rd8 mice lose ONL only in disease areas.
ONL, outer nuclear layer.
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strain background characteristic (see Table 1). Because the Pde6brd1 mutation is common
in mice, it is important to avoid mouse strains or stocks carrying the Pde6brd1 allele or
exclude the Pde6brd1 allele contamination in studying new retinal disorders. Mice with the
Pde6brd1 mutation can be easily typed by phenotype based on vessel attenuation and pig-
ment patches in the fundus (9,10) and by genotype with polymerase chain reaction for
Dde I, which reveals a restriction fragment length polymorphism (7). Mutations in the gene
encoding the β-subunit of cGMP-PDE have been found in human patients suffering from
autosomal recessive (AR) RP (OMIM 180072), a disorder bearing phenotypic resemblance
to that caused by the mouse Pde6brd1 mutation (11). An array of mutations in the catalytic
domain of the human homolog of Pde6b occurs in patients with RP (12). Using this model,
the photoreceptor degeneration has been rescued by gene therapy (13) and cone photore-
ceptor degeneration has been prevented by incorporating autologous bone marrow-derived
lineage-negative hematopoietic stem cells into the degenerating blood vessels (14).

Purkinje Cell Degeneration (Agtpbp1pcd)

A second, slower RD is associated with Purkinje cell degeneration (pcd) as a result
of a sequence alteration in the axotomy-induced gene Nna1 (15). Nna1 encodes an
adenosine triphosphate/guanosine triphosphate binding protein 1 and the gene symbol
has been updated to Agtpbp1pcd. Agtpbp1pcd is an AR mutation that arose in the
C57BR/cdJ strain. Agtpbp1pcd homozygotes show moderate ataxia beginning at 3 to 4 wk
of age because of the degeneration of Purkinje cells of the cerebellum (beginning at 15
to 18 d of age). A slower degeneration of the photoreceptor cells of the retina, mitral
cells of the olfactory bulb, and some thalamic neurons also occurs in Agtpbp1pcd

homozygotes (16). Pycnotic nuclei begin to appear in the photoreceptor cells between
18 and 25 d of age, and the outer rod segments become disorganized. Degeneration of
the photoreceptor cells proceeds slowly to completeness over the course of 1 yr (17,18).
Male Agtpbp1pcd homozygotes have abnormal sperm and are sterile. Agtpbp1pcd was
mapped to mouse chromosome 13; its human homolog should be on 9q21.33. 

Nervous (nr)

A third RD was discovered in nervous (nr) mice. The nr mutant arose spontaneously
in a BALB/cGr subline carrying tk (tail-kinks). Homozygous nr mice may be recog-
nized at 2 to 3 wk by their smaller size and hyperactive ataxic behavior. There is a 90%
loss of cerebellar Purkinje cells between 23 and 50 d of age. Purkinje cell abnormalities
are preceded by partial degeneration of cells of the external granular layer at 6 to 8 d of
age. In the retina, degeneration of the photoreceptors is already present at 13 d. Whorls
of outer segment (OS) membranes form and the OS eventually disappear completely
(19–21). nr was mapped to mouse chromosome 8 (22,23), and the human homolog
should be on chromosome 8 (8p21-p11.2). 

Retinal Degeneration 2 (RdsRd2)

The fourth RD is RD-slow, formerly rds. Later it was found to be partially dominant
and so renamed Rds. It has since been renamed Rd2 in the RD series because its slow
progression is no longer unique and the gene symbol has been updated to RdsRd2. A
mutation causing slow RD was identified in the 020/A inbred strain (24); it is caused by
an insertion of foreign DNA into an exon of Rds, causing transcription of an abnormally
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large messenger RNA (25). Mutations in the human gene for peripherin have been
shown to cause slow RD (OMIM 179605) similar to that caused by the mouse RdsRd2

mutation (26). The primary site of the RdsRd2 defect is the OS of the photoreceptor
cell, and the expression of Rds is specific to these cells (27). Thus, although the api-
cal retinal pigment epithelium (RPE) of retinas of RdsRd2 mice is reduced compared
to wild-type (WT) (28), transplants of WT RPE cells into mutant homozygotes do
not rescue the photoreceptor cells (29). Introduction of a transgene construct includ-
ing the WT peripherin-coding region causes complete reversion to WT morphology
of the retina (30). RdsRd2 was mapped to mouse chromosome 17; its human homolog
should be on chromosome 6 (p21.2-p12.3), which is the location of the human
peripherin gene. 

Retinal Degeneration 3 (rd3)

A fifth RD is rd3. This spontaneous AR mutation that arose in the RBF/DnJ mouse
strain at the Jackson Laboratory causes early-onset RD. The rd3 mutation was mapped to
mouse chromosome 1 in a region homologous to the region of human Chr 1q to which
Usher syndrome type IIA has been located (31). rd3 has been proposed as a candidate
gene for orthology to human USH2A (OMIM 276901), which causes a mild form of Usher
syndrome deafness. High-frequency progressive hearing loss was identified in RBF/DnJ
mice, but did not segregate with rd3 (32). Genetic and physical maps of the mouse rd3
locus also have excluded the mouse ortholog of USH2A from the rd3 locus (33). rd3 was
mapped to mouse Chr 1; its human homolog should be on chromosome 1q32. 

Motor Neuron Degeneration (Cln8mnd)

The sixth RD was found in motor neuron degeneration (mnd). The mnd mutation arose
in the C57BL/6.KB2/Rn (now B6.KB2-mnd/MsrJ) congenic inbred strain. The RD and
motor neuron degeneration are caused by a single nucleotide insertion (267-268C, codon
90, predicts a frameshift and a truncated protein) in the ceroid-lipofuscinosis neuronal 8
(Cln8) gene (34) and the gene symbol has been updated to Cln8mnd. It is a good model for
human Batten disease and its mode of inheritance is clearly recessive (35). In homozygous
Cln8mnd mice, the RD occurs before neuromuscular dysfunction. The RD is nearly com-
plete by 6 mo of age, when the motor neuron abnormalities are just beginning (36).
Genetic analysis showed that the RD in Cln8mnd mice is inherited as a single autosomal
gene with recessive expression and is mapped to the proximal end of mouse chromosome
8 (37) and a human homolog should be on 8p23.

Retinal Degeneration 4 (Rd4)

A seventh RD is Rd4. This autosomal dominant RD mutation was found in a stock
carrying the chromosomal inversion In(4)56Rk, which was induced in a DBA/2J male
mouse. The inversion is homozygous lethal and in heterozygotes is always associated
with RD. Rd4 has not recombined with the inversion in an outcross, suggesting that the
Rd4 locus is located very close to or is disrupted by one of the breakpoints of the inver-
sion on Chr 4 (38). Analysis of the backcross data placed the inversion breakpoints
within 1 cM of the telomere and 7 cM of the centromere. Fluorescent in situ hybridiza-
tion analysis narrowed the region in which the breakpoint lies at the distal end of the
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chromosome and showed that the proximal breakpoint is in the centromere itself (39).
Therefore, the Rd4 gene must be disrupted by the telomeric breakpoint of the inversion.
The telomeric region of mouse chromosome 4 is homologous to human 1p36. No inher-
ited retinal diseases have been identified previously in either of these chromosomal
regions. Therefore, the Rd4 gene is novel and necessary for the normal integrity and
function of the mouse retina. Its identification will provide another candidate gene for
the site of mutations responsible for inherited human RDs.

Retinal Degeneration 5 (Tubtub)

An eighth RD was found in mice of the C57BL/6J-tub strain and named rd5, now a
subline of C57BL/6J wherein a mutation to tubby (tub) occurred in 1977. Based on the
tight linkage of the two phenotypes and the molecular defect underlying the tub muta-
tion, it seemed likely that tub and rd5 were the same gene (40,41). This was further sup-
ported by a knockout of the tub gene that recapitulated the RD phenotype (42) and the
gene symbol has been updated to Tubtub. The involvement of Tubtub in obesity, RD, and
hearing loss suggests it as a model for the Alstrom (ALMS1, OMIM 203800) or Bardet-
Biedl (BBS2, OMIM 209900) (41) or Usher (USH1A, OMIM 276900) syndromes (40).
Tubtub was mapped to mouse chromosome 7; its human homolog should be on chromo-
some 11p15.5. 

Vitiligo (Mitfmi-vit)

The ninth RD was found in vitiligo (vit) mice. This spontaneous mutation in
C57BL/6J mice causes lighter initial coat color than normal, with extensive white spot-
ting. After 8 wk of age, the mice produce increasing numbers of white hairs with each
molt, thus phenotypically resembling human vitiligo (43). The vitiligo mutation was
mapped to Chr 6 near Mitf (44), and lack of complementation between vitiligo and
Mitf Mi-wh was shown (45), establishing vitiligo as a mutation in the microphthalmia-
associated transcription factor (Mitf) gene and the gene symbol has been updated to
Mitf mi-vit. An amino acid substitution in the first helix is the molecular lesion (46).
Mitf mi-vit homozygotes show a slow progressive loss of photoreceptor cells, cosegregat-
ing with the gradual depigmentation (47). The outer plexiform layer (OPL) is signifi-
cantly thinner by 4 mo of age and the rows of photoreceptor cells are lost at a rate of
about 1/mo beginning at 2 mo of age. By 8 mo, the photoreceptor cell nuclei have
diminished to only two to three rows (48). Furthermore, retinal detachment from the
RPE, the displacement of darkly staining cells into the subretinal space, and the influx
of macrophage-like cells in the area of the retina OS (ROS) are present in Mitf mi-vit/
Mitf mi-vit mice (49). Mitf mi-vit was mapped to mouse chromosome 6; its human homolog
should be on chromosome 3p14.2-p14.1. 

Retinal Degeneration 6 (Mfrprd6)

The tenth RD is rd6. The distinctive small, white retinal spots and progressive 
photoreceptor degeneration (50) is the result of a spontaneous mutation resulting in a
splice donor mutation leading to loss of one exon (51) in a gene encoding a membrane-
type frizzled-related protein (Mfrp) and the gene symbol has been updated to Mfrprd6. The
inheritance pattern of Mfrprd6 is AR and it maps to mouse chromosome 9 about 24 cM
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from the centromere, suggesting the human homolog may be on chromosome 11q23.
Ophthalmoscopic examination of mice homozygous for Mfrprd6 reveals discrete subreti-
nal spots oriented in a regular pattern across the retina. The retinal spots appear clini-
cally by 8 to 10 wk of age and persist through advanced stages of RD. Histological
examination reveals large cells in the subretinal space, typically juxtaposed to the RPE.
The white dots seen on fundus examination correspond both in distribution and size to
these large cells. By 3 mo of age, the cells are filled with membranous profiles, lipofuscin-
like material, and pigment. These cells react strongly with an antibody directed against
a mouse macrophage-associated antigen. Photoreceptor cells progressively degenerate
with age and an abnormal electroretinogram (ERG) is initially detected between 1 and
2 mo of age (52).

Retinal Degeneration 7 (Nr2e3rd7)

An eleventh RD is rd7. The rd7 mouse is a model for hereditary RD characterized
clinically by retinal spotting throughout the fundus, late-onset RD, and histologically by
retinal dysplasia manifesting as folds and whorls in the photoreceptor layer (53). The
retinal abnormalities in rd7 mice are caused by a deletion of exons 4 and 5, resulting in
the absence of 380 bp from a nuclear receptor subfamily 2, group E, member 3 gene
(Nr2e3) and the gene symbol has been updated to Nr2e3rd7. The predicted protein
expressed from this allele would lack 127 amino acids, including sequences correspon-
ding to the DNA-binding domain. The deletion also introduces a frameshift and creates
a premature stop codon. Our results demonstrate that NR2E3 expression is critical for
the integrity and function of mouse photoreceptor cells (54). The function of Nr2e3 may
be involved in cone cell proliferation, and mutations in this gene lead to retinal dyspla-
sia and degeneration by disrupting normal photoreceptor cell topography as well as
cell–cell interactions (55). Another study demonstrates that NR2E3 is involved in regu-
lating the expression of rod photoreceptor-specific genes and support its proposed role
in transcriptional regulatory network(s) during rod differentiation (56). The inheritance
pattern of Nr2e3rd7 is AR, it maps to mouse chromosome 9 and the human homolog may
be on chromosome 15q22.32.

Neuronal Ceroid Lipofuscinosis (Cln6nclf)

The twelfth RD was found in the neuronal ceroid lipofuscinosis (nclf) mutant
mouse. The phenotypes of progressive ataxia, myelination defects, neurodegeneration,
neuromuscular defects, and RD in nclf homozygotes are the result of a single
nucleotide insertion of a cysteine, located within a run of cysteines in exon four in
ceroid-lipofuscinosis, neuronal 6 gene and the gene symbol has been updated to
Cln6nclf. The insertion produces a frameshift at amino acid 103, followed by a prema-
ture stop codon (57,58). Numerous mutations were identified in the human ortholog in
families with variant late infantile ceroid lipofuscinosis (57). In the mouse mutant,
paralysis and death occur by around 9 mo of age (59). nclf maps to chromosome 9. This
suggests homology to the human CLN6 (OMIM 601780) gene on chromosome 15q23,
encoding a late infantile variant of ceroid lipofuscinosis (59). In homozygous nclf mice,
the outer nuclear layer of the retina shows cell loss by 4 mo after birth. By 6 mo, the
peripheral outer retina is severely affected, and by 9 mo, the entire retina is atrophied.
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Retinal Degeneration 8 (Crb1rd8)

A thirteenth RD is rd8. Mice homozygous for rd8 show slow RD with large white
retinal deposits covering the inferior quadrant of the retina. Histology at 5 wk of age
shows areas of retinal folding that correspond to the white retinal spots (60). The
mutation in the rd8 mouse has been identified as a single base deletion in the Crb1
gene and the gene symbol has been updated to Crb1rd8. This deletion causes a frame
shift and a premature stop codon that truncates the transmembrane and cytoplasmic
domain of the protein (61). Mutations in a human homolog of CRB1 cause RP (RP12)
(62). The inheritance pattern of Crb1rd8 is AR and it maps to mouse chromosome 1
and the human homolog may be on Chr 1q31-q32.1.

Retinal Degeneration 9 (Rd9)

A fourteenth RD is Rd9. Rd9 is an X-linked semidominant RD model. In Rd9
mutants, the retina is covered with diffuse white spots (mottled). The fundus appears
normal at weaning age and the retina becomes mottled starting at 6 wk of age in 
heterozygous females. The fundus of homozygous females and hemizygous males has
a blond appearance. Retinal pigment loss and decreasing ERG response progress 
with age (60). Rd9 was mapped to mouse chromosome X between DXMit124 and
DXMit224; its human homolog should be on chromosome Xp12.1.

Retinal Degeneration 10 (Pde6brd10)

A fifteenth RD is rd10. Mice homozygous for the rd10 mutation show RD with 
sclerotic retinal vessels at 4 wk of age. Histology at 3 wk of age shows RD. ERGs of
rd10/rd10 mice are never normal. The maximal response occurs at 3 wk of age and is
nondetectable at 2 mo of age. Genetic analysis shows that this disorder is caused by an
AR mutation that maps to mouse Chr 5. Sequence analysis shows that the RD is caused
by a missense mutation in exon 13 of the beta subunit of the rod phosphodiesterase
gene. Therefore, the gene symbol for the rd10 mutation is now Pde6brd10. The exon 13
missense mutation is the first known occurrence of a remutation in the Pde6b gene in
mice and may provide a good model for studying the pathogenesis of ARRP in humans.
It also may provide a better model than Pde6brd1 for experimental pharmaceutical-based
therapy for RP because of its later-onset and milder RD (63). The Pde6brd10 model has
been used in molecular therapy (64) and cone photoreceptor degeneration has been 
prevented by incorporating autologous bone marrow-derived lineage-negative
hematopoietic stem cells into the degenerating blood vessels (14).

Retinal Degeneration 11 (rd11)

The sixteenth RD is rd11. Mice homozygous for the rd11 mutation show a clinical
RD with white retinal vessels at 4 wk of age. Histology at 3 wk of age shows RD. ERGs
of rd11/rd11 mice are never normal. The maximal response occurs at 3 wk of age and
is nondetectable at 2 mo of age. The rd11 mutation is a new AR RD in mice and may
provide a good model for studying the pathogenesis of ARRP in humans. rd11 maps to
mouse chromosome 13 approx 40 cM from the centromere, suggesting that the human
homolog may be on chromosome 5p15 (65).
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Retinal Degeneration 12 (Rpe65rd12)

The seventeenth RD is rd12. Mice homozygous for the rd12 mutation show retinal
spots at 7 mo of age with RD starting at 12 mo of age. Despite the relatively late onset
of RD in the rd12 homozygous mutant mice, their eyes show a poor rod and good cone
ERG response at 3 wk of age. Genetic analysis showed that rd12 is an AR mutation and
maps to mouse chromosome 3 closely linked to D3Mit19, suggesting that the human
homolog may be on chromosome 1p31 where the human RPE65 gene is located.
Sequence analysis showed that the RD is caused by a nonsense mutation in exon 3 of
the Rpe65 gene and the gene symbol for the rd12 mutation has been changed to
Rpe65rd12 (66). Mutations in the RPE gene encoding RPE65 are a cause of an early-
onset AR form of human RP, known as Leber congenital amaurosis, which results in
blindness or severely impaired vision in children. The natural arising rd12 mutation
will provide a good model for studying the pathogenesis of ARRP in humans. In adeno-
associated virus (AAV)5-CBA-hRPE65 treated Rpe65rd12 eyes, dark-adapted ERG
waveforms were restored as soon as 1 wk after treatment. Treated eyes also maintained
normal cone ERGs, although they were delayed and exhibited progressive loss in ampli-
tude in partner untreated eyes. AAV-mediated gene therapy can restore a significant
fraction of the visual function in this naturally occurring model lacking RPE65 (67).

Retinal Degeneration 13 (rd13)

The eighteenth RD is rd13. In the course of routine histological screening, a retinal
abnormality was detected in nmf5 mice affected with a neurological disorder. Genetic
analysis shows that the retinal abnormality is caused by mutation of a distinct locus,
designated rd13 (68). The rd13 mutation is a new AR RD in mice and may provide a
good model for studying the pathogenesis of ARRP in humans. rd13 was mapped to the
distal 4 Mb of mouse chromosome 15, suggesting that the human homolog may be on
chromosome 12q13. 

Retinal Degeneration 14 (rd14)

The nineteenth RD is rd14. Ophthalmoscopic examination of mice homozygous for
rd14 mutation revealed white retinal spots. Histological examination revealed large cells
in the subretinal space, juxtaposed to the RPE. White dots seen on fundus examination
corresponded both in distribution and size to these large cells. Blood was observed on
some retinas, which decreased cone and rod function but otherwise rd14 has a normal
ERG. Homozygous mutants also display a hopping gait when young, but appear neuro-
logically normal after 2 to 3 wk of age. The inheritance pattern of the rd14 mutant allele
is AR. Linkage studies mapped this new mutation to mouse chromosome 18, in a region
between markers D18Mit103 and D18Mit186, suggesting the human homolog may be on
chromosome 18q21. RD and the neurological phenotype combined with our genetic data
suggest that this is a new mutation not previously described in mouse or human. This
provides a novel mouse model for a RD associated with neurological defects (69).

Retinal Degeneration 15 (rd15)

The twentieth RD is rd15. Mice homozygous for the rd15 mutation show a normal
fundus, but no rod ERG b-wave and a poor cone ERG by 4 wk of age. Histology shows
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poor retinal OPL at 5 mo of age and RD at 9 mo of age. The inheritance pattern of rd15
mutant allele is AR. Linkage studies mapped this new mutant to mouse chromosome 7,
in a region between markers D7Mit230 and D7Mit82, suggesting the human homolog
may be on chromosome 19q13.3. The early onset of rod ERG b-wave loss and impaired
retinal cone function combined with our genetic data suggest that this is a new mutation
not previously described in mouse or human. RD 15 (rd15) may provide a novel mouse
model for a RD associated retinal OPL dystrophy (70).

Retinal Degeneration 16 (rd16)

The twenty-first RD is rd16. It was submitted as an Association for Research in Vision
and Ophthalmology (ARVO) abstract in 2005 as rd13. Mice homozygous for rd16 show
RD with white retinal vessels at 1 mo of age. Histology at 3 wk of age shows RD. ERGs
of rd16/rd16 mice are never normal. The maximal response occurs at 3 wk of age and is
nondetectable at 2 mo of age. The inheritance pattern of the rd16 mutant allele is AR.
Linkage studies mapped this new mutation to mouse chromosome 10, in a region between
markers D10Mit96 and D10Nds2, suggesting the human homolog may be on chromo-
some 12q22. The early onset of RD combined with our genetic data suggest that this is a
new mutation not previously described in mouse or human. RD 16 (rd16) may provide a
novel mouse model for pathogenesis of ARRP in humans (71).

SUMMARY

Table 1 summarizes the progression of RD for all twenty-one mutations and lists the
available mouse strains carrying each mutation. Although the end point in RD is very
similar in appearance among mice with the different mutations, there is richness in 
variation of onset and progression, offering opportunities for study and experiments to
ameliorate the conditions.
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INTRODUCTION

Diabetic retinopathy is the leading cause of blindness in working-aged Americans
(1); the seriousness of the disease is underscored by the burgeoning literature in this
field. Reviews of pathogenesis and mechanisms of the disease abound. Indeed, a
PubMed search of the topic yields more than 14,000 papers dating back to the late
1940s. It is beyond the scope of this chapter to review such a staggering volume of lit-
erature and largely unnecessary given the plethora of outstanding reviews on the topic
of mechanisms of diabetic retinopathy that have been published in the last decade.

Consequently, the focus of this chapter is on cell types affected in the retina during
diabetes and newer models that have shed light on various cell types affected in this dis-
ease. In 2002, Gardner and colleagues (2) published a review article in which they
pointed out that there is a prevalent assumption that diabetic retinopathy is solely a
microvascular abnormality. They emphasized that this perception may be the result of
the ease with which vascular-associated changes can be observed ophthalmoscopically.
They stressed that, in addition to changes in the vascular component of the retina, other
classes of cells in the retina (which they divided into neurons, glial cells, and microglia)
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are also affected by diabetes. The present chapter expands on this and reviews recent lit-
erature about involvement of various retinal cell types in diabetic retinopathy with an
emphasis on work published in the last 3–5 yr.

GLIAL CELL INVOLVEMENT IN DIABETIC RETINOPATHY

Müller cells are the chief retinal glial cell (3) and play numerous roles in maintaining
normal retinal function, including modulating levels of excitatory neurotransmitters in the
retina, transporting nutrients and ions, mediating glycogen metabolism, and facilitating
aerobic and anaerobic glycolysis. These cells play a crucial role in neuronal survival by
providing trophic substances and precursors of neurotransmitters to neurons (4). Müller
cells form the primary scaffolding of the retina, spanning the entire thickness of the retina,
contacting and ensheathing every type of neuronal cell body and process in the retina.
Virtually every disease of the retina is associated with a reactive Müller cell gliosis. Müller
cells are the only glial cells in the outer half of the retina, but in the inner portions acces-
sory glial cells are present. These include astrocytes, microglia, and perivascular glia.
Müller cells, astrocytes, and perivascular glia are of glioblast origin deriving from the
primitive neural tube, whereas microglia are derived from mesoderm. Frequently, studies
that examine Müller cells will analyze astrocytes and microglia as well.

Evidence that Müller cells may be involved very early in the pathogenesis of diabetic
retinopathy comes from studies by Li and co-workers (5), in which diabetic rats were
monitored for changes in retinal function using electroretinograms (ERGs). The b-wave
activity that originates from Müller cells is altered as early as 2 wk postonset of dia-
betes. These observations preceded changes in expression of glial fibrillary acid protein
(GFAP), which is associated with severe Müller cell stress. Others have reported struc-
tural gliosis as early as 4 wk postonset in the diabetic rat model (6). The expression of
GFAP in the diabetic rat model has been reported by several laboratories to be increased
by about 3 mo of diabetes. Interesting metabolic studies from Lieth and colleagues
reported the increased glial reactivity as well as impaired glutamate metabolism in 
diabetic rats (7). They observed a marked reduction in the capacity of Müller cells to
convert glutamate to glutamine in diabetes and hypothesized that altered glutamate
metabolism could lead to elevated glutamate during diabetes. Elevated glutamate levels
have been reported in retinas of diabetic rat models (8) and in the vitreous of patients
with diabeties (9). Significantly, changes in the b-wave have been reported in studies of
human patients with diabetic retinopathy as well as elevation of GFAP (10).

The altered levels of glutamate observed in retinas of diabetic humans and rats
caused investigators from the Puro laboratory to analyze the function of the sodium-
dependent glutamate transporter in Müller cells of diabetic rats (11). Müller cells were
freshly isolated from normal and diabetic rat retinas and Müller cell sodium-dependent
glutamate transporter activity was monitored using a perforated-patch-clamp technique.
As early as 4 wk postonset of diabetes, significant dysfunction of the Müller cell gluta-
mate transporter was observed and by 3 mo its activity was reduced by nearly 70%. Our
laboratory has used an in vitro system to study the effects of hyperglycemia on the
uptake of radiolabeled glutamate in primary Müller cells isolated from mice. Interestingly,
short periods of hyperglycemia alone do not seem sufficient to alter glutamate uptake (12);
however, experiments are underway to dissect the myriad factors associated with diabetes
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that can compromise the function of the EAAT1 (GLAST) transporter in these cells 
as well as the function of system xc, the sodium-independent glutamate/cystine
exchanger. Altered function of glutamate transporters has implications for neuronal
toxicity in the retina because of the possible accumulation of glutamate in the extracel-
lular milieu. The intracellular glutamate concentration in neurons, which lack gluta-
mine synthetase (the enzyme that converts glutamate to glutamine), is as high as 
10 mM, whereas the extracellular glutamate concentration is in the micromolar range
(13). Clearance of extracellular glutamate is a key function of Müller cells and alter-
ations of this function could have significant implications on the function of neuronal
cells in the retina.

There have been a number of studies that have evaluated oxidative stress, thought to be
a key player in the pathogenesis of diabetic retinopathy (14) on Müller cell function
(15–17). The development of a rat Müller cell line (rMC-1) by Sarthy and colleagues (18)
has benefited the field of retinal research considerably, particularly studies of diabetic
retinopathy. Culturing the rMC-1 under hyperglycemic conditions led to increased pro-
duction of nitric oxide (NO), prostaglandin E(2) (PGE[2]), inducible nitric oxide synthase
(iNOS), and cyclooxygenase-2 (15). Human subjects with diabetes have also demon-
strated increased expression of iNOS (16). Interestingly, the immunoreactivity was asso-
ciated with Müller cells in retinas of these subjects, suggesting that high levels of NO
produced by neural NOS  could contribute to neurotoxicity and angiogenesis that occur in
diabetic retinopathy. Studies from the Kern laboratory have shown that culturing Müller
cells in hyperglycemia leads to increased production of superoxide as well (17).

In addition to elevated levels of glutamate and NO in retinas of patients with 
diabetes and subsequent effects on Müller cells, Inokuchi and colleagues reported 
that insulin-like growth factor (IGF)-1 levels were elevated significantly in vitreous
obtained from patients with diabetes and suggested that at least one source of IGF-1
was the Müller cell (19). Similar observations have been reported independently from
other laboratories (20). The observation is intriguing in light of a 2004 report from
Ruberte and co-workers showing that increasing the ocular levels of IGF-1 in a trans-
genic mouse model leads to diabetes-like alteration in the eye including thickening of
the basement membrane of capillaries, microvascular abnormalities, neovasculariza-
tion, increased GFAP expression, and cataract (21). IGF has been shown to generate
tractional forces by Müller cells. Recent studies from the Guidry laboratory (22,23)
have focused on the role of Müller cells in proliferative diabetic retinopathy (PDR),
which is an end-stage complication of diabetes. In PDR, fibrovascular tissues grow
into the vitreous and tractional forces originating within these tissues threaten retinal
anatomy. Guidry and co-workers (24) have data that suggest that Müller cells play a
key role in fibrocontractive retinal disorders and that they function as an effector cell
type in traction retinal detachment associated with PDR. The group has exploited the
ability to isolate pure cultures of Müller cells permitting characterization of altered
cell function and changes in proteins. They show that Müller cells have remarkable
capacity to alter their shape becoming polygonal and fibroblast-like over a period of
weeks and that the myofibroblastic Müller cell phenotype observed in culture is in
fact present in human fibrocontractive disorders. The relevance of their findings to
human patients with diabetes was demonstrated recently when vitreous samples of
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patients with diabetes had considerably greater activity in a Müller cell tractional force
generation bioassay than patients without diabetes (24).

Given the abundance of data implicating Müller cells in the pathogenesis of diabetic
retinopathy, Gerhardinger and co-workers have initiated a systematic assessment of alter-
ations in gene expression in Müller cells as a consequence of diabetes (25). Their work
has used the streptozotocin-induced diabetic rat model and focused on changes that
occurred 6 mo postonset of diabetes. Their gene expression profile studies identified 78
genes that were differentially expressed in Müller cells isolated from diabetic rats.
Notable among these were acute-phase response proteins including α2-macroglobulin,
ceruloplasmin, complement components, lipocalin-2, metallothionein, serine protease
inhibitor-2, transferrin, tissue inhibitor of metalloproteases-1, transthyretin, and the tran-
scription factor C/EBPδ. The acute-phase response of Müller cells in diabetes was asso-
ciated with upregulation of interleukin (IL)-1β in the retina suggesting this cytokine as a
mediator of the acute-phase response.

Regarding the alterations of microglia in diabetic retinopathy, there have been a few
reports in the literature. Rungger-Brandle et al. (6) studied diabetic rats from 2 wk pos-
tonset of diabetes through 20 wk. They reported not only a significant increase in Müller
cells with 4 wk of diabetes, but also an increase in microglia. Interestingly, the number
of astrocytes was significantly reduced. Thus, microglial activation with astrocytes
regression was an early event in diabetes, which the authors believe may contribute to
the onset and development of neuropathy in the diabetic retina. A study by Kuiper and
colleagues (26) described differential expression of connective tissue grown factor
(CTGF) in microglia and pericytes in humans with diabetic retinopathy. CTGF stimu-
lates extracellular matrix formation, fibrosis, and angiogenesis. Immunohistochemical
analysis of CTGF expression patterns in human control and diabetic retinas revealed
distinct and specific staining of CTGF in microglia of control retinas and a shift to
microvascular pericytes in retinas from human subjects with diabetes.

In summary, Müller cells show changes in function early in experimental diabetes as
evidenced by alterations in the ERG, altered capacity to transport glutamate, increased
oxidative stressors including NO and superoxide, production of IGF-1, and involvement
in the tractional forces involved in PDR. A few additional reports have noted changes in
microglial and astrocytic cells during diabetes as well.

NEURONAL CELL LOSS IN DIABETIC RETINOPATHY

The involvement of retinal neurons in diabetic retinopathy has gained considerable
attention over the past several years, although the first studies documenting the histo-
logical loss of neurons in retinas of patients with diabetic retinopathy were actually pub-
lished in the early 1960s (27,28). The histological observations of neuronal loss have
been corroborated by more recent electrophysiological studies of human patients with
diabetes in which loss of color and contrast sensitivity was observed within 2 yr of dia-
betes onset (29,30). Studies using focal ERGs, which detect electrical responses from
ganglion and amacrine cells, have revealed dysfunction of these cells early in diabetes
(31–33). In the late 1990s Barber and colleagues published important observations of
apoptotic neurons in retinas of patients with diabetes compared to controls (43). Similar
results were observed by Bek et al. (35) and by Kerrigan et al. (36).
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GANGLION CELLS

Ganglion cells are among the retinal neurons most studied in diabetic retinopathy.
Recently, a comprehensive immunohistochemical analysis of markers of apoptosis was
undertaken in retinas of human subjects with diabetes mellitus and compared to retinas
of nondiabetic subjects (37). Antibodies against GFAP, caspase-3, Fas, Fas ligand
(FasL), Bax, Bcl-2, survivin, p53, extracellular signal-regulated kinases (ERK1/2), and
p38 were used in the study. All diabetic retinas showed cytoplasmic immunoreactivity
for caspase-3, Fas, and Bax in ganglion cells. The authors concluded that ganglion cells
in diabetic retinas express several proapoptosis molecules, suggesting that these cells
are the most vulnerable population of cell types in the diabetic retina for apoptosis.
Interestingly, they found that glial cells in diabetic retinas are activated and express sev-
eral antiapoptosis molecules, but also the cytotoxic effector molecule FasL, suggesting
a possible role of glial cells in induction of apoptosis in ganglion cells. Given that gan-
glion cell axons form the nerve fiber layer of the retina, it is perhaps not surprising that
a reduction in the retinal nerve fiber layer has been reported in human patients with
poorly controlled diabetes (38,39).

The studies of Barber and colleagues (34) reported not only ganglion cell apoptosis
in retinas of humans with diabetes, but also a 10% reduction in cells of the ganglion cell
layer in streptozotocin-induced diabetic rats. They also reported marked reductions in
the thickness of the inner plexiform layers (IPLs) and inner nuclear layers (INLs) and a
10-fold increase in the numbers of apoptotic nonvascular cells. The data lend strong
support to the notion that diabetic retinopathy has a significant neurodegenerative com-
ponent. Interestingly, treating the rats with insulin largely prevented this neuronal cell
death (34). Others using the streptozotocin rat model of diabetes have confirmed the
loss of ganglion cells (40–47). Some of these studies have demonstrated a loss of the
ganglion cell axonal fibers in diabetic rat retinas (41,43,44). The studies by Zhang were
particularly interesting because they showed impairment of retrograde axonal transport
especially in type 1 diabetes, with less impairment in type 2 diabetes (41). The authors
speculated that impaired retrograde transport may precede or be a consequence of meta-
bolic dysfunction of the large and medium-sized ganglion cells eventually leading to
optic nerve atrophy. Additional electrophysiological experiments in diabetic rats
detected reduced ERG responses as early as 2 wk postonset of diabetes (48).

The observations that ganglion cells die in diabetic retinopathy are not restricted to
humans and to rats. Mice have been used also in studies of diabetic retinopathy and it
is clear that they develop features of diabetic retinopathy. Kern and co-workers have
described vascular changes in galactose-induced and streptozotocin-induced mouse
models of diabetes (49). Hammes and colleagues have confirmed vascular changes in
diabetic mice (50). Mohr et al. reported increased levels of caspase activation, a marker
of apoptosis in retinas of diabetic mice (51). Recently, we performed a comprehensive
analysis of apoptosis in the retina of streptozotocin-induced diabetic mice (52). The
mice were made diabetic at 3 wk and studied over the subsequent 14 wk of diabetes.
They were not maintained on insulin. The eyes were subjected to morphometric analy-
sis and detection of apoptotic cells by TUNEL analysis, activated caspase-3 and elec-
tron microscopic analysis of the ultrastructural features of apoptosis. The morphometric
analysis of retinal cross sections of mice that had been diabetic 14 wk showed approx
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20 to 25% fewer cells in the ganglion cell layer compared with age-matched control
mice. There was a modest, but significant, decrease in the thickness of the whole retina
and the INLs and outer nuclear layers (ONLs) in mice that had been diabetic for 10 wk.
TUNEL analysis and detection of active caspase-3 revealed that cells of the ganglion
cell layer were dying by apoptosis. Electron microscopic analysis detected morphologic
features characteristic of apoptosis, including margination of chromatin and crenated
nuclei of cells in the ganglion cell layer. These data suggest that as with the diabetic rat,
neurons in the ganglion cell layer of diabetic mouse retinas die and this death occurs
through an apoptotic pathway. The observation is an important one given the abundance
of transgenic mice available that can permit analysis of various genetic contributions to
diabetic retinopathy. It is probably not surprising that ganglion cells are affected in dia-
betic mice given the findings of Kowluru (53) that metabolic changes in retinas of dia-
betic mice were quite similar to those of diabetic rats. Both species showed increased
oxidative stress, protein kinase C (PKC) activity, and NO levels in the retina. To deter-
mine whether other factors associated with diabetes can exaggerate the neuronal cell
death, we have exploited a mouse model with a defect in the cystathionine-β-synthase
gene, which has an elevation of plasma homocysteine. Elevated levels of homocysteine
have been reported in patients with diabetic retinopathy (54,55). Preliminary studies
suggest that inducing diabetes in these mice leads to increased death of cells in the gan-
glion cell layer and alterations of the nerve fiber layer (56).

Ganglion cell loss has been reported in other mouse models of diabetes. One of the
most promising models to be characterized recently is the spontaneously diabetic
Ins2Akita mouse (57). This mouse carries a spontaneous mutation of one insulin gene and
heterozygous mice develop diabetes within 4 to 5 wk after birth. The mice have been
studied through 28 wk morphometrically and by TUNEL analysis. The morphometric
analysis revealed approx 23% fewer cells in the ganglion cell layer of affected mice, in
addition to significant decreases in the thickness of the IPL and the INL. There is
increased apoptosis and accelerated loss of neurons in the retina of Ins2Akita mice. The
investigators contend that these changes parallel and extend observations of neuronal
degeneration in streptozotocin-diabetic rats and postmortem tissue from humans with
diabetes and may explain the loss of vision in diabetic retinopathy.

Apoptosis of cells in the ganglion cell layer has been reported also in a mouse model
for type 2 diabetes. Ning and colleagues (58) investigated neuroretinal apoptosis in the
KKAY mouse and reported significantly more TUNEL positive cells in the ganglion cell
layer than in control mice. Many apoptotic cells were observed in the inner portion of the
INL as well. The investigators also reported microangiopathy in early stage of diabetes.

A number of proteins, thought to be involved in the pathogenesis of diabetic
retinopathy, especially the angiogenic component, have been investigated and several
of these proteins have been localized to the retinal ganglion cell layer. Included among
this group is IGF-1, a growth-promoting polypeptide that can act as an angiogenic
agent in the eye. IGF-1 is thought to play a central role in the pathogenesis of prolif-
erative diabetic retinopathy. Interestingly messenger RNA (mRNA) encoding IGF-1
and its receptor is expressed throughout the neural retina, including retinal ganglion
cells, as well as vascular, Müller and retinal pigment epithelial (RPE) cells (59). The
angiopoietin (Ang)/Tie-2 system, also thought to play a role in vascular integrity and
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angiogenesis, has been analyzed in diabetic retinas (60). Molecular methods were used
to study the expression of Ang-1, Ang-2, and Tie-2 in the retinas of streptozotocin-
induced diabetic rats. Results of in situ hybridization analysis revealed Ang-1, Ang-2,
and Tie-2 mRNA expression in the ganglion cell layer and the INL. In particular, Ang-
2 mRNA expression increased in the ganglion cell layer and was accompanied by a
reduction of α smooth-muscle actin-positive perivascular cells. These changes may sug-
gest a role for Ang-2 in the mechanism of pericyte loss in diabetic retinopathy. CTGF
has been postulated to have prosclerotic and angiogenic properties and has been char-
acterized also in the diabetic rat model (61). In comprehensive molecular studies, dia-
betes was associated with a greater than twofold increase in CTGF mRNA levels and
the major site of CTGF gene and protein expression in the retina of diabetic rats was the
ganglion cell layer. The authors theorized that ciliary neurotrophic factor (CNTF)
plays a key role in mediating diabetes-associated retinal pathology. Platelet-derived
growth factor (PDGF) has been studied in diabetic retina and found to be expressed in
the ganglion cell layer (62). Until recently, the source of PDGF was not known, but
studies from the Gardiner group have confirmed ganglion cells as the principal source
of PDGF. In situ hybridization studies using streptozotocin diabetic mice demonstrated
that PDGF-A and -B were predominantly expressed by the retinal ganglion cells/nerve
fiber layer in both normal and diabetic mice, and this localization pattern did not alter
in diabetes. Interestingly, there was a significant decrease of PDGF-B mRNA levels in
diabetic retina when compared to nondiabetic controls, which may have significant
implications for the vascular complications of diabetic retinopathy. Expression of vas-
cular endothelial growth factor (VEGF), implicated in retinal neovascularization, is
upregulated in ganglion cells, the IPL and cells of the INL in studies of retinas of 
human patients with diabetic retinopathy (63). Others have demonstrated that advanced
glycation end products (AGEs) can increase VEGF mRNA levels in the ganglion, INLs
and RPE cell layers of the rat retina (64). The data lend support to a role for AGEs in
the pathogenesis of diabetic retinopathy through their ability to increase retinal VEGF
gene expression.

In addition to proteins associated with angiogenesis, other groups have studied vari-
ous proteins that might be linked with diabetes. Among these studies is work showing
that glutamate receptors and calcium binding proteins are increased in diabetes (65).
The vulnerability of neuronal cells to excessive levels of glutamate, coupled with the
observation by several groups that glutamate levels may be increased in diabetes (7–9)
prompted the study of expression of glutamate receptors and calcium-binding proteins
in streptozotocin-induced diabetic rats. Upregulation of glutamate receptors (N-methyl-
D-aspartate receptor [NMDAR]1 and GluR2/3) was observed in the ganglion, amacrine,
and bipolar cells as well as in the IPL and outer plexiform layer at 1 mo of diabetes and
was further enhanced at 4 mo. Immunoreactivity of calcium-binding proteins (calbindin
and parvalbumin) was also increased. The data suggest changes on glutamate and cal-
cium metabolism in the diabetic retina.

Owing to observations of ganglion cell death in diabetes, our group has been interested
in neuroprotective proteins that are expressed in diabetes. Among these we have analyzed
the expression of the type 1 sigma receptor (σR1) in retinas of diabetic mice (66). σR1 is
a nonopiate and nonphencyclidine binding site that has numerous pharmacological and
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physiological functions. In particular, agonists for σR1 have been shown to afford neu-
roprotection against overstimulation of the NMDAR. We analyzed whether ganglion
cells cultured under hyperglycemic conditions and ganglion cells of diabetic mice
continue to express σR1. Reverse-transcriptase (RT)-polymerase chain reaction
(PCR), in situ hybridization, Western blot analysis, and immunolocalization studies
confirmed that ganglion cells cultured under hyperglycemic conditions continue to
express σR1 as do ganglion cells of diabetic mice. Studies are currently underway to
determine whether ligands for σR1 may prove useful in inhibiting the apoptosis
observed in diabetic retinopathy.

AMACRINE, BIPOLAR, AND HORIZONTAL CELLS

The cell type most studied within the INL of the retina during diabetes is the Müller
cell. The three neuronal cell types of this layer, amacrine, bipolar, and horizontal have not
been investigated extensively in diabetic retinopathy. This may be in part because of the
fact that Müller cells have distinctive radial fibers and are also positive for GFAP and other
markers allowing them to be analyzed more easily. There are known markers for bipolar,
amacrine, and horizontal cells now available and as investigators use these it will be 
possible to determine how extensively these neuronal cell types are involved in diabetes.
There certainly have been studies reporting that cells of the INL undergo apoptosis (34)
and reporting that the thickness of this layer is reduced in diabetic retinopathy
(34,52,57,67). Further, reports that the IPL, which is the synaptic layer between the neu-
rons of the INL and the ganglion cell layer, is reduced in diabetic retinopathy (34), are
highly suggestive of involvement of neurons in the INL during the disease.

That said, the literature in this area is sparse compared to that for Müller or ganglion
cells. Studies of the diabetic rat models have revealed a 22 and 14% reduction in the
thickness of the IPL and INL, respectively (34). This study did not examine which cell
types of the INL might have been lost during the disease. Studies with the Ins2Akita mice
revealed a reduction of the IPL of 17 and 27% in the central vs peripheral retinas,
respectively (57). Additionally, the INL was reduced by 16% in these diabetic mice. 
In this study, a marker of starburst amacrine cells, choline acetyltransferase, revealed
significantly fewer subtypes of this amacrine cell in the diabetic mice than controls.
Studies from streptozotocin-induced diabetic mice showed a reduced thickness of the
INL, though specific cell types that were lost were not reported (52). Seki and col-
leagues reported that dopaminergic amacrine cells degenerate in diabetic rat retinas, as
revealed by reduction in tyrosine hydroxylase immunoreactivity (68). The levels of this
protein in diabetic retinas were decreased to one-half of controls. Sophisticated electro-
physiological studies of diabetic rat retinas by Kaneko and coworkers evaluated the sco-
topic threshold response and the oscillatory potential of the ERG (69). Their data
showed a significantly prolonged mean latency of the oscillatory potential, which
reflects altered function of dopaminergic amacrine cells. These data suggest disordered
neurotransmission of the amacrine cells in the inner retinal layers of diabetic rats. In
studies by Park and colleagues (67), postsynaptic processes of horizontal cells in the
deep invaginations of the photoreceptors of streptozotocin diabetic rats showed degen-
erative changes within 1 wk of diabetes onset. Some amacrine cells and a few horizontal
cells showed necrotic features at 12 wk postonset of diabetes. Agardh and co-workers
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have observed a decrease in the numbers of horizontal cells and decreased branching of
their terminals in diabetic rats (70). Studies of proteins whose expression might be altered
in neurons of the INL in diabetic retinopathy have been quite limited, although Ng and
colleagues showed that amacrine and bipolar cells alter their expression of glutamate
receptors and calcium-binding proteins (71).

PHOTORECEPTOR CELLS

Alterations in photoreceptor cells have been reported in the diabetic retina. In a 2003
study using streptozotocin-induced diabetic rats, which were not maintained on insulin,
Park et al. (67) reported a remarkable reduction in the thickness of the ONL 24 wk after
the onset of diabetes. TUNEL analysis of these retinas showed some apoptotic nuclei at
4 wk postonset of diabetes and this number increased as diabetes progressed. The
authors suggest that visual loss associated with diabetic retinopathy could be attributed
to an early phase of substantial photoreceptor loss, in addition to later microangiopathy.
Nork used histological methods to distinguish L/M cones from S-cones in humans with
diabetic retinopathy and found “selective and widespread” loss of the S-cones was
found in diabetic retinopathy (72). The investigator concluded that in diabetic retinopa-
thy the acquired tritan-like color vision loss could be caused, or contributed to, by selec-
tive loss of the S-cones. Landenranta et al. (73) point out that PDR is rarely associated
clinically with retinitis pigmentosa (RP). They note than humans with diabetic retinopa-
thy demonstrate a spontaneous regression of retinal neovascularization associated with
long-standing diabetes mellitus when RP becomes clinically evident. They test this the-
ory using the rd mouse (rd1/rd1), which has a marked reduction of photoreceptor cells
within the first 3 wk of postnatal life. When the rd mice are subjected to conditions of
oxygen-induced proliferative retinopathy they fail to mount reactive retinal neovascu-
larization. Their data would suggest that marked photoreceptor cell loss, characteristic
of RP is incompatible with PDR.

RETINAL PIGMENT EPITHELIUM

The RPE is a remarkable cell type with numerous critical functions that maintain the
health and integrity of the retina, particularly the adjacent photoreceptor cells. It not
only plays a key role in retinoid metabolism and the regeneration of rhodopsin, it also
phagocytoses shed outer segment photoreceptor disks, contains pigment granules
thought to reduce light scattering, and mediates the transport of numerous nutrients.
Owing to tight junctions between cells, the RPE contributes to the blood retinal barrier.
Glucose transport across this barrier is mediated by the sodium-independent glucose
transporter GLUT1. Alterations in the blood–retinal barrier may affect glucose delivery
to the retina and may have major implications in the development of two major diabetic
complications, namely insulin-induced hypoglycemia and diabetic retinopathy (74).
Thus, it is not surprising that studies of the role of RPE, especially during proliferative
stages have been reported. In addition to the glucose transporter, another transporter has
been examined in cultured RPE and in retina/RPE of diabetic mice. This work, from
our laboratory, explored the regulation of a transporter for the essential vitamin folate
under diabetic conditions. Folate is essential for synthesis of RNA, DNA, and proteins
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and is thus critical for cell survival. Our lab characterized the polarized distribution of
two folate transport proteins in RPE (75) and then studied the regulation of reduced-
folate transporter (RFT-1), under hyperglycemic conditions (76). Exposure of RPE
cells to 45 mM glucose for as short an incubation time as 6 h resulted in a 35%
decrease in methyltetrahydrofolate (MTF) uptake. Kinetic analysis showed that the
hyperglycemia-induced attenuation was associated with a decrease in the maximal
velocity of the transporter with no significant change in the substrate affinity.
Semiquantitative RT-PCR demonstrated that the mRNA encoding RFT-1 was signifi-
cantly decreased in cells exposed to high glucose, and Western blot analysis showed a
significant decrease in protein levels. The uptake of (3H)-MTF in RPE of diabetic mice
was reduced by approx 20%, compared with that in nondiabetic, age-matched control
animals. Semiquantitative RT-PCR demonstrated that the mRNA encoding RFT-1 was
decreased significantly in RPE of diabetic mice. These findings demonstrated for the
first time that hyperglycemic conditions reduce the expression and activity of RFT-1
and may have profound implications for the transport of folate by RPE in diabetes.
Stevens and colleagues reported a similar finding of downregulation of the human tau-
rine transporter by glucose in cultured RPE cells (77). The implications for decreased
taurine are potentially serious owing to the apparent role of this amino acid as an
osmolyte and as an antioxidant.

Other laboratories have examined various proteins in RPE during diabetes to
attempt to understand the role of RPE in the pathogenesis of diabetic retinopathy.
Rollin et al. (78) examined atrial natriuretic peptide (ANP), an endogenous inhibitor of
the synthesis and angiogenic action of VEGF, in plasma and vitreous humor of human
subjects with PDR. They found that vitreous ANP concentrations were significantly
higher in patients with active PDR compared to patients with quiescent PDR, diabetes
without PDR, or controls. ANP was detected in the fibrovascular epiretinal tissue of
patients with PDR. They concluded that patients with diabetes with active neovascu-
larization have significantly higher levels of ANP in the vitreous humor than those
without active PDR. Patients with diabetes without PDR were also found to have sig-
nificantly higher vitreous ANP levels than nondiabetic patients. In the fibrovascular
epiretinal tissue of these patients, ANP was localized to vascular, glial, fibroblast-like,
and RPE cells.

One of the treatments used commonly in PDR is thermal laser photocoagulation.
Framme and Roider (79) used fundus autofluorescence imaging to study the RPE of
nearly 190 human subjects who had undergone the laser photocoagulation. Initially,
autofluorescence decreases in the area of laser lesions 1 h after laser treatment, but
more than 1 mo posttreatment, it increases. The authors point out the usefulness of this
method in evaluating RPE destruction and subsequent proliferation after continuous
wave laser photocoagulation. A zone of atrophy noted as dark spots can signify denat-
uration of neurosensory retinal tissue. Further studies (80) suggest that autofluores-
cence imaging may replace invasive fluorescein angiography in many cases to verify
therapeutic laser success and reveal extent of RPE damage.

Bensaoula and Ottlecz have evaluated the RPE of the diabetic rats using electron
microscopic methods (81). Their ultrastructural studies revealed a significant deepening
of basal infoldings in the RPE and a noticeable increase in the size of the extracellular
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space between the basal infoldings of 5-mo streptozotocin-induced diabetic rats. They
suggest that this increase extracellular space may contribute to increased alteration of
the RPE barrier function in progressive diabetes.

ENDOTHELIAL CELLS

The retina receives blood from two sources: the choroid, which supplies the outer retina,
and the central retinal artery, which ramifies on the inner region of the retina. Within the
vasculature of the inner retina, the capillary network is distributed in a superficial network
within the nerve fiber layer and an intraretinal network at the level of the INL. The capil-
laries of the INL tend to be more involved in diabetes. Two cell types are found in the cap-
illaries. The endothelial cells, the cytoplasm of which makes up the lining or wall of the
capillaries, and the pericytes, which are on the surface of the capillaries. The effects of dia-
betes on protein expression and function of retinal endothelial cells have been studied
extensively. This review highlights some of the more recent reports (within the last 3 yr) of
the effects of diabetes on retinal endothelial cells.

In an effort to understand the pathogenesis of diabetic retinopathy, especially the pro-
liferative phase, a number of investigations have been performed to determine whether
hyperglycemia induces potentially damaging molecules in retinal endothelial cells.
Members of the Kern laboratory reported that hyperglycemia increases NO and PGE(2)
in endothelial cells. They believe that this increase in these molecules contributes to the
pathogenesis of diabetic retinopathy (15,82). Additional studies from this group exam-
ined the role of poly(ADP-ribose) polymerase (PARP) in the development of diabetic
retinopathy (83). Activity of PARP increased in whole retina and in endothelial cells and
pericytes of diabetic rats. They found that inhibition of PARP or nuclear factor (NF)-κB
inhibited the hyperglycemia-induced cell death in retinal endothelial cells. Thus, PARP
activation plays an important role in the diabetes-induced death of retinal capillary cells,
at least in part via its regulation of NF-κB. Similar results were obtained by Kowluru
and co workers (84), who demonstrated that high glucose activates NF-κB and elevates
NO and lipid peroxides in both retinal endothelial cells and pericytes. They further
reported that the effects could be inhibited by antioxidants. Additional studies from the
Kowluru laboratory examined the role of advanced AGEs in accelerating retinal capil-
lary cell death under in vitro conditions using bovine retinal endothelial cells and peri-
cytes (85). Her studies incubating these cells with AGE-bovine serum albumin showed
a 60% increase in oxidative stress and NO. She proposed that inhibiting AGEs in the
retinal capillary cells could prevent their apoptosis, and perhaps ultimately the develop-
ment of retinopathy in diabetes. Other studies from this laboratory have examined the
cytokine IL-1β and have determined that it too accelerates apoptosis of retinal capillary
cells via activation of NF-κB (86), and showed that the process is exacerbated in high-
glucose conditions.

Interesting studies published in 2005 by members of the Grant and Scott laboratories
(87) have shown that stromal cell-derived factor (SDF)-1 increases as PDR progresses and
it induces human retinal endothelial cells to increase expression of vascular cell adhesion
molecule-1, a receptor for very late antigen-4 found on many hematopoietic progenitors.
They found also that SDF-1 reduced tight cellular junctions by reducing occludin expres-
sion. The investigators used a mouse model of proliferative retinopathy and found that the
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new vessels that developed originated from hematopoietic stem cell-derived endothelial
progenitor cells. SDF-1, when injected intravitreally in mice can induce retinopathy. The
authors theorized that SDF-1 plays a major role in proliferative retinopathy and may be an
ideal target for the prevention of proliferative retinopathy.

Kondo and colleagues have also exploited mice to study the pathogenesis of neovas-
cularization. They used mice in which the insulin receptor or the IGF-1 receptor was
eliminated from endothelial cells and found decreased neovascularization in these
experimental animals (88,89). They conclude that insulin and IGF-1 signaling in
endothelium play a role in retinal neovascularization through the expression of vascular
mediators, with the effect of insulin being most important in this process.

Other studies have focused on the expression and function of the sodium dependent
glucose transporter, GLUT1 in endothelials cells. Fernandes et al. (90) studied GLUT1
in endothelial cells cultured under conditions of experimental diabetes and reported that
levels were decreased in the in vivo models and in the retinal endothelial cells exposed
to elevated glucose concentrations. The decreased abundance of GLUT1 may be asso-
ciated with its increased degradation by an ubiquitin-dependent mechanism. Electron
microscopic immunohistological methods have also been used to study GLUT1 trans-
porter in retinas of diabetic rats (91), but no difference in immunoreactivity for GLUT1
was observed between control and diabetic retinas. In contrast, Zhang et al. (92)
reported that high glucose actually increased GLUT1-mediated glucose transport in cul-
tured retinal endothelial cells.

Interesting studies have been reported recently about the effects that leptin, an adipocyte-
derived hormone, might have on endothelial proliferation and angiogenesis (93). Suganami
and colleagues used a mouse model of ischemia and demonstrated more pronounced 
retinal neovascularization in 17-d-old transgenic mice overexpressing leptin than in age-
matched wild-type littermates. Interestingly, the ischemia-induced retinal neovascular-
ization was markedly suppressed in 17-d-old leptin-deficient ob/ob mice. This suggests
that leptin can stimulate ischemia-induced retinal neovasucularization possibly through
the upregulation of endothelial VEGF, thereby suggesting that leptin antagonism may
offer a novel therapeutic strategy to prevent or treat diabetic retinopathy. Chibber and co-
workers have demonstrated that PKC β2-dependent phosphorylation of core 2 GlcNAc-
T promotes leukocyte-endothelial cell adhesion (94). They suggest that this may
represent a novel regulatory mechanism in mediating increased leukocyte-endothelial
cell adhesion and capillary occlusion in diabetic retinopathy.

Recent studies have reported that oncofetal fibronectin may play a role in the prolif-
eration of endothelial cells during diabetic retinopathy. Khan et al. studied the expres-
sion of oncofetal fibronectin variants in human vitreous samples obtained from patients
undergoing vitrectomy for PDR (95). They also used an animal model of diabetes and
cultured endothelial cells in their work and showed that diabetes-induced upregulation
of oncofetal fibronectin is, in part, dependent on hyperglycemia-induced transforming
growth factor-β1 and endothelin-1. Their data may suggest that oncofetal fibronectin is
involved in endothelial cell proliferation.

An interesting comparative study by Grammas and Riden (96) showed that retinal
endothelial cells are more susceptible to oxidative stress and increased permeability
than brain-derived endothelial cells. They reported that retinal endothelial cells release
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higher levels of superoxide, have less glutathione peroxidase activity, and lower levels
of superoxide dismutase and ZO-1 than brain-derived endothelial cells. Unlike brain-
derived endothelial cells in which ZO-1 levels increase in response to glucose, in reti-
nal endothelial cells, ZO-1 levels are unaffected by glucose. These findings suggest that
greater oxidative stress and lower-junctional protein levels in retinal endothelial cells
may contribute to blood/retinal barrier dysfunction in diabetic retinopathy.

Hammes and colleagues (97) have studied the role of pericyte function in control of
endothelial cell proliferation. They used PDGF-B (PDGF-B[+/–] mice) and studied
pericyte numbers. They showed that retinal capillary coverage with pericytes is crucial
for the survival of endothelial cells, particularly under stress conditions such as dia-
betes. When VEGF levels are high, as in diabetic retinopathy, pericyte deficiency may
contribute to endothelial proliferation. Others have reported that the adhesive charac-
teristics of pericytes are impaired when they are cultured with endothelial cells that
have been exposed to high-hexose concentrations (98). These data suggest consider-
able interactions of endothelial cells and adjacent pericytes in maintaining capillary
integrity during diabetes.

Thus, the studies of endothelial cells and their associated pericytes have focused pri-
marily on various factors that induce their death or their proliferation during diabetes.
The availability of the bovine retinal endothelial cell line has facilitated these studies in
much the same way that availability of the Müller cell line and isolated primary Müller
cells has made the dissection of the role of that cell type possible in diabetes.

SUMMARY

It is clear from the literature reviewed above that every cell type in the retina has been
reported to be affected to some degree in diabetic retinopathy. Certain cell types, such
as endothelial cells, are obvious cell types to study owing to the dramatic vascular
changes that appear particularly later in diabetes. The availability of endothelial cells for
in vitro studies has made the analysis of these cells very feasible. Similarly, the avail-
ability of a Müller cell line (18), a ganglion cell line (RGC-5) (99), and a RPE cell line
(ARPE-19) (100) make studies of the effects of hyperglycemia on these cell types not
only very doable, but likely to yield informative results. Other cell types such as
amacrine, horizontal, bipolar have not been cultured to purity and no cell lines have yet
been developed to ask similar questions about them. The recently available antibody
markers for these cell types should yield more data about the consequences of diabetes
on their function. A few studies of photoreceptor cells in diabetes have provided intrigu-
ing results that deserve repetition. The availability of the 661W photoreceptor cell line
(101) will permit more thorough investigation of the susceptibility of these cells to
hyperglycemia.

The importance of the availability of these cells for study and of various animal models
for analysis is the information they may be able to provide regarding the pathogenesis of
diabetes. Which cell type or types is/are the first to be affected by diabetes is not known.
Many studies have focused on the long-term consequences of diabetes, but fewer studies
have probed in models of diabetes precisely which cells are affected at the outset of 
diabetes. An alternative approach could be to determine which genes encoding which
proteins are the first to be affected in diabetes. The field of diabetes research is already
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benefiting from data generated heretofore about dysfunction of various cells and it is
predicted that sophisticated molecular and cell biological methods will lead to impor-
tant discoveries in the next few years.
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AGE-RELATED MACULOPATHY

Age-related maculopathy (ARM) is the leading cause of irreversible vision loss
among older adults in the industrialized world (1–4). ARM is a progressive, degenera-
tive disorder of the retina that results in a degradation of the sharp, central vision nec-
essary for most everyday activities, including reading and driving. The prominent
histopathological and clinical lesions in ARM involve Bruch’s membrane, a specialized
vascular intima separating the photoreceptors and their support cells, the retinal pig-
ment epithelium (RPE), from their blood supply. ARM is characterized according to
the presence and distinctiveness of drusen that lie at the border between the RPE and
Bruch’s membrane. Currently, the gold standard for the definition of ARM is based on
the use of retinal grading systems that provide standardized means for the grading of
visible lesions and pigmentary changes associated with the disease (4–7). The number
and size of these drusen are used to classify ARM into various stages—early, interme-
diate, or advanced—and linked to the progression of the disease (8).

Even in the early and intermediate stages of ARM, patients experience difficulty in
performing everyday activities (9–14), emotional distress (15,16), driving cessation
(17,18), and decrements in health-related quality of life (9,19,20). Treatments for
ARM that have some proven effectiveness are photodynamic therapy (12), anti-oxi-
dant therapy (13) and intravitreal pegaptanib (14). However, although these break-
throughs are scientifically and clinically important, it is also important to emphasize
that they are limited in that they apply to only select groups of patients who have
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ARM in the later phases. In addition, although results from studies indicate that these
treatments slow progression in the later stages of the disease, they have not been shown
to reverse vision loss.

The public health impact of ARM is currently substantial and will grow rapidly with
the aging of the population (5). Currently, there are no effective treatments for the ear-
liest stages of ARM, although some treatments slow the loss of visual function in later
stages of the disease (6). Although the search for effective treatments to reverse or slow
the progression of ARM is of importance, identifying characteristics associated with
the development of the disease is equally important. The identification of modifiable
risk factors could lead to disease prevention initiatives. The impact on health care
resources and quality of life is likely to be significantly greater by preventing ARM
rather than by treating it. For nonmodifiable risk factors, disease prevention is pre-
cluded owing to their nature. However, should effective treatments become available,
particularly treatments for early ARM, they allow for high-risk individuals to be identi-
fied and targeted for early intervention. 

ARM is the leading cause of blindness among older adults in the United States and
other industrialized nations (21). In the United States alone, more than 7 million people
have drusen of sufficient size and number so that they are at substantial risk for severe
visual loss (22). The prevalence of ARM is estimated to be approx 10% among those in
their early 40s and 50s and nearly 40% among those 80 yr of age and older. In addition
to age, the incidence and prevalence of ARM also differs according to gender and eth-
nicity. Males and whites appear to be at increased risk, although these findings are not
consistent across all studies (22–24).

Epidemiological research points toward a variety of risk factors for ARM, including
demographic, medical, nutritional, and genetic characteristics (24–27). Research on
potentially modifiable risk factors has been extensive, focusing predominantly on
lifestyle characteristics such as smoking, alcohol consumption, and diet as well as car-
diovascular disease (CVD) characteristics including hypertension and atherosclerosis.
To date, however, much of this research has been equivocal with the exception of smok-
ing wherein most studies have reported an increased risk among smokers (28,29). One
of the reasons for the varying results found in the current body of literature may relate
to several study design issues. First, the definition of ARM varies from study to study
with some relying on self report and others on fundus appearance as well as different
studies using differing definitions of fundus appearance. Second, many studies have
focused on late ARM or an unspecified combination of patients with early and late dis-
ease. If particular risk factors are differentially associated with certain disease subtypes
and different levels of disease severity, then such studies may not provide a clear char-
acterization of the etiology of ARM throughout the natural history of the disease,
including its earliest phases. Obviously then, additional work is necessary to properly
evaluate currently hypothesized etiologic risk factors. 

HMG-CoA REDUCTASE INHIBITORS (STATINS)

Recent investigations have identified 3-hydroxy-3-methylgluatryl coenzyme A
(HMG-CoA) reductase inhibitors or “statins” as being associated with a reduced risk of
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ARM (30–32). Statins are prescribed to help reduce low-density lipoprotein (LDL)-
cholesterol levels by inhibiting cholesterol production and increasing LDL-cholesterol
removal from plasma. HMG-CoA reductase is a key enzyme not only for cholesterol
biosynthesis but also for the biosynthesis of numerous nonsteroidal isoprenoid com-
pounds (33). Numerous biological processes associated with atherosclerotic progres-
sion are modulated by HMG-CoA reductase inhibition (e.g., endothelial cell health,
thrombosis, angiogenesis) (34,35). Statins were developed to lower plasma cholesterol
levels in patients with atherosclerotic CVD. Recent recommendations for the aggres-
sive use of antihyperlipidemic medications to lower LDL-cholesterol levels has con-
tributed to a rising trend in the prescription of statins to reduce risk of CVD and
CVD-related outcomes such as myocardial infarction and stroke (36). Statins have few
side effects and those that occur tend to be mild (e.g., fatigue, nausea). Reports have
also emerged linking statins with lowered risk of fracture, dementia, and depression,
although findings have been inconsistent (37–43). However, the benefits of statin use
may extend beyond that which can be explained by the direct effect of lowering plasma
lipids concentrations (35).

HMG-CoAreductase is a key enzyme not only for cholesterol biosynthesis, but also
for the biosynthesis of numerous nonsteroidal isoprenoid compounds (44). Mevalonate,
the end product of the HMG-CoA reductase reaction, is a precursor to many other path-
ways requiring isoprenoids, including posttranslational modification of proteins
involved in diverse cellular functions. Among the biological processes associated with
atherosclerotic progression that are modulated by HMG-CoA reductase inhibition are
endothelial cell health, inflammation, myocyte proliferation and migration, plaque sta-
bility, thrombosis, angiogenesis, and platelet activation (34,35). Statins were originally
developed to lower plasma cholesterol levels in patients with atherosclerotic CVD, a
condition for which elevated plasma cholesterol is a well-established risk factor. It is
now recognized that the benefits of statin usage extend far beyond that which can be
explained by direct effect of lowering plasma lipids concentrations to the so-called
pleiotrophic effects (34,35). The association between statins and nonatherosclerotic
conditions, such as Alzheimer’s disease (37–40), may be caused by an improvement of
vascular health via plasma lipid lowering or by pleiotrophic effects, including a direct
effect on neurons (45,46).

BIOLOGICAL PLAUSIBILITY FOR STATINS AS BENEFICIAL FOR ARM

The eye tissues affected by ARM are the photoreceptors, the RPE (a cellular layer
dedicated to sustaining photoreceptor health), the choriocapillaris (the blood supply to
the photoreceptors and the RPE), and Bruch’s membrane (a thin vascular intima
between the RPE and the choriocapillaris) (47,48). ARM is a multifactorial process,
involving a complex interplay of genetic and environmental factors. Early ARM is
characterized by minor-to-moderate vision loss associated with characteristic extracel-
lular lesions and changes in RPE pigmentation and morphology. Lesions between the
RPE basal lamina and Bruch’s membrane can be either focal (drusen) or diffuse (basal
linear deposits). Late ARM is characterized by severe vision loss associated with exten-
sive RPE atrophy with or without the sequelae of choroidal neovascularization, that is,
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in-growth of choroidal vessels through Bruch’s membrane and under the RPE in the
plane of drusen and basal linear deposits. 

There are potentially multiple biological bases for a potential association between
statins and ARM, as statins could reduce the incidence of ARM through direct plasma-
lipid lowering or through pleiotrophic effects as described above. With regard to the
potential for a lipid-lowering effect, it is notable that Bruch’s membrane accumulates
lipids including cholesterol with normal aging, and cholesterol is a ubiquitous compo-
nent of drusen in normal and ARM eyes (49–56).

The relative contributions of plasma lipoproteins and local cells to this cholesterol
are still under investigation although recent evidence points to the fact these particles
are intra-ocular in origin (51). Studies of normal human Bruch’s membrane cholesterol
composition have implicated both local cells and plasma lipoproteins as sources
(50,54), but cholesterol has not been detected in Bruch’s membrane following diet-
induced hypercholesterolemia in mice (57–59). However, apolipoprotein B, the princi-
pal protein of the atherogenic plasma lipoproteins (60), is detectable in drusen, basal
deposits, and in inner Bruch’s membrane in association with basal deposits (49), where
it could undergo modifications with deleterious impact on surrounding cells (61).

With regard to the potential for pleiotrophic effects, it is notable that many of the
same processes that occur in the atherosclerotic intima likely also occur in ARM.
Neovascularization is a major complication in both conditions (62,63). Therefore, angio-
genesis and associated processes such as metalloproteinase activity (64) are potential
points of statin modulation. Choroidal neovascular membranes associated with ARM
include macrophages (65,66) and smooth muscle actin-positive cells (67), which may
respond to statin. Drusen contain many proteins associated with inflammation and com-
plement activation (68), and multiple lines of evidence point to a role for inflammatory
processes in ARM progression (69). Statins affect RPE cell survival and morphology in
vitro (70). The challenge for future laboratory research will be to determine which
processes are modulated by statins in vivo and therefore are may be primarily responsible
for the purported beneficial effects observed in some epidemiological studies.

EXISTING STUDIES ON CHOLESTEROL-LOWERING MEDICATIONS
AND ARM

Observational studies evaluating a potential association between plasma cholesterol
and ARM risk have yielded conflicting results. Although the mechanism of putative
action for lipid levels in the development of ARM is unknown, laboratory evidence
suggests local rather than systemic sources of cholesterol may contribute to ARM
pathogenesis. First, there is a ubiquitous presence of cholesterol in drusen and the accu-
mulation of lipid deposits in Bruch’s membrane of older eyes, and second, there is evi-
dence that the RPE is capable of producing cholesterol (49–55). In addition to the
potential role of a statin in lowering plasma and potentially ocular lipid concentrations,
statins have been shown to have a number of pleiotropic effects, such as helping to
restore endothelial cell function, enhance atherosclerotic plaque stability, and decrease
oxidative stress and vascular inflammation (35). These pleiotropic effects of statins,
though well characterized for cardiovascular outcomes, have yet to be definitively
linked to a reduction in ARM risk. 
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To date, there have been 10 published studies on the relationship between cholesterol-
lowering medications, including statins and ARM. Table 1 summarizes the results of each
of these studies. Four of these studies (30–32,71) provide support for the potential protec-
tive role of statins, three of which reported statistically significant results studies (30,31,71),

Table 1
Summary of Studies Investigating the Association Between Statins 
and Cholesterol-Lowering Medications and ARM

Reference
Reference no. Study design Study population Primary finding

McCarty 31 Cohort Population-based sample, OR 0.2
et al., 2001 aged 44 and older, Victoria, 95% CI 0.0–1.9

Australia (n = 580)
McCarty 76 Cross- Population-based sample, OR 1.7a

et al., 2001 sectional aged 40 and older, Victoria, 95% CI 1.1–2.5
Australia (n = 4345)

Klein 72 Cohort Population-based cohort, OR 0.9a

et al., 2001 aged 43 and older, 95% CI 0.5–1.8
Wisconsin, US (n = 3,684)

Hall 32 Cross- Convenience sample, OR 0.1
et al., 2001 sectional aged 65 to 75, Sheffield, 95% CI 0.0–0.8

UK (n = 379)
van Leeuwen 74 Cohort Population-based cohort, HR 1.0

et al., 2003 aged 55 and older, Rotterdam, 95% CI 0.7–1.5
the Netherlands (n = 5241)

Klein 73 Cohort Population-based cohort, OR 1.1
et al., 2003 aged 48 and older, 95% CI 0.7–1.7

Wisconsin, US (n = 2780)
McGwin 30 Case- Males, 50 and older, Alabama, OR 0.3

et al., 2003 control US (n = 550 ARM cases; 95% CI 0.2–0.5
n = 5500 non-ARM controls)

van Leeuwen 75 Cohort Population-based cohort, 43 OR 1.0a

et al., 2004 and older, pooled from 95% CI 0.6–1.6
the Netherlands, US,
and Australia (n = 8649)

McGwin 71 Case- Population-based cohort, OR 0.8a

et al., 2005 control aged 45 to 65 at enrollment, 95% CI 0.6–1.0
selected communities in
NC, MS, MN, and MD,
United States (n = 15,792)

McGwin 77 Case- Population-based cohort,
et al., in press control aged 65 and older at enrollment, OR 1.4

selected communities in 95% CI 1.0–2.0
NC, CA, PA, and MD,
United States (n = 2755)

aCholesterol-lowering medication rather than statin use.
OR, odds ratio; HR, hazard ratio; CI, confidence interval.



190 McGwin and Owsley

whereas the fourth study was borderline significant (p = 0.11) (31). Four studies have
reported null associations (72–75) and two studies have reported that statins increase the
risk of ARM (76,77). There was geographical diversity across all of these studies though
the demographic characteristics of the study populations were generally similar. 

This heterogeneity in previous study results is somewhat expected given that some
studies have determined the presence of ARM using standard techniques (i.e., fundus
photography), whereas others have relied upon administrative data sources. Another
problem, probably more serious, is that all of the studies to date have been secondary
data analyses. That is, the data used in these analyses was not primarily collected for
the purpose of testing the hypothesis in question. Such analyses are commonplace in
clinical science and can yield valid results; however, because the primary variables of
interest are not collected with an explicit hypothesis in mind, limitations often arise. 

In the context of the studies in Table 1, perhaps one of the greatest limitations in
this regard is the lack of explicit information pertaining to statins vs other cholesterol-
lowering medications. For example, the studies by McCarthy et al. (76), Klein et al.
(73), van Leeuwen et al. (74), and McGwin et al. (71) presented data with respect to
cholesterol-lowering drugs (e.g., statin, cholestyramine, clofibrate, colestipol, gem-
fibrozil, and others related to bile sequestrants, antihyperlipidemic, and vitamin B3)
and not statins in particular. The consequence of aggregating statins with other non-
statin cholesterol-lowering drugs depends on the hypothesized mechanism of action
behind the relationship between statins and ARM, an issue discussed in greater detail
in the subsequent section. Briefly, if the hypothesized mechanism is via a lowering
of cholesterol levels, then one might expect a similar association for statins as for
nonstatin drugs. However, if the mechanism of action is not solely via a lowering of
cholesterol but rather attributable, at least in part, to a characteristic specific to
statins, then studies combining statins and nonstatins would produce estimates that
are biased towards the null. To date, only one study has simultaneously compared
the relationship between statins and nonstatins and ARM (30). McGwin et al. (30)
reported no reduced risk for ARM associated with nonstatin cholesterol-lowering
drugs, but a significantly reduced risk associated with statin use. This evidence,
albeit limited, supports the feasibility of a statin-specific effect and suggests that the
null associations observed in studies that did not separate nonstatin cholesterol low-
ering drugs from statins might be biased towards the null. Further evidence for a
non-cholesterol lowering mechanism is the lack of a consistent association between
elevated cholesterol levels and the risk of ARM (78–83).

Because all of the studies were secondary analyses using existing cohorts, despite
the large sample sizes, the ultimate number of subjects who developed ARM was often
small, as in the case of the McCarthy et al. (31) and Klein et al. (72,73) studies. This,
in turn, equates to lower statistical power to detect associations, particularly those that
are modest in size. 

Yet another limitation of many of the existing studies is failure to account for the
temporal relationship between statin use and the onset of ARM. For example, the cross-
sectional studies by Hall et al. (32) and McCarthy et al. (76) documented the presence
of ARM and statin use simultaneously. Our own recent work also suffered from the
same limitation (71,77). Thus, we cannot be certain the extent to which the reported
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statin use preceded, and by how much, the development of ARM. Despite the use of the
case-control design, McGwin et al. were able to address this issue by using a nested
case-control design (30). Thus, they only considered statin use that occurred prior to
ARM diagnosis. As previously noted, much of the research on statins and ARM comes
from secondary analysis of existing cohort studies. The cohort design will generally
ensure that the primary exposure of interest is present prior to the occurrence of the pri-
mary outcome of interest. It is important to note that the follow-up time in many of
these studies was relatively short, for example 5 yr in one study (73). However, given
that statins did not become widespread until 1993, the follow-up time for any cohort
study conducted presently would be no greater than 11 yr. Further, many of these stud-
ies did not quantify duration of statin use. Thus, the null associations may be the result
of a heterogeneous mixture of short- and long-term statin users; for the former group,
the short duration of time between use and potential onset of ARM may be too short to
have had any potential impact on the risk of ARM. Two studies have addressed the
duration issue and reported differing results. van Leeuwen et al. (74) found no associa-
tion between statin use (or use of any cholesterol-lowering drugs) and ARM, regardless
of the duration of use. However, there were only 25 subjects who developed ARM dur-
ing the follow-up period of this study, resulting in low statistical power to detect an
association. McGwin et al. also evaluated duration of statin use and documented a
stronger association for past vs current users and for those who had used statins for a
longer period of time (30).

Among the studies in Table 1, there are a variety of other lesser limitations that,
although unlikely to account for the heterogeneity of results, hamper the ability to draw
any firm conclusions from the body of research. For example, some studies relied upon
self report of statin use, whereas others had independent sources of such information
(e.g., pharmacy records); several studies had low response rates therefore introducing
opportunity for selection bias; and finally, several studies failed to account for the
impact of potentially confounding characteristics, some of which are potentially strong
confounders (e.g., smoking, nutritional characteristics).

The aforementioned research described here is limited to those studies evaluating
the potential role of statins in the prevention of ARM; there is an emerging body of
research suggesting that statins may be an effective treatment for patients with ARM.
Recently, Wilson et al. (84) evaluated the hypothesis that treatment with statins is asso-
ciated with a reduced risk of choroidal neovascularization (CNV) in patients with ARM.
The results of this study indicated that, in fact, statin use appeared to reduce the risk of
CNV independent of other potentially confounding characteristics (e.g., smoking). This
result is consistent with that from one other study wherein cholesterol-lowering med-
ications were found to reduce the progression of ARM (31). Although indirect, this
body of research provides support for a potential effect of statins on ARM.

SUMMARY

ARM is an important cause of vision impairment. The lack of effective treatments,
particularly in the earliest stages of the disease, underscores the need for continued
research on risk factors for preventing ARM from occurring in the first place. The
evidence from observational studies for a relationship between statins and ARM is
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equivocal yet there are a sufficient number of studies suggesting a protective associa-
tion as well as significant limitations across all studies to leave the question open to
further research. There are several mechanisms by which statins might reduce the risk
of ARM. The cholesterol-lowering and anti-inflammatory properties of statins are
among the most frequently mentioned mechanisms. However, additional research is
needed to support or refute these mechanisms or reveal additional ones. Additional epi-
demiological studies are also needed. Despite the rapidly growing body of literature on
the relationship between statins and ARM, all studies to date have been secondary
analyses and, therefore, possessed specific limitations that likely contribute to the het-
erogeneity of observed results and prevent firm conclusions from being drawn.
Although the evidence to date is sufficient to support the conduct of a clinical trial,
there is debate regarding this issue (85,86). Thus, in the absence of support for such an
endeavor, an observational study specifically design to test the association between
statins and ARM is needed. Such a study would address the limitations of published
studies to date, therefore providing further, perhaps more valid, results but also prelim-
inary data required for a randomized clinical trial. 
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INTRODUCTION

Drusen are yellowish-white subretinal deposits that vary in size and composition.
Often easily visible during slit lamp biomicroscopy, they tend to present in multiple
morphologies that may vary throughout the lifetime of an eye. The mystery surrounding
their relevance has been at the center of attempts to understand age-related macular
degeneration (AMD) over the past several decades (1).

DRUSEN CHARACTERISTICS AND SUBTYPES

Drusen subtypes should be understood in the context that drusen formation and regres-
sion is an extremely dynamic process, and drusen manifestation in the same patient
evolves. Subtypes have been elucidated well by Sarks and colleagues (2). Most drusen
may be divided into either soft or hard drusen. Hard drusen have well-defined borders
and are no larger than 63 μm in diameter (3). They have not been found to be associated
with advanced AMD (geographic atrophy [GA] or choroidal neovascularization [CNV])
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and are generally considered benign when present alone. Soft drusen, sometimes postu-
lated to form from hard drusen or from a membranous component of the basement mem-
brane of the retinal pigment epithelium (RPE), tend to be larger in size and may be
coalescent (2). They can be divided into soft distinct drusen, which have uniform
reflectance throughout, and soft indistinct drusen, the reflectance of which tapers off
toward the boundary and often blends with the background (2). Other types of drusen
have also been noted. Reticular pseudodrusen are seen in the peripheral macula as a lacy,
lobular pattern whose histopathological correlate is uncertain and are probably not
drusen at all (2). There are also cuticular drusen, a descriptive term referring to small nod-
ules in large numbers emanating from the inner portion of Bruch’s membrane (4).
However, Russell et al. have differed concerning the uniqueness of cuticular drusen, and
suggest that they are indistinguishable from drusen found in AMD (5).

DRUSEN AS A RISK FACTOR 

Soft drusen are a clear risk factor for the development of advanced AMD. The Blue
Mountain Eye Study demonstrated that the presence of drusen 125 μm or larger, soft
indistinct or reticular drusen, were amongst the chief risk factors for the progression to
CNV (6). The Beaver Dam Eye study found there was a 100 times greater risk of devel-
oping CNV in eyes of patients with established early AMD with drusen formation or
retinal pigmentary abnormalities when compared to eyes with no evidence of drusen or
pigment change (7). The macular photocoagulation study (MPS) also found that large
drusen, and five or more soft drusen, were risk factors for progression to advanced
AMD (8). For further details on the epidemiology of drusen in AMD, please see the
companion chapter by Klein. 

DRUSEN COMPOSITION

Drusen composition has also been studied in greater detail recently. Studies by
Hageman et al., as well as Crabb et al., have resulted in a more precise elucidation of
the composition of macular drusen (9,10). Drusen are aggregates of lipids, glycolipids,
proteins and other cellular elements. Following isolation of drusen from Bruch’s mem-
brane, Crabb et al. conducted proteome analysis that isolated many common proteins in
drusen including TIMP3, clusterin, vitronectin, and serum albumin (10). An intriguing
group of compounds isolated were carboxyethyl pyrrole protein adducts. These adducts,
a result of oxidative damage to proteins, suggest that age-related oxidative damage to
tissues (vascular elements or elements intrinsic to Bruch’s membrane and the RPE) con-
tributes to drusen formation.

DRUSEN IN OTHER DISEASES 

Diseases other than AMD may present with drusen. For example, Doyne’s honey-
comb macular dystrophy presents with drusen that appear as white or brownish-white
deposits occupying the posterior pole in a honeycomb pattern (11). Doyne’s honeycomb
and a related phenotype, Mallatia Leventinese, are caused by mutations in the EFEMP1
protein, an extracellular matrix protein, providing yet another genetic link between
drusen and its etiology (12). Unlike AMD, these present in the third to fourth decade of
life. Drusen can also be seen in systemic diseases such as membrano-proliferative



Role of Drusen in Macular Degeneration 199

glomerulonephritis (13). Sometimes, choroidal melanomas will have overlying drusen
(14). Nevertheless, the most common cause of drusen remains by far AMD, a disease
afflicting millions of elderly. 

PATHOPHYSIOLOGY OF DRUSEN 

Historical Theories

Drusen were first noted by Muller (15). Muller theorized that drusen were congre-
gate deposits of secretions from RPE membranes onto Bruch’s membrane (the “deposi-
tion theory”). Donders proposed that rather than deposits, drusen were actually just
degenerated RPE cells (the “transformation theory”) (16). Both theories held paramount
the role of RPE dysfunction in the generation of drusen. 

Although RPE dysfunction remains a central tenet in the current understanding of
drusen, inflammation, inflammatory mediators, and choriocapillaris dysfunction have
recently been implicated in drusen formation.

Inflammation

Hageman et al. (9) proposed a unifying theory of drusen biogenesis that places the
role of the dendritic cell, an antigen-presenting cell, as the primary instigator of drusen
formation. Hageman finds that dendritic cells accumulate in areas of drusen formation
at a very early stage, and after nucleation of the drusen, the subsequent inflammatory
processes direct further aggregation of compounds. These include complement media-
tors, complement inhibitors such as vitronectin, amyloid compounds, HLA-DR, as well
as coagulation factors such as Factor X, and prothrombin. Hageman argued that these
inflammatory and immune compounds play a central role in drusen biogenesis, espe-
cially if combined with genetic alterations that might predispose to decreased clearance
of debris. Ambati et al. described just such an alteration (17).

Inflammatory Factors and Drusen

Ambati et al. demonstrated that mice that lack a chemoattractant for macrophages
develop accumulations of drusen-like material (17). These ccl/r-2 deficient mice devel-
oped an AMD-like disease in the absence of functional scavenging macrophages. These
data were therefore suggestive that macrophages play a critical role in maintaining
homeostasis in the environment of Bruch’s membrane and the RPE, and thereby prevent
buildup of compounds leading to drusen formation. 

The Vascular Theory

Further evidence recently has indicated that the anticholesterol drug family known as
the statins decreases the rate of AMD progression. Wilson et al. (18) demonstrated that
patients taking statins demonstrated a lower rate than controls of progression from early
to advanced AMD. 

This supports the notion that the choriocapillaris and vascular factors play an impor-
tant role in the progression of AMD. Friedman proposed that decreased compliance of
ocular tissues and progressive narrowing of the macular choriocapillaris due to infiltra-
tion with lipid result in increased intraocular vascular resistance and increased chorio-
capillaris pressures (19). These high pressures prohibit clearance of lipoprotein debris
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secreted by the RPE, thereby resulting in drusen deposition. Further, calcification and
fracture of Bruch’s membrane may predispose to choroidal neovascularization. Here,
we see that drusen may be symptomatic of vascular disease, suggesting that AMD might
be slowed were hypertension and atherosclerosis better controlled. 

Although theories of drusen formation, composition, and relevance abound, it is clear
that drusen play a central role in the physician’s ability to diagnose AMD early, and
perhaps prevent its progression. Further, these theories are not inconsistent. Thus, the
modern model of atherosclerosis (20) as immune-mediated suggests a relationship
between the vascular and inflammatory concepts 

Therapeutic Laser 

Therapeutic attempts to treat early AMD have included laser photocoagulation for
drusen (21). Gass first reported that laser photocoagulation resulted in drusen resolu-
tion, and suggested such prophylactic treatment (22,23). Interestingly, the MPS investi-
gated the role of photocoagulation in treating existing CNV, but not soft drusen in early
AMD (24). Wetzig studied drusen resorption following photocoagulation (in a scatter
pattern) on 77 eyes, without using controls. There was an impressive result of decreased
overall drusen but the 12% progression to CNV raised concerns (25). In a small trial in
1994, Figueroa et al. established that laser photocoagulation to the peripheral macula
could result in resolution of drusen without complications, not only near the treatment site,
but also throughout the rest of the macula (26). In 1998, the Choroidal Neovascularization
Prevention Treatment Group reported that treated eyes with early AMD had a significant
rate of conversion to CNV in patients with CNV in the fellow eye (27). Most of the CNV
developed in the region of laser treatment. As a result, the trial has since enrolled only
patients with no preexisting CNV. Now known as the Complications of AMD Prevention
Trial, it is an ongoing trial of more than 1000 patients with bilateral large drusen only.
Results are expected in late 2006. The European drusen laser study also found laser
contra-indicated in fellow eyes of eyes with CNV (28). Olk et al. are also evaluating sub-
threshold diode laser in the The Prophylactic Treatment of Non exudative AMD Trial,
with early equivocal results (Friberg TR, Results of the Bilateral Arm of the PTAMD,
Macula Society Meeting, February, 2006). Clearly, in the eyes of investigators, there
remains hope that laser treatment may become both safe and effective in the treatment of
patients with early AMD and no evidence of advanced disease. 

IMAGING

Introduction to Retinal Image Analysis 

Clinical medical retinal research, in particular, and visual science in humans, in general,
is based on minimally invasive testing with imaging serving as the surrogate for biopsy.
Given the transparency of ocular tissue, retinal images are able to provide large amounts of
valuable information. Image analysis of the retina can be performed in a variety of settings
ranging from the standard digital fundus photograph, to autofluorescence imaging to
infrared imaging, all of which provide unique information to the viewer. Combined analysis
of imaging data from multiple methods can reveal heretofore-unexpected relationships.

The power of engineering technology to image these lesions in a variety of ways has
grown exponentially, as has the raw digital power to store and process these images.
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Image analysis to interpret this wealth of data unfortunately lagged far behind. Current
systems for analyzing fundus photographs are manual, subjective, and expensive. Efficient
and quantitative analysis of these images in clinical research is therefore needed to 
provide high throughput, cost savings, and accurate conclusions in large-scale studies.
As an estimate, image grading for a study on the scale of Age-Related Eye Disease
Study (AREDS) (29), with a study population of 3640 examined every 6 mo for 6.3 yr,
a total of 46,000 exams, with film photographs graded manually at $150/exam, would
cost $6.9 million. The same study with digital imaging and automatic image analysis
would consume a fraction of these resources.

Color Fundus Photography 

As previously mentioned, extensive drusen area as seen on the fundus photograph 
is the greatest risk factor for the progression of AMD (1,8,30–35). Historically, the accepted
standard for drusen grading in AMD was manual grading of stereo photographic pairs at
the light box, for example as refined by Klein et al. in the Wisconsin grading system (3,36).
However, there was always difficulty in obtaining inter-observer agreement in drusen iden-
tification. Inter-observer agreement in the presence of soft drusen only was 89% and on the
total number of drusen was 76% in one study by Bressler (37). Further, examiners were
asked to aggregate mentally the amount of drusen occupying a given macular subfield (3),
as in the International System where drusen areas were estimated to within 10 to 25% 
or 25 to 50%, and so on (36). Even these semiquantitative estimates proved difficult for
human observers. Clearly, there was a pressing need for techniques that allowed more pre-
cise and confident measurements of macular drusen loads, e.g., to within 5%, to improve the
quality of data being gathered in clinical trials and epidemiological studies. 

Autofluorescence, Drusen, Lipofuscin 

In addition to standard fundus photography, autofluorescence (AF) imaging with the
scanning laser ophthalmoscope (SLO) has played a greater role in understanding drusen
and AMD. It is already clear that the autofluorescence of RPE lipofuscin, which con-
tains known fluorophores including A2E, is related to AMD (38,39). In a landmark
study, von Ruckmann et al. demonstrated focally increased AF (FIAF) in a broad range
of AMD patients (40,41). For further details on the relationship of RPE lipofuscin to the
cell biology of AMD, see the companion chapter by Sparrow. Lipofuscin is also imaged
by AF as it accumulates in the flecks of juvenile macular degeneration or Stargardt dis-
ease (STGD). For greater details, see Chapter 5 (the companion chapter by Allikmets). 

Recent work has dealt with the relationship between the distribution of drusen and
increased or decreased AF. The subjective study of Lois et al. (40) reported that FIAF
and drusen are mostly independent markers for Stage 3 AMD. However, evidence using
image registration techniques subsequently pointed to a possible co-localization between
drusen and autofluorescence when only large soft drusen are present, and changes in
this relationship when pigment abnormalities or geographic atrophy are also present
(42). See Figs. 1 and 2. Image registration allows precise comparison between fundus
photographs and AF images. These techniques may prove consequential in future 
studies of the dynamic characteristics and life history of drusen as they correspond to
lipofuscin distribution in a patient with AMD.
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Fig. 1. (A) Original AF image. Image has been registered with the color photo (E). Note exact
vascular correspondence, verifying good registration. The red dots show the selection of AF
background, avoiding vessels and FIAF. (B) Geometric model constructed from the background
points of AF image. (C) AF image leveled by the model constructed from the background dots.
FIAF centrally, which was dim in the original, is now distinct. (D) FIAF segmentation by an
Otsu threshold. (E) Original fundus image with drusen (3000-μm region). (F) Green channel of
original image. (G) Drusen segmentation by leveling/thresholding (F), superimposed in green on
(E). (H) FIAF superimposed on the drusen in the color photo, showing 78% of FIAF co-localized
with drusen.

Fig. 2. (A) The original fundus photograph with drusen and GA. (B) Drusen segmented by
the automated method and overlaid on (A). (C) The AF image has been registered with the fun-
dus photograph and segmented in (D) into atrophic regions with decreased fluorescence, pur-
ple, and FIAF, pink, regions. The FIAF lesions, with excess lipofuscin, may precede atrophy.
(E) Drusen (green) overlaid on the contrast-enhanced image. (G) Same detail of AF image (D).
(F) Hypofluorescent (28% of this section) and hyperfluorescent (13%) regions are overlaid 
as fluorescent “stains” on the isolated drusen. Total drusen (28% of this section) are thus
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Infrared Imaging

Near infrared (IR) reflectance imaging can also be performed with the confocal SLO
(cSLO). IR imaging of the macula by cSLO was first aimed at the detection of drusen
and subretinal structures (43–47). Kirkpatrick (43) found IR less reliable than photo-
graphy for drusen identification. Elsner (44) demonstrated the presence of small (<25 μ)
hyperreflectant subretinal deposits in most normal subjects over age 20 and in all AMD
subjects. These deposits were not visible in photographs, but larger deposits in AMD
subjects correlated with photographically visible drusen. IR images of patients with
early STGD show more abnormalities than do photographs (48), owing to the sensitivity
of IR imaging to pigmentation of the RPE. 

A precise accounting of all AMD lesions in a given macula also provides the best
possible phenotypic data to correlate with environmental and genetic risk factors. In a
complex disorder like AMD, with widely varying phenotypes and multiple risk factors,
these relationships can be uncovered only with very large data sets such as in the AREDS
study. From this will flow a wealth of quantitative relationships, thereby improving the
likelihood of discovering significant phenotype–genotype correlations. The discovery
of specific DNA mutations associated with AMD lesions could form the basis for early
diagnosis of individuals at risk, as well as the development of therapies based on 
specific molecular defects. These advances would extend profound health and social
benefits to our aging population.

As the parallel tasks of segmenting drusen and RPE abnormalities in color fundus
photographs and analyzing AF and IR abnormalities in SLO images proceed, image reg-
istration directly compares the features in these three imaging modalities. Segmentation
and registration of macular images permits construction of disease metrics for under-
standing the relationships between disease components. Early work by Goldbaum et al.
and Hart et al. (49,50) pointed this out. Many general registration techniques are avail-
able (51). Montaging and mosaicing (52–55) have also been explored for rapid image
alignment. Unfortunately, systematic research using ophthalmic image registration to
study disease processes has just begun. For example, Lois et al. studied the relationship
of AF abnormalities with drusen in a completely subjective manner (40) and concluded
that they were essentially independent. However, image registration and quantitative
lesion segmentation demonstrated significant co-localization of drusen and hyper AF in
Stage 3 AMD (42). In view of the importance of AF, registration of photographs, and
SLO images for data fusion, an established technique in computer vision (56–58) would
seem essential for understanding disease mechanisms. Digital registration of serial fun-
dus photographs for analysis of AMD lesions such as drusen or GA, carries obvious
advantages (58), but manual methods continue to predominate (59,60).

Fig. 2. (Continued) subdivided into normo- (15%), hyper- (3%), and hypofluorescent (10%)
drusen. In particular, the coincidence of drusen and FIAF (3%) is a small portion of this 
section. (H) Reversing the overlay (placing the drusen on top of the FIAF) demonstrates the
more extensive FIAF (pink) adjacent to, but not within, the drusen and GA (10% of this 
section). The remainder (3%) of the hyper AF that co-localized with drusen hence comprises
only 3 out of 13 (23% )of the total FIAF.
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Digital Fundus Photography and Segmentation of Drusen

Digital image analysis techniques faced three significant obstacles in drusen identi-
fication (43,61–66). First, the inherent nature of the reflectance of the normal macula is
nonuniform. There is less reflectance centrally and increasing reflectance moving out
towards the arcades. Local threshold approaches to drusen segmentation met with only
partial success because the background variability limited the extent to which purely
histogram-based methods could succeed. This increased the need for operator interven-
tion and has been the main obstacle to automating drusen segmentation. 

The second major obstacle to drusen identification has been that of object recognition.
A computer must ultimately learn to differentiate drusen from areas of retinal pigment
epithelial hypopigmentation, exudates and scars. Goldbaum suggested subtleties of
coloration and shape as modes of automated recognition (67). However, this subject has not
been developed further and, at present, the complete attention of the operator during the
preprocessing phase is required to exclude such confounders in approx 20% of images (68).

The third major obstacle to drusen identification and equally challenging is that of
boundary definition: soft, indistinct drusen have no precise boundary and, thereby, the
solution to their segmentation, by definition, cannot be precise. The central color fades
into the background peripherally, and on stereo viewing there is no well-defined edge.
Soft drusen, that are confluent or coalesce as part of the natural course of AMD are par-
ticularly “boundaryless.” Practical segmentation of drusen then requires that areas of
drusen determined by a digital method agree, in aggregate, with the judgments of a
qualified grader. This approach was adopted by Shin et al. for validation of their method
(61). However, expert manual drawings themselves are necessarily variable. In some
cases, expert manual drawing can vary as much as digital segmentation methods.
Indeed, specificity and sensitivity calculations for expert manual drawings of two reti-
nal experts can demonstrate significant inter-observer differences (69). Therefore,
achieving comparable accuracy in automated drusen segmentation relative to an accept-
able stereo viewing expert grader remains a laudable goal during refinement of the
digital segmentation methods. 

An objection to digital techniques generally might be loss of information compared
to color slides, but recent work by Lee et al. and Scholl et al. has demonstrated that even
compressed images perform well for drusen identification (70,71).

Complex images combining drusen and RPE hypopigmentation are more difficult,
because these lesions may not be separable on green channel reflectance alone (63). The
use of red-green color space discriminants has been suggested (67) with very limited
results. Modern neural net techniques and matrix factorization techniques merit inves-
tigation (72–74). Now, we will take a closer look at digital segmentation methods as
they have been developed thus far. 

AUTOMATED DRUSEN MEASUREMENT BY THE MATHEMATICAL
BACKGROUND MODEL

The Concept

The key concept in this method, which is called background leveling, uses a mathe-
matical model to reconstruct the macular background from selected subsets and then



Role of Drusen in Macular Degeneration 205

remove this background variability from the entire image. This allows global threshold
selection for uniform object identification, freed from the local thresholding obstacle that
had so far prevented digital methods from being effective. This concept is quite general,
i.e., not restricted to ophthalmic images, and appears to be original in the medical and
imaging literature. In the macular applications, the algorithm gains additional power by
exploiting the specific geometry of macular reflectance, as will be described. Further,
despite the past inadequacy of adaptive histogram techniques, they become much more
effective for automated thresholding after the model has leveled the background. 

The first step was to demonstrate that the mathematical model, quadratic polynomials
in several zones with cubic spline interpolation in blending regions between the zones,
can approximate the global macular image background of a normal photograph or AF
image with sufficient accuracy to allow its reconstruction and leveling (75–77). The next
step was to show that the model, operating on user-defined subsets of background data
in abnormal images, was still capable of accurately leveling the background for reliable
segmentation of drusen (78). Finally, background leveling was combined with the well-
known histogram-based Otsu method (79) for background selection and final threshold
selection to achieve a largely automated method of drusen segmentation (69).

Algorithm for Drusen Segmentation

The following synopsis of the key steps in the automated algorithm illustrates these
principles. Many elementary image-processing details are omitted and can be found in
Smith et al. (69).

In this example, the region studied was the central 3000-μm diameter circle (the com-
bined central and middle subfields defined by the Wisconsin grading template: central
subfield, the 1-mm circle of diameter; middle subfield, the 3-mm annulus of outer diam-
eter). The green channel, in which drusen have the greatest contrast, is extracted from a
high-resolution digital fundus photograph or digitized film photograph.

Operator Preprocessing

Any potential confounding lesions such as GA or marked RPE hypopigmentation
with elevated green channel values are removed manually. It has been estimated this
would be necessary in about 20% of cases (68).

Luteal Compensation

The first step is a luteal pigment correction applied to the green channel of the stan-
dardized image. The ratio of the median values of the histograms of the green channel
in the middle and central subfields was calculated. This ratio was applied to a Gaussian
distribution centered on the fovea and having a half-maximum at 600-μm diameter. The
green channel was multiplied by this Gaussian to produce the luteal compensated
image. All further processing and segmentation was carried out on this image.

Two Zone Math Model

Zone 1 is the central subfield, Zone 2 the annulus of diameters 1000 and 3000 μm.
The pixel gray levels were considered to be functions of their pixel coordinates (x,y) in
the x–y plane. The general quadratic q (x, y) = ax2 + bxy + cy2 + dx + ey + constant in two
variables was fit by custom software employing least squares methods to any chosen
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background input of green channel gray levels to optimize the six coefficients (a, b, c, d, e,
constant) (76). In this case, the model consisted of a set of two quadratics, one for each
zone, with cubic spline interpolations at the boundary (76).

Initial Background Selection by Otsu Method

The automatic histogram based thresholding technique known as the Otsu method
(79) in each zone provided initial input to the background model. Briefly, let the pixels
in the green channel be represented in L gray levels [1, 2,…,L]. Suppose the pixels are
dichotomized into two classes C0 and C1 by a threshold at level k. C0 denotes pixels with
levels [1,…,k] and C1 denotes pixels with levels [k + 1,…,L]. Ideally, C0 and C1 would
represent background and drusen. The Otsu method uses the criterion of between-class
variance and selects the threshold k that maximizes this variance (79).

The Otsu method can be generalized to the case of two thresholds k and m, where there
are three classes C0, C1, and C2 defined by pixels with levels [1,…,k], [k + 1,…,m], and
[m + 1,…,L], respectively. In a given image, these classes might represent background,
objects of interest, and other objects (e.g., retinal vessels), in some permutation. The 
criterion for class separability is the total between-class variance.

The Otsu method may also be performed sequentially to subdivide a given class. That
is, if a given class C is already defined, then C may be treated as the initial histogram
and one can apply an Otsu method to subdivide C into two (or three) classes.

Operator Choices (Supervision)

The two-threshold Otsu method was used to provide an initial segmentation by
thresholds k and m in each region into three desired classes: C0 (dark nonbackground
sources, e.g., vessels and pigment), C1 (background), and C2 (drusen). In particular, for
each region there was an initial choice of background, C1, for input to the mathemati-
cal background model. The operator could also modify the Otsu method by choosing
among two other options: (1) If multiple large, soft, ill-defined drusen were present,
the upper (drusen) thresholds were each reduced by four gray levels; (2) If few drusen
(5% range) were present in a region, the drusen class C2 was subdivided again by the
single threshold Otsu method, with the higher values becoming the new C2 and the
lower values included in C1. These were the only operator decisions needed to deter-
mine C1 (the background) for input to the model. The rest of the algorithm up to final
segmentation was completely automatic. 

Background Leveling and Iteration

Let Z be the luteal corrected image data and let Q be the two quadratic, two-zone
model blended by cubic splines at the 1000-μm boundary, that was fit to the back-
ground data C1 in each zone determined by the Otsu method specified previously. The
first leveled image Z1 is defined as

Z1 = Z – Q + 125

The constant offset 125 maintains an image with mean approx 125. The process can
now also be iterated if desired, with the leveled image input to this algorithm. The final
drusen segmentation was then obtained by applying the specified Otsu method to the final
leveled image and removing any confounding lesions identified in manual preprocessing.
In practice, the final results changed little after two iterations of the leveling process.
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Validation 

Validation with the established standard of stereo fundus photo grading was obtained
manually as follows: a retinal expert drew on a graphic tablet the boundaries of all lesions
identified in a suitably contrast-enhanced image. As the user drew, the 1-pixel pencil
tool in Photoshop (Photoshop 7.0, Adobe Systems Inc., San Jose, CA) outlined the
lesions in a transparent digital layer. Reference was also made as needed to the stereo
fundus photographs to determine the exact boundary. Drusen areas were measured, and
in cases in which the experts disagreed by more than 5%, the two graders collaborated
to redraw to consensus. On a total of 20 images, the drusen areas were also measured
by the automated method and compared to a stereo viewing drawing of an expert grader.
False-positive pixels (drusen areas found by the automated method but not selected by
the retinal expert) and false-negative pixels (drusen areas selected by the retinal expert
but not selected by the automated method) were also identified. The specificity and 
sensitivity of the automated method were 0.81 and 0.70, respectively. 

APPLICATION: SEGMENTATION AND CO-LOCALIZATION 
OF DRUSEN AND AUTOFLUORESCENCE

The model was used to level the background and perform precise segmentation of
drusen in fundus photographs and FIAF in SLO images from a patients with Stage 3 AMD
(large, soft drusen and no pigment abnormalities). A close relationship was demonstrated
in the registered images between the spatial distribution of drusen and FIAF (Fig. 1). In
other patients with Stage 4 AMD (large, soft drusen and GA), the FIAF occurs in the bor-
der zone of the GA and adjacent to some drusen, but no longer coincident with the drusen
(Fig. 2). This small series suggested that focal lipofuscin accumulation in AMD as meas-
ured by autofluorescence largely co-localizes with soft drusen in Stage 3 and then the rela-
tionship changes in the presence of pigment abnormalities. This suggested that dispersal
of drusen-associated lipofuscin may be a marker for disease progression in AMD.

THE FUTURE OF MACULAR IMAGE ANALYSIS

The future lies in the further development of efficient algorithms for segmentation,
classification, and quantitative analysis of retinal images in register, each carrying 
different information, to yield powerful tools for quantitative macular research and
telemedical applications for early disease detection. The global mathematical models
described herein for photographs and SLO images will be applied to image data from
techniques such as fluorescence lifetime (80) and hyperspectral (81,82) imaging not yet
deployed in AMD research. With these data researchers will move beyond lesion iden-
tification and be able to identify in vivo individual molecular signatures. As we exploit
new information from disease metrics based on data fusion from all these images in
registration, there will inevitably be process failures and sources of outcome variability
such as lens effects. New algorithms will be developed to remedy them. 

Background leveling may be useful as a preliminary step before other image analy-
sis tools are employed (83,84). Modern hierarchical neural networks and non-negative
matrix factorizations for spectral decomposition (72–74) are among many powerful
tools in Machine Vision and Pattern Recognition that have not yet reached retinal image
analysis. These digital algorithms will yield scalable integrated systems suitable for
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high throughput in clinical trials and the potential for a deeper understanding of the
pathological pathways and genetic basis of macular disease. 
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INTRODUCTION

The lipofuscin that accumulates in the lysosomal compartment of many nonreplicat-
ing cells, is typically derived from the autophagocytosis of modified cellular material
and exhibits an autofluorescence (AF) emission in the blue (400–500 nm) region (1,2).
The aging pigment of retinal pigment epithelial (RPE) cells is unique, however, because
in addition to autophagy, these nonrenewing cells are burdened by nondegradable mate-
rial derived from the phagocytosis of photoreceptor outer segment (OS) membrane.
Some of the constituents, whether from autophagy or OS phagocytosis, may arise from
proteins and lipid modified by carbonyl–amino crosslinks that form before the mole-
cules enter the lysosome; they likely can also be generated within the lysosomal matrix.
However, studies showing that RPE lipofuscin is profoundly reduced when the 11-cis-
retinal and all-trans-retinal (ATR) chromophores are not circuiting the visual cycle
(3–5) demonstrate that RPE lipofuscin is generated in large part from retinoid precur-
sors. The extensive system of conjugated double bonds within these retinoid-derived
fluorophores probably explains the long wavelength fluorescence emission of RPE



214 Sparrow

lipofuscin (2,6,7). Interest in the structures and modes of formation of these fluo-
rophores stems from mounting evidence that these lipofuscin fluorophores may play a
role in RPE cell dysfunction and death in some retinal disorders. 

PACKAGING OF LIPOFUSCIN IN THE RPE

The lipofuscin of RPE cells is housed within membrane bound organelles—secondary
lysosomes or residual bodies—that, because of their ultrastructural appearance in thin
sections or after isolation by cell fractionation, are also called lipofuscin granules (8–11)
(Fig. 1). Most of the macromolecules phagocytosed by the RPE are hydrolyzed by lyso-
somal enzymes to small molecules that can diffuse out of the lysosome (9), but those
components that are indigestible accumulate as lipofuscin. The membrane that bounds
the lipofuscin-containing organelle has been visualized as a surface structure detectable
by atomic force microscopy (11) with chloroform/methanol exposure producing irregu-
larities in the surface owing to solubilization of phospholipids (11).

Throughout life, the numbers of lipofuscin granules per RPE cell steadily increases (12)
as does the optical density and fluorescence intensity of individual granules (10). The lat-
ter observation indicates an age-related increase in the fluorophore content of these resid-
ual bodies. In young eyes, lipofuscin granules are confined to basilar portions of the RPE,

Fig. 1. Retinal pigment epithelial (RPE) lipofuscin dctected as autofluorescence in human
retina. A section of human retina viewed by phase contrast (A) and epifluorescence (B) imaging.
The brightness at the level of RPE in B is caused by lipofuscin autofluorescence. In an isolated
human RPE cell (C), RPE lipofuscin has a granule-like appearance, indicative of its location
within the lysosomal compartment of the cell. Scale bar, 10 μM.
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whereas melanin granules are located apically (13). In older eyes, however, lipofuscin
granules are located throughout the entire RPE cell. Melanosomes and lipofuscin granules
also undergo a poorly understood age-associated modification that involves the formation
of melanin-lipofuscin complexes (melanolipofuscin granules) (10,12).

CHEMICAL COMPOSITION OF RPE LIPOFUSCIN

The first comprehensive study of the composition of RPE lipofusin was performed
by Eldred and Katz in 1988 (14). From their chromatographical analysis of chloro-
form/methanol extracts of RPE, these investigators described 10 fractions. Two of
these were green-emitting pigments that co-chromatographed with all-trans-retinol
and all-trans-retinyl palmitate, well known retinoids of the visual cycle not suited to
the definition of lipofuscin (7,15). Three of the fractions were orange-emitting fluo-
rophores with excitations in the visible range of the spectrum, features of particular
interest because photoreactions in the RPE can only be initiated by visible light
(>400), shorter wavelengths being absorbed by the cornea and lens. The most promi-
nent of these three fractions was later named A2E (C42H58NO, mol wt 592) (16)
because it could be synthesized from vitamin A aldehyde (16,17) and ethanolamine
(2:1 ratio) and was shown to be readily detectable in extracts of human RPE by
reverse phase high-performance liquid chromatography (HPLC) (18) (Fig. 2). The
spectral characteristics of the other two orange-emitting fractions of Eldred and Katz
suggest that one of them may have been iso-A2E, a less polar photoisomer of A2E
(18,19) (Fig. 2). Whereas all of the double bonds of A2E assume the trans (E) con-
figuration, iso-A2E has one cis (Z) olefin at the C13–14 position and its absorbance
spectra is slightly blue shifted (~12 nm) relative to A2E. Under the influence of light,
both in the eye and on the laboratory bench, A2E and iso-A2E are interconvertible
although the trans configuration is favored at a ratio of 4:1 (18). At least five other
less abundant isomers of A2E are also detectable in hydrophobic extracts of human
RPE (19). These Z-isomers were originally identified because of HPLC retention
times and absorbance spectra that were similar to A2E and an m/z (mass to charge
ratio) (592) that was identical. Four of these isomers are readily accounted for by cis
double bonds at the C9/9′–10/10′ and C11/11′–12/12′ positions whereas the fifth
could contain two cis double bonds. 

A2E is a wedge-shaped molecule with a positively charged pyridine ring and two
side arms—a long and a short—each of which is derived from a molecule of ATR
(16) (Fig. 2). Under in vivo conditions, the counterion of this pyridinium salt is 
presumably chloride (18). Although A2E is often said to be N-retinylidene-N-
retinylethanolamine, a structure initially assigned to it and then withdrawn (17,20),
this nomenclature is incorrect because it does not describe the pyridinium structure
of the head group of A2E (16).

Another constitutent of RPE lipofuscin that has been structurally characterized is
ATR dimer (21,22), a condensation product of two ATRs that forms under conditions of
release of ATR from opsin (Fig. 2). Via its aldehyde group, ATR dimer forms conjugates
with various amines, one of which is phosphatidylethanolamine (PE). A protonated
Schiff-base ATR dimer–PE conjugate has been detected in RPE. Besides having a novel
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structure, ATR dimer–PE has a distinctive absorbance of approx 506 nm that is red-
shifted relative to A2E (~440 nm) (22).

Additional components of RPE lipofuscin are generated by the photo-oxidation of
A2E. These oxidative derivatives of A2E include oxiranes (23) and were originally
identified because of the diminution in A2E fluorescence that accompanies their forma-
tion. By mass spectroscopy analysis, the addition of oxygens at carbon–carbon double
bonds after blue light irradiation is detected as a series of peaks that differ in m/z by 16
starting from the M+ 592 peak attributable to A2E (23,24). Intracellular A2E has been
shown to undergo photo-oxidation following blue light exposure (24). Moreover, it has
been reported that a species with a mass of 608, corresponding to a monoepoxide of
A2E, has been detected in hydrophobic extracts of human RPE cells (25) and A2E
monoepoxides and bisepoxides have been detected in RPE isolated from Abcr–/––/–

mice (26). The addition of oxygens at olefins of A2E leads to blue shifts in A2E

Fig. 2. Structures of some known RPE lipofuscin fluorophores, A2E; its photoisomer, iso-
A2E; and all-trans-retinal (ATR)-dimer-phosphatylethanolamine (PE) conjugate.
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absorbance and to diminished A2E fluorescence; thus, an age-related increase in the
proportion of A2E that is photooxidized could contribute to age-related changes in the
spectral properties of RPE lipofuscin. The gradual weakening of A2E fluorescence
could also account for the observation that lipofuscin fluorescence reaches a plateau or
declines during the later decades of life (27,28). Of course, another explanation for the
latter occurrence is the loss of RPE cells. Differences in the extent to which A2E is
photo-oxidized in individual lipofuscin granules may also contribute to blue shifts in
some granules relative to others (11,29).

The autofluorescent granules that form in RPE cultured at confluence for long periods
of time likely represent inclusions derived from an autophagic source (30). On the other
hand, it is not known whether the fluorescent inclusions that accumulate in cultured RPE
incubated with ultraviolet (UV)-irradiated or nonirradiated OS (31–33) are the same as
native RPE lipofuscin. Photoreceptor-specific proteins, identified according to their
expected molecular weight and immunoreactivity with specific antibodies, have also been
detected within lipofuscin-enriched preparations (34,35), but according to Feeney-Burns
and colleagues, this occurs when the preparations are contaminated by phagosomes
(34). Other retinoid-derived fluorophores in addition to A2E, its photoisomers and photo-
oxidative products and ATR dimer, may also contribute to RPE lipofuscin. For instance,
ATR at high concentrations can form covalent bonds at lysine residues in rhodopsin,
with the result that bis-retinoid adducts having emission spectra similar to A2E, are gen-
erated (36). The accumulation of these adducts on rhodopsin, in vivo, could have the
adverse effect of reducing light sensitivity, may necessitate the constant replacement of
OS membrane (19,37), and may indicate that peptides fragments bearing nondegradable
fluorescent A2-moieties can be deposited in RPE cells following OS phagocytosis. 

Because it was presumed for several years that RPE lipofuscin originates from peroxi-
dized lipid, there has been considerable interest in the lipid content of RPE lipofuscin.
Accordingly, a study of the lipid composition of human RPE lipofuscin granules showed
that the fatty acid composition of lipofuscin granule is different than that in photoreceptor
OS, the source of the precursors that form the lipofuscin38. On the other hand, it is rea-
sonable to expect that the phospholipids that are extractable from lipofuscin granules and
that increase with age in parallel with the increase in lipofuscin granules (11,38) originate
from the phospholipids bilayer that bounds these lipofuscin-containing organelles. OS-
derived products of lipid peroxidation may be present in RPE lipfuscin but are unlikely to
be the major constituent because these blue-green-emitting fluorophores cannot account
for the golden-yellow fluorescence of RPE lipofuscin (6,7,39). Additionally, because lipo-
fuscin granules (40–42) and A2E (43) have both been shown to mediate light-dependent
lipid peroxidation, it would not be surprising if the phospholipid membrane, of lipofuscin-
containing residual bodies, was to undergo lipid peroxidative damage.

A2E BIOSYNTHETIC PATHWAYS AND MODULATION 
OF ITS FORMATION

A2E is a pyridinium bisretinoid (16,44), the formation of which begins in photoreceptor
outer segments with condensation reactions between PE and first one and then a 
second ATR (Fig. 3). The ATR that enters the biosynthetic pathway is generated on 
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photoisomerization of 11-cis-retinal. The initial Schiff-base conjugate (N-retinylidene-PE
[NRPE]) that forms between a single ATR and PE (45–47) may serve as a substrate for
ABCA4 (ABCR), the photoreceptor-specific ATP-binding cassette transporter (46,48–54)
that is the protein product of the Stargardt disease gene (55) (discussed below). The A2E
biosynthetic pathway likely continues through a multi-step process that generates the 
fluorescent phosphatidyl-pyridinium bisretinoid, A2-PE (18,19,45). This pigment is the
precursor of A2E that accumulates in photoreceptor OS with hydrolytic cleavage of A2-PE
generating A2E. The intermediate that forms prior to A2-PE is an unstable dihydropyri-
dinium molecule that immediately undergoes autoxidation (18,19,45). Because any of the
intermediates formed before the oxidation is likely capable of reversal, this autoxidation
step may be the last stage at which it is possible to intervene in the synthesis of A2E (56).

Evidence from a number of experimental approaches has shown conclusively that
A2-PE, the precursor fluorophore, forms in photoreceptor OS (45), not in RPE cell
lysosomes as originally thought. Nevertheless, A2-PE is not normally accrued in 
photoreceptor OS to detectable levels (19,45,57) because of continuous replacement of
OS discs (58). Indeed, prevention of the latter accumulation may contribute to the need
for constant turnover of OS membrane. Conversely, in Royal College of Surgeons
(RCS) rats, a strain characterized by an inability to phagocytosis shed OS membrane,
A2-PE contributes to the orange-colored pigment and golden-yellow fluorescence that
characterizes the degenerating photoreceptor outer segment debris (59,60) (Fig. 4).
Extracts of RCS rat retina were shown to exhibit peaks with absorbances consistent
with A2-PE of variable fatty acid composition, and signals detected by mass spec-
troscopy were attributable to A2-PE because they were of the appropriate mass and
because the permanent positive charge of the quaternary nitrogen of A2-PE, by positive
ionization, was definitive for A2-PE identification (45). A2-PE is probably also at least
one of the lipofuscin-like compounds that, because of AF, has been detected in photore-
ceptor cells in Stargardt disease and in some forms of retinitis pigmentosa (RP) (61–63).
It is unlikely that acid hydrolysis of A2-PE within RPE lysosomes can account for A2-
PE cleavage (19). Rather, the generation of A2E from A2-PE is probably enzyme medi-
ated and phospholipase D has been implicated in this process (45).

Only ATR that leaves the visual cycle and eludes reduction to all-trans-retinol by all-
trans-retinol dehydrogenase, is available to form the ATR-derived fluorophores of RPE
lipofuscin. It thus follows that conditions that increase the availability of ATR, thereby
allowing random and inadvertent reactions between ATR and amine-containing mole-
cules, enhance the opportunity for these fluorophores to form. Accordingly, because the
generation of ATR in photoreceptor OS is light-activated, it is not surprising that light
is a determinant of the rate of A2E formation. This assertion is supported by in vivo
experiments demonstrating that the A2E precursor, A2-PE, in photoreceptor OS is aug-
mented by exposing rats to bright light (19). Additionally, dark rearing of Abcr–/– mice
impedes the deposition of A2E (57). Because A2E levels are not diminished if mice are
raised in cyclic light and then transferred to darkness, it is also clear that once formed,
A2E is not eliminated from the RPE (57). Another well known factor that modulates
A2E formation is the activity of ABCA4 (ABCR), the photoreceptor-specific ATP-
binding cassette transporter (49,50,51,53) that is thought to aid in the movement of
ATR to the cytosolic side of the disc membrane (47,51,53,64,65) where it is accessible
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to retinol dehydrogenase, the enzyme responsible for its reduction to all-trans-retinol
(66). As a consequence of the loss of Abcr activity in Abcr –/– mice, the levels of A2E
in RPE cells are several-fold greater than those in normal mice (47,67). In Abcr+/–
mice, accumulation of A2E is approx 40% of that in the null mutant mouse (68).
Because the source of ATR for A2E formation is the photoisomerization of 11-cis-reti-
nal, a third determinant of A2E accumulation is the kinetics of 11-cis-retinal regener-
ation. Evidence for this has come from studies of an amino acid variant in RPE65, the
visual cycle protein that may have a rate-determining role in the visual cycle (69).
Specifically, in albino and pigmented mice in which the amino acid residue at position
450 of RPE 65 is methionine (C57BL/6J-c2J; Abcr –/– Met/Met; Abcr +/+ Met/Met)
instead of leucine (BALB/cByJ; Abcr –/– Leu/Leu; Abcr +/+ Leu/Leu), recovery of
the electroretinographic response following a photobleach and rhodopsin regeneration
are retarded (70–73), and the content of A2E in the RPE is diminished by a similar
magnitude (67). The acne medication isotretinoin (13-cis-retinoic acid; Accutane,
Roche Laboratories, Nutley NJ) which was shown to reduce visual sensitivity under
darkened conditions by retarding 11-cis-retinal regeneration74, also reduces A2E dep-
osition in the RPE of Abcr–/– mice75. Isotretinoin was suggested to act by inhibiting

Fig. 4. Precursors of retinal pigment epithelial (RPE) lipofuscin form in photoreceptor outer
segments (OS). Histological sections of retina from Royal College of Surgeons (RCS) (A,B)
and normal (C,D) rats viewed as phase contrast (A,C) and epifluorescence (B,D) images. In the
RCS rat, an autofluorescence (AF) is present at the level of photoreceptor OS (*), whereas AF
is absent in the RPE cell layer (arrows). Conversely, in the normal rat, AF is present in the RPE
cell layer (arrows). The RCS rat has a defect in the ability of RPE cells to phagocytose shed OS
membrane. Consequently, the OS membrane that is discarded daily by photoreceptor cells builds
up at the photoreceptor-RPE interface and an AF accumulates in this debris. Mass spectroscopy
analysis (45) has shown that A2-PE, the precursor of A2E, accounts, at least in part, for this AF.
With phagocytosis of OS debris, (normal rat), the AF material, including A2-PE, is deposited in
the RPE.
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11-cis-retinol dehydrogenase (75); however, because isotretinoin treatment causes
an accumulation of both all-trans-retinyl esters and 11-cis-retinol (74), perhaps the
drug also acts through Rpe65.

SPECTROSCOPY AND FLUORESCENCE IMAGING

Using calibrated spectrophotometers that allowed for spectra to be corrected for the
overall spectral sensitivity of the instrument, Eldred, Feeney-Burns, and colleagues
showed in intact RPE cells and in extracts maintained so as to retard lipid peroxida-
tion, that age-related RPE lipofuscin emits with a peak extending from 540 to 640 nm
(yellow-orange when excited at 366 nm) and a maximum around 590 nm (7,76).
Similar spectra with emission maxima at 590–600 nm have been obtained from
explants of adult human eyes (77), although other spectra have differed (35). The siev-
ing effect associated with the use of suspensions of lipofuscin granules produces a
broadening of the spectra and distinct maxima are masked; nevertheless, results
obtained with these preparations have revealed excitation maxima in the blue region
of the spectrum and yellow-orange emissions (9,10). Blue emission peaks, thought
previously to support lipid peroxidation theories of lipofuscinogenesis, were shown to
be generated when fluorescent drugs have accumulated in the human tissue or when
the instruments are not adequately corrected for spectral sensitivity (7).

The absorbance spectrum of A2E in methanol has a major peak in the visible range
at 435 nm. The excitation peak, monitored at 600 nm emission is similar in shape
with a maximum at 418 nm (78). The difference between the excitation and
absorbance maxima of A2E has been suggested as indicating differences in the energy
states of absorption and excitation (79). At an excitation wavelength of 380 nm, A2E
in methanol generates a yellow emission that is centered around 600 nm. This emis-
sion maximum is solvent dependent, however, with hydrophobic solvents such as 
n-butyl chloride giving a blue-shifted maximum (585 nm) as compared to emission
maxima in methanol (600 nm) and buffered saline (610 nm) (80). The blue shift in
nonpolar solvent relative to polar media has been observed in multiple studies
(80,81), although a red shift in a series of solvents with decreasing polarity was
reported in one (82). The low fluorescence quantum yield of A2E (0.006 in chloro-
form; 0.002 in acetonitrile) (82) suggests a loss of excitation energy through nonra-
diative pathways such as heat or photochemical reaction. Another deactivation
mechanism for A2E is the trans-cis isomerization (18).

RPE lipofuscin is perhaps best known clinically as the source of fundus AF, the
inherent fluorescence of the fundus that can be monitored noninvasively by in vivo
spectrophotometry (77,83) and confocal laser scanning ophthalmoscopy (84).
Spectrophotometric measurements have shown that fundus AF is emitted across a broad
band between 500 and 750 nm with a maximum of approx 590 to 630 nm (77,85). The
emission maximum shifts towards longer wavelengths and the spectrum narrows as the
excitation wavelength is increased from 430 to 550 nm (77). Although the shape of the
spectra obtained at the fundus correspond well to spectra obtained from human RPE
removed from the eye, optimal excitation of fundus fluorescence occurs at 510 nm, a
wavelength that is red shifted relative to ex vivo RPE lipofuscin because ocular media
absorption interferes with shorter wavelength excitation (77).
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AGE-DEPENDENCE AND SPATIAL RELATIONSHIPS

Fluorescence measurements obtained from histological material, from isolated RPE
lipofuscin granules and from nonpolar extracts of human RPE have consistently demon-
strated an age-related increase in fluorescent material (9,10,13,14,27,84,86,87). This
relationship to age has been corroborated by ultrastructural morphometric studies (12).
By fundus spectrophotometry, an age-associated increase in fluorescence is most 
pronounced at 7° to 15° from the fovea (77). Estimates of the rate of lipofuscin accumu-
lation, calculated as the ratio of levels at age 65 relative to that at age 25, have ranged
from 1.1 to 4.6 (28), depending on whether measurements were based on lipofuscin
granule counts, in vivo fundus AF or ex vivo measurements of fluorescence (27,28). In
general, rates estimated from counts of lipofuscin granules have been lower than rates
determined by fluorescence measurements, a difference that probably reflects the addi-
tion of lipofuscin to already existing lysosomal storage bodies. Spectrophotometric
measurements of fundus AF concluded that fluorescence at age 65 was 2.8 times greater
than that at age 25 (28).

Several studies have concluded that the greatest accumulation occurs in the early
decades of life (12,13,27,88) and it is likely that the accumulation reaches a plateau or
decreases sometime during the 7th to 9th decade (9,12,27,28). Although a leveling off
of the accumulation may be the result of an age-related loss of photoreceptors (89), this
mechanism would not explain a decrease in fundus AF after age 70 (28). The death of
lipofuscin-containing RPE may be a cause of declining fluorescence in this older age
group (28,90). An additional contributing factor could be a change in fluorescence
associated with the photooxidation of A2E (24). Although the intensity of fundus AF in
fellow eyes of a subject is highly correlated (28), within any given age group, the inten-
sity varies considerably amongst individuals (28). This variation also appears to
increase with age (27,28).

Histometric studies, fundus spectrophotometry, and scanning laser ophthalmoscopy
combined have shown that RPE lipofuscin is not uniformly distributed within the quad-
rants of the retina (12,13,84,88,91). Instead, when measured 7° from the fovea, fluores-
cence was shown to be highest in the temporal quadrant followed by the nasal, superior
and inferior quadrants, in that order (28). Levels at the posterior pole are consistently
found to descend to a minimum at the fovea and to reach a peak at eccentricities situ-
ated 7°– to 15° from the fovea (12,13,84,88,91). From these maxima at the posterior
pole, fluorescence intensity then decreases towards the periphery. Lipofuscin in the
fovea is reduced approx 20–30% relative to that at an eccentricity of 7° (28,84). The
fluorescence profile at the fovea, when detected by fundus spectrophotometry, is influ-
enced by the absorption of short wavelength light by macular pigment and by the dis-
tribution of RPE melanin (77). Nonetheless, histological studies also reveal a lower
lipofuscin content in the fovea (13,88,91).

In cryostat sections of human macula, some sub-RPE deposits have a blue-green flu-
orescence, an emission that is blue shifted relative to RPE lipofuscin (92). Nevertheless,
overall AF levels at sites of drusen do not differ greatly from background (84,93,94).
Detailed analysis of the topography of AF over drusen has shown that for both hard and
soften drusen (60–175 μm in size), there is a distinct annulus of hyperfluorescence over
the outer edge of the druse and lower AF over the center. This pattern is thought to
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reflect drusen-associated displacement and thinning of RPE cells (95). Areas that give
the appearance of pigment clumping on fundus photographs, possibly because of the
multilayering of the cells, can present as focal areas of highest AF and these same
regions often correspond to darks areas on fluorescein angiography (84,96). At sites of
geographic atrophy (GA), the loss of RPE leads to a distinct absence of AF, whereas a
band of increased AF at the margin of GA likely eminates from RPE cells burdened
with high levels of lipofuscin (84,93,97). Two observations suggest that rods make a
greater contribution to lipofuscin formation than do cones. First, in the fovea where
cone density is maximum and where cone density exceeds rod density, RPE lipofuscin
is at a minimum. And second, the distribution of fundus AF corresponds approximately
to the density of rods at eccentricities greater than 7° (28).

PHOTOCHEMISTRY

There is abundant evidence that the photoreactivity of RPE is determined by the lipo-
fuscin of the cell. Blue light provides the most effective irradiation and photo-dependent
uptake of oxygen can be measured in both suspensions of RPE cells and in lipofuscin
granules (40,98–100). The photoexcited pigments in the granules form triplet states with
both singlet oxygen and superoxide anion being produced (40,41,101,102) and the rate
of oxygen uptake as well as the generation of superoxide radical anion by photoexcited
lipofuscin increases with age (40,98,100). The latter senescence-related increases prob-
ably reflect age-associated increases in lipofuscin. The uptake of oxygen into irradiated
lipofuscin granules is also accompanied by lipid and protein oxidation (98).

By detection of a 1270 nm phosphorescence and by measuring singlet-oxygen-
mediated production of cholesterol hydroperoxides, it has been shown that direct pho-
toexcitation of A2E leads to singlet oxygen production (23,103). Measurements of the
quantum yield of singlet-oxygen production by A2E have provided widely varying
results. Not surprisingly, the lowest efficiencies (0.0008) were measured in a polar
environment using cholesterol as a singlet-oxygen trap (104). Using singlet oxygen
phosphorescence for detection, with A2E in acetronitrile (dielectric constant, 36.6) or
cyclohexane/acetone (4:1 ratio), quantum yields of 0.02 and 0.013, respectively, were
reported. Because photoexcited A2E would be expected to undergo intersystem cross-
ing from the excited singlet state to an excited triplet state with the latter transferring
energy to ground state oxygen to yield high energy singlet oxygen, another approach
has been to measure the efficiencies of these transformations. By photoacoustic spec-
troscopy, the quantum yield for intersystem crossing of A2E in methanol solution was
found to be 0.0379, a value which could be expected to be higher in nonpolar solvents
but which is consistent with singlet oxygen quantum yield of 0.02 (in the polar solvent
acetonitrile) measured by the same investigators. The inability, in some studies, to
detect triplet state A2E after photoexcitation (82,105) may be attributable to an absence
of oxygen; as such this observation may also indicate that oxygen assists intersystem
crossing in this system (104).

Estimates of singlet-oxygen efficiencies in nonpolar solvents are particularly relevant
because spectroscopic studies indicate that A2E associates with the hydrophobic lipid
environment of intracellular membranes (80), surroundings that permit a high level of
oxygen solubility. As compared to quantum yields associated with compounds used in



224 Sparrow

photodynamic therapy, the quantum yield of A2E is low. Nevertheless, a singlet oxygen
quantum yield of 0.03 might still be considerable for a photosensitizer that accumulates
in a cell over decades and that is exposed to visible light. In addition, some photosensi-
tizers with low singlet-oxygen quantum yields (0.005) have been found to be capable of
levels of destructiveness that are by orders of magnitude greater than expected on the
basis of their photophysical characteristics. This destructive capability is explained on
the basis of a conjugated double bond structure that serves to directly quench the singlet
oxygen produced to form damaging oxidized intermediates (106–108).

In oxygen-free methanol, UV-irradiated human lipofuscin extract and a synthetic
lipofuscin mixture (generated by reacting PE with ATR but uncharacterized in terms of
content) was shown to generate a radical resulting from either hydrogen atom or elec-
tron abstraction from the solvent (101). This same synthetic lipofuscin in deuterated
methanol could also generate singlet oxygen upon 355 nm excitation (102). More recent
studies carried out by electron paramagnet resonance (EPR) trapping suggest the forma-
tion of A2E radicals and superoxide anion following 400-nm irradiation (103,109). The
production of superoxide anion after photosensitization of A2E may occur because
superoxide dismutase can inhibit EPR-detected free radical formation (109) and reduce
photo-consumption of A2E (Kim and Sparrow, unpublished observations). Nevertheless,
whether it is generated with low quantum efficiency (103) or whether it is the major
species generated (109) remains to be determined as does mechanisms for its formation. 

There is general agreement that A2E can quench singlet oxygen with considerable
efficiency (rate constant of ~3 × 107 M–1s–1, [23]; 108 M–1s–1[110]). Indeed, it is the
addition of singlet oxygen at carbon–carbon double bonds that leads to polyoxygena-
tion of A2E. The involvement of singlet oxygen in the photoxidation of A2E is indi-
cated by the phosphorescence detection of singlet oxygen upon 430-nm irradiation of
A2E; by the potentiation of A2E photooxidation in deuterium oxide (D2O), a solvent
that that extends the life time of singlet oxygen; and by experiments demonstrating that
endoperoxide-derived singlet oxygen can substitute for blue light irradiation (23,24).
Detection of the 608 species (592 + 16) indicates that the addition of oxygen atoms as
pairs is not necessary; individual atoms of the dioxygen molecule could add to the
opposite side arms of A2E and even to neighboring A2E molecules.  

ADVERSE EFFECTS OF LIPOFUSCIN ACCUMULATION

Although the accumulation of lipofuscin in some cells is considered to be a benign
accompaniment to aging (1,111), there is considerable evidence that RPE lipofuscin has
unfavorable consequences for the cell. Much of the evidence for these adverse effects
has come from studies of A2E. Several unfavorable effects of A2E accumulation have
been described, all of which are likely attributable to two properties of the molecule, the
first of which is its amphiphilic structure. Nuclear magnetic resonance (16) and corrob-
orative total chemical synthesis (44) have shown A2E to be a diretinoid conjugate con-
sisting of an unprecedented pyridinium polar head group and two hydrophobic retinoid
tails, an amphiphilic structure that accounts for the aggregation of A2E (16,112) and for
its capacity to induce membrane blebbing (37). The detergent-like nature of A2E is
demonstrated by the tendency of A2E to permeabilize cell membranes in a concentration
dependent manner (80) and to solubilize unilamellar vesicles (112). Fluorescence
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anisotropy studies (112) indicate that the movement of A2E into the lipid bilayer may
involve electrostatic interactions between the positively charged pyridinium moiety of
A2E and the anionic head group of phosphatidylserine (112).

Because it is within organelles of the lysosomal system that lipofuscin is housed, it
would be the lysosomal membrane against which A2E might act, at least initially.
Accordingly we suggested that one target of the detergent-like activity of A2E might be
the membrane-bound adenosine triphosphatase that actively pumps protons into the lyso-
some (80). Subsequently, intracellular A2E was shown to inhibit this lysosomal proton
pump (113) resulting in alkalinization of lysosomes (114). This finding is consistent with
the general view that abnormal lysosomal functioning tends not to be the result of altered
hydrolase activity but is more likely to be because of changes in intralysosomal pH 1.0.
Questions related to the effect of A2E on enzymatic activity are significant to the notion
that the failure of protein or lipid digestion, brought about by the inhibitory effects of
existing lipofuscin pigments, promotes further lipofuscinogenesis. The possibility of a
direct effect of A2E on lysosomal enzymes was eliminated by studies showing that the
activities of lysosomal enzymes were not changed in the presence of A2E (115). In 
cultured RPE cells that have accumulated A2E and engulfed isolated OS (ROS), the
degradation rate of ROS proteins was reported to be unaltered, whereas the degradation
of ROS lipids was slowed (116).

Light is not only central to the formation of retinoid-derived lipofuscin constituents,
it may also play a role in the mechanisms by which these fluorophores damage the
RPE. For instance, in cultured RPE cells that have accumulated A2E specifically, short-
wavelength light exposure can provoke a cell death program (78,117) that is propor-
tional to the A2E content, that is not executed in the absence of A2E and that is
implemented by cysteine-dependent proteases (caspases) and regulated by the mito-
chondrial protein Bcl-2 (118). The potency of blue light as compared to green light
reflects a wavelength dependency that is consistent with the excitation spectra of A2E
(78) and is significant because work in animal models has shown that RPE cells demon-
strate susceptibility to injury from light in the blue region of the spectrum (type 2 reti-
nal light damage) (119,120,120a, Busch, 1999 #70,121–123). DNA is a subcellular
target of the photochemical reactions initiated by the illumination of A2E-laden RPE
with the oxidation of guanine by the addition of oxygen at the C8 position, being one of
the DNA base lesions (124). Other effects include the cellular and extracellular modifi-
cation of proteins by lipid peroxidation products and advanced glycation end-products
and changes in gene expression (43).

Evidence indicates that the generation of reactive species of oxygen upon photoexci-
tation of A2E is integral to blue light-mediated death of A2E-laden RPE. For instance,
enhancement of cell death when assays are performed in D2O-based media, together
with the protection afforded by quenchers/scavengers (histidine, DABCO, azide) impli-
cates singlet oxygen. Although the singlet oxygen that is generated by photosensitiza-
tion of A2E is a potentially important cytotoxic agent, given its short lifetime, singlet
oxygen cannot account for damage distant from the lysosome (e.g., DNA damage)
(24,124,125). Additionally, because much of the singlet oxygen is quenched by A2E
(23,110) such that polyoxygenated forms of A2E are generated (23,24), it may be that
photooxidation products of A2E are involved. 
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CLINICAL IMPLICATIONS OF LIPOFUSCIN ACCUMULATION

The importance of RPE lipofuscin to the progression of recessive Stargardt disease
(STGD) has long been recognized (126–128). For instance, the mutations in both alle-
les of the ABCA4 (ABCR) gene that are the cause of this form of macular degeneration
(55,130–132) result in levels of fundus AF that are three- to fourfold higher than in
age-matched normal subjects (133,134). A2E, in particular, was reported to be increased 
6- to 12-fold in samples obtained from the perimacular region of human Stargardt reti-
nas (57) and to be increased 10- to 20-fold in the Abcr null mutant mouse (47,57,67,68).
The spectral characteristics of fundus autofluoresence in patients with STGD is similar
to that of age-related fundus AF, suggesting a similar composition. The one exception
to this is the emission spectra on the hyperfluorescence sites known as flecks (135),
wherein fluorescence emission is blue shifted by 10–15 nm (133). This shift may indi-
cate a difference in the relative levels of individual fluorophores in these areas or a
change in the status of these fluorophores. With regard to the latter, it may be relevant
that photooxidized A2E, which is blue shifted, has been observed in Abcr–/– mice (26).
Fundus AF is of course absent within zones of atrophy in STGD (133).

Other inherited retinal degenerations, in particular a majority of cases of autosomal
recessive (AR) cone-rod dystrophy and a form of AR RP (RP19) are caused by muta-
tions in ABCA4 and are also associated with high levels of RPE lipofuscin (136–140).
Indeed, mutational analysis indicates that in the Stargardt phenotype, partial functioning
of the ABCR protein is retained at one or both of the mutant alleles (55), whereas sub-
jects harboring two null ABCR alleles and having the most severe clinical phenotype
(RP19) are presumed to have an absence of ABCR activity (55,141). A model such as
this whereby the severity of the disorder is inversely correlated with residual
ABCA4/ABCR activity, would also predict that RPE lipofuscin levels would vary con-
comitantly. However, this scenario has not been tested. Because ABCR has been linked
to the visual cycle, it is reasonable to expect that the lipofuscin that accumulates in the
RPE in these ABCR-associated disorders and with age is all of similar composition.
Whether or not this is the case for the lipofuscin-like material that accumulates in RPE
cells in vitelliform macular dystrophy (VMD; Best disease) an early onset autosomal
dominant disorder (142–144) is not known. Bestrophin, the product of the VMD gene, is
thought to participate in the generation of chloride conductances (145,146) but studies
of the function of bestrophin have not yet clarified the link between deficient bestrophin
functioning and accumulation of lipofuscin. Mechanisms involved in the high levels of
lipofuscin that have also been described with point mutations (Arg172Trp) in the human
RDS/peripherin gene (134,147) are also not understood. On the other hand, it may be
that the AF material that accumulates in RPE cells in Batten disease (juvenile neuronal
ceroid lipofuscinosis [JNCL]; CLN3) an AR neurodegenerative disorder, is of a different
composition because these intracellular inclusions are present not only in RPE, but also
in neurons of the retina and brain and one of the constituents of this material is the sub-
unit c of mitochondrial ATP synthase (148–150).

Circumstantial evidence linking RPE lipofuscin to age-related macular degeneration
(AMD) has for many years caused investigators to suggest that the accumulation of this
material is involved in AMD etiology (151–157). The features of RPE lipofuscin accu-
mulation that have caused it to be implicated in atrophic AMD include its age-related
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accumulation and its concentration within central retina. That lipofuscin levels are
greater in whites than in blacks (86,88) may also be significant because AMD is more
prevalent amongst white than amongst black persons (158). Additionally, in vivo moni-
toring of RPE lipofuscin by ophthalmoscopic imaging of fundus AF has demonstrated
that the presence of focal areas of increased AF are a risk for progression to AMD (96)
and have established that zones of RPE exhibiting intense AF are prone to atrophy
(93,137). With regard to associations between AMD and RPE lipofuscin, it is also of
interest that two factors known to influence the acquisition of lipofuscin by RPE cells,
light exposure (151,152,159–161) and mutations in ABCA4 (ABCR) (discussed previ-
ously), have also been considered as risk factors for AMD. Heterozygous mutations in
the ABCA4 gene are reported in some (131,129 Allikmets, 1997 #13,162), but not all
studies (163) to increase the risk of atrophic AMD in a subgroup of patients. Given evi-
dence that ABCA4-mediated transport of PE-ATR Schiff-base adduct serves as a mech-
anism for removing ATR from the disc interior (54), decreased ABCA4 activity owing to 
heterozygous mutations in the gene, could, over the course of a lifetime, lead to enhanced
formation of RPE lipofuscin fluorophores. Light exposure has long been postulated as a
contributor to AMD, although epidemiological studies investigating this notion have
generated conflicting results (159–161,164–167). The issue of an association between
light exposure and AMD may have particular relevance to cataract surgery because an
intraocular lens implant exposes the retina to blue light levels previously attenuated by
the yellowing crystalline lens (168,169). In this regard, several studies have demon-
strated an association between cataract surgery and AMD (170–173).

SUMMARY

RPE cells are distinctive in that they are exposed to visible light, whereas at the
same time housing photodynamic molecules that aggregate as lipofuscin. These fluo-
rophores accumulate in RPE cells not because the complement of lysosomal enzymes
in these cells is defective but because the structures of the fluorophores are unusual and
not amenable to degradation. Emerging evidence indicates that the lipofuscin of RPE
cells is inimitable because much of this material forms as a consequence of the light
capturing function of the retina. An origin from retinoids that leave the visual cycle also
explains the finding that the accumulation of RPE lipofuscin is most marked in central
retina, the area having the greatest accumulation of visual chromophore. Continued
investigation into the composition, biogenesis, and activity of RPE lipofuscin fluo-
rophores will reveal the extent to which the accumulation of these pigments renders the
macula prone to insult and may lead to therapies that can reduce the accumulation. 
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INTRODUCTION

Variability in onset, progression, severity, and phenotypic expression is commonly
observed in many retinal diseases (Tables 1 and 2). Although interfamily variability
may be caused by environmental or allelic differences, intrafamily variability, when a
common mutation is segregating, may also be due to genetic modifiers (1–3). In con-
trast to independently acting alleles that may lead to an additive effect on disease sever-
ity or age of onset, genetic modifiers are defined as background genes that epistatically
interact with a given disease genotype to affect phenotypic outcome. In general, allelic
variability at modifier loci does not in itself produce a phenotype. A single gene or pos-
sibly a combination of genes in the same or parallel pathways as the mutant gene may
act to create a final effect on the expression of the disease phenotype. These modifiers
may enhance the effect of the mutation to cause a more severe mutant phenotype or an
earlier onset, or conversely, delay or reduce the mutant phenotype even to the extent of
completely restoring the wild-type (WT) condition. 

Genetic modifiers have engendered excitement because the study and identification
of these genes promise new insights into biological pathways that Mendelian disease
genes act in and through which they cause pathologies (4,5). For example, knowing the
molecular basis of a genetic modifier may help in better diagnosis and treatment of a
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disease, perhaps by defining a subgroup within the disease population. In addition, the
identification of modifier genes may lead to new treatment modalities either by provid-
ing additional information about genetic contributions to the phenotype for which treat-
ment may already be available or by revealing additional steps in a biological pathway
that may be more amenable to treatment. 

As described here previously, phenotypic variability is often observed in disease, reti-
nal diseases notwithstanding. Although there are only a handful of cases in which genetic
modifier loci have been recognized, many examples of inter- and intrafamily phenotypic
variability, in which the primary mutation is the same, have been reported. These are
summarized in Table 1. Presumably, more examples of modifiers and map positions of
retinal phenotypes will be reported as the necessary genotype data become available.

Table 2
Mouse Models for Modifiers of Retinal Degeneration 

Disease gene; Modifier Modifier
phenotype, strain effect strain Chromosome Reference

Proposed:
p53; vitreal opacity,

retinal folds
Fibrous retrolental No disease 129/SvJ Not mapped 36

tissue, C57BL/6J
BMP4; anterior segment Varied severity C57BL/6J,BliA Not mapped 96

defects, glaucoma CAST/Ei,C3H
AKR/J, BALB/C
129/SvEvTac

Myopia Varied eye growth 50 strains Not mapped 97
Chx 10; ocular Partial rescue CASA/Rk Not mapped 98

retardation
Growth factor-stimulated Varied 129/Rej, C57BL/6J, Not mapped 99

angiogenesis angiogenesis SJL/J
isa, iris stromal atrophy, Increased cell AKXD-28/Ty Not mapped 100

DBA/2J death
ipd, iris pigment Reduced AKXD-28/Ty Not mapped 100

dispersion phenotype
Rho; retinal degeneration, Varied 129/Sv, Not mapped 101
C57BL/6J-129Sv photoreceptor C57BL/6J

apoptosis
Mapped:
Iris atrophy, glaucoma Interacting loci C57BL/6J, 6, 4q 38

DBA/2J
c-Fos; light induced Increased apoptosis 3, Rpe65 42

photoreceptor death
Tub; retinal degeneration, Partial rescue AKR/J 11 (motr1) 55

C57BL/6J 2, 8

BMP-bone morphogenic protein; Chx10-C. elegans ceh-10 homeodomain containing homolog, motr1-
modifier of retinal degeneration 1
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Segregating crosses of inbred mice that allow for control of both environmental factors
and allelic variability of the primary mutation have also yielded the map positions of a
number of genetic modifiers and, in some cases, their identities. These are summarized
in Table 2. Finally, potential strategies and examples for the identification of genetic
modifiers are also discussed.

GENETIC MODIFIERS OF RETINAL DISEASES IN HUMANS

In most cases in which phenotypic variability is observed in humans, it is difficult to
determine whether the effects are the result of environmental, allelic, or genetic modi-
fication or a combination of these factors. Clinicians and investigators generally sug-
gest genetic modification when variability is observed in large pedigrees or in founder
populations segregating for the same primary mutation. One of the first reports, sug-
gesting genetic background modifier effects, was a nuclear family in which members
carrying the same peripherin retinal degeneratic slow (RDS) mutation developed either
retinitis pigmentosa (RP), pattern dystrophy, or fundus flavimaculatus (6). Since then,
genetic modification has been proposed for a number of retinal diseases including
Sorsby fundus dystrophy (SFD), RP1, RP9, and primary congenital glaucoma (PCG)
(see Table 1 for a more comprehensive summary). SFD is a macular degenerative dis-
ease characterized by submacular choroidal neovascularization. Weber et al. (7) identi-
fied point mutations in the gene en coding tissue inhibitor of metalloproteinase 3
(TIMP3), a potent angiogenesis inhibitor, as the genetic basis of SFD heritability in two
pedigrees. Subsequent haplotype and mutational analysis led investigators to conclude
that the Ser181Cys TIMP3 mutation in families residing in the British Isles, Canada,
United States, and South Africa was probably the result of an ancestral founder effect
(8,9). Therefore, the phenotypic heterogeneity in these patients, which ranges from white
to yellow fundus spots accompanying disciform macular degeneration to absence of fun-
dus spots, is not caused by genetic heterogeneity at the TIMP3 locus, but rather by
genetic or environmental modifiers, or a combination of both. 

In the case of RP1, characterization of 22 patients from 10 different pedigrees (11
patients were from a single pedigree) in whom the primary mutation is a premature stop
codon, Arg677Ter, in the RP1 protein demonstrated wide variability in the severity of
visual field loss both within and between families. The authors suggested a role for mod-
ifier genes as well as environmental influences in the regulation of phenotypic variability. 

In another example, a large pedigree segregating for RPA, an autosomal dominant
RP was found to have regional retinal dysfunction with variable expressivity (10) .
Subjects carrying the affected haplotype were reported to be asymptomatic, moderately
affected with abnormal electroretinogram (ERG) responses, or severely affected with
extinguished ERGs. 

Mutations in CYP1B1 are commonly found in Saudi Arabian families segregating for
PCG. CYP1B1, which is specifically expressed in the iris, trabecular meshwork, and cil-
iary body, encodes cytochrome P4501B1 (11–13). Absence of disease in siblings carry-
ing the same haplotype and disease causing mutations in CYP1B1, has led investigators
to suggest that a dominant modifier may exist in the Saudi Arabian population (14).

As primary mutations are identified and more knowledge is gained about the vari-
ous pathways through which genes carrying the mutations function, the number of
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modifiers identified has increased. For example, potential modifier variants have been
identified for RP caused by mutations in peripherin/RDS and retinal pigment epithelum
(RPE)65, and primary open angle glaucoma (POAG). Apfelstedt-Sylla et al. (15) and
others showed remarkable both inter- or intrafamilial variability in the severity of the
retinal disease in patients with mutations in peripherin/RDS that ranges from subtle to
widespread pigmentary changes associated with choroidal neovascularization (CNV)
(16). Although the genes underlying these particular modifications are yet to be identified,
one gene, ROM1, is known to interact with peripherin/RDS. Individuals heterozygous
for a Leu185Pro allele of peripherin/RDS who also carry a null allele of ROM1, present
with reduced electroretinogram amplitudes typical of RP and are said to have digenic
RP (17), whereas individuals carrying either allele alone have no or minimal abnor-
malities.

RPE65 is an abundantly expressed protein in the RPE (18) and in the cone photore-
ceptors (Prs) (19). Moiseyev et al. (21) has recently reported that REP65 is an isomero-
hydrolase. Studies by Xue et al. (20) suggest that there are two forms of RPE65, a
palmitoylated membrane associated form (mRPE65) and a nonpalmitoylated soluble
form (sRPE65). The mRPE65 is proposed to be a chaperone for all-trans-retinyl esters
and the sRPE65, a chaperone for vitamin A (20). Hence, all-trans-retinyl esters over-
accumulate in the RPE in Rpe65 deficiency (22). Mutations in RPE65 lead to Leber
congenital amaurosis type II (LCA2) (23) as well as autosomal recessive childhood-
onset retinal dystrophy (24) and autosomal recessive (AR) RP in humans (25). Recently,
Silva et al. (26) reported a missense mutation in retinal guanylate cyclase 2D
(GUCY2D) which they suggest acts as a modifier of AR LCA that results from a RPE65
mutation. Two siblings from a consanguineous mating, who carried a homozygous
nonsense mutation in RPE65, Glu102ter, had widely divergent disease progression.
Sequencing of known LCA-causing genes in the two siblings lead to the identification
of an Ile539Val allele of GUCY2D in the more severely affected sibling. This has lead
the investigators to postulate that the mutation of the highly conserved residue in an
important functional domain of GUCY2D further compromises the retinal function
occurring as a result of an RPE65 deficiency. The investigators are currently confirm-
ing their results in in vivo and in vitro experiments. 

Mutations in myocilin (27), optineurin (28), and, more recently, CYP1B1 (29,30)
have been associated with POAG. Haplotype analysis of individuals with the Gln368Ter
myocilin mutation suggests a founder effect. Patients carrying the same mutation show
a variation both in age of onset and in the severity of the disease, from ocular hyperten-
sion to severe visual field loss to legal blindness (31). A study examining subjects from
a large pedigree with juvenile open-angle glaucoma for mutations in MYOC, CYP1B1,
and PITX2 was able to show that affected subjects carrying both Gly399Val MYOC and
Arg368His CYP1B1 mutations had earlier disease onset than those only carrying the
MYOC mutation alone. These observations have led the investigators to postulate that
the CYP1B1 Arg368His allele is able to modify MYOC expression (29). In another
study of unrelated individuals with POAG, Copin et al. (32) provided supportive evi-
dence two APOE promoter single-nucleotide polymorphisms (SNPs) suggestings dif-
ferential modification of the POAG phenotype by. A SNP within the apolipoorotavi E
(APOE) (-219G) promoter was associated with visual field alteration and an increase in
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optic nerve damage. Additionally, SNPs the APOE (-491T) and MYOC (-1000G) were
shown to interact and modify intraocular pressure (IOP) and limit effectiveness of IOP-
lowering treatments in patients with POAG. Although association studies are not defin-
itive, these results allow for further hypothesis building and testing. Indeed, a follow-up
study in a different population assessing the association of APOE variants to POAG
phenotypes have failed to replicate the original study (33,34).

GENETIC MODIFIERS OF RETINAL DISEASES IN MICE 
AND OTHER MODEL ORGANISMS

In mice, the presence of modifier genes was anticipated from the variation in pheno-
type observed when spontaneous mutations were crossed onto different inbred back-
grounds to generate congenic strains. Additionally, as large numbers of targeted mutation
models have been generated on mixed genetic backgrounds, mutant phenotypes change
or disappear entirely as the mutations are moved from the mixed 129/B6 background to
the (B6) background (35,36). An example of such modification is seen when the Tulp1
mutation on the (B6) background is crossed with the AKR/J strain (Fig. 1). Despite the
fact that each F2 animal in Fig. 1 is homozygous for the Tulp1 null allele, the degree of
degeneration is highly variable. The phenomenon of phenotypic modification, which
was first viewed as discouraging by many, has now become recognized as a useful tool
for identifying factors that interact with genes involved in known pathways or for pro-
viding entry points to all for the elucidution of  the function of novel genes. 

Currently, there are three reports of mapped modifier loci involved in retinal degen-
erative diseases in mouse (Table 2). These investigations serve as a demonstration of
the efficacy of identifying genetic interactions/modifier loci capable of modulating the
progression of retinal degeneration and suggest that investigation of modifier loci for
the remaining cloned and/or mapped retinal degeneration genes will provide a rich
resource for future discovery. 

Modification of Iris Atrophy and Glaucoma in DBA/2J

Glaucoma typically involves increased IOP and subsequent ganglion cell death, lead-
ing to blindness. In humans, glaucomas are associated disorders of the anterior seg-
ment, including pigment dispersion syndrome and iris atrophy (37). In an effort to
define genetic pathways through which these degenerative processes contribute to glau-
coma, Chang et al. (38) performed crosses between C57BL/6J mice and the DBA/2J
(D2) strain, which is known to develop glaucoma subsequent to the development of
pigment dispersion and optic atrophy (37). A genome screen of 50 mice with early
onset trans-illumination defects, pigment dispersion and iris atrophy revealed that all
affected mice were homozygous for the D2 alleles for one locus on chromosome 6
(termed iris pigment dispersion [ipd]) and for another locus on chromosome 4 (termed
iris stromal atrophy [isa]). Histological examination demonstrated that mice homozy-
gous for the D2 allele of ipd primarily demonstrated defects of the iris pigment epithe-
lium. Mice homozygous for the D2 allele of isa demonstrated defects of the anterior
iris stroma. Mice homozygous for the D2 allele at both loci suffered more severe defects
in both the iris pigment epithelium and anterior iris stroma, with accompanying gan-
glion cell death. As isa maps near to the tyrosinase related protein 1 gene (Tyrp1) and
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coat color segregates with isa, it was hypothesized that the D2 allele of Tyrp1 was
involved with isa and that biochemical processes involved in pigment production have
an important role in disease etiology.

RPE65Leu450 Variant Allele Is Able to Modify the Protection 
From Light-Induced Photoreceptor Damage Mediated by a c-Fos Null Allele

Danciger et al. (39) reported that strain C57BL/6J-c(2J) (c2J) demonstrated marked
resistance to light-induced PR damage. A quantitative trait locus (QTL) genome-wide scan
for genes that affected light-induced PR survival, as assessed by retinal thickness, was car-
ried out in progeny of a (c2J X BALB/c)F1 X c2J backcross. A major QTL on chromo-
some 3, accounting for 50% of the protective effect, and three other weak but significant
QTL on chromosomes 9, 12, and 14 were identified. The protective effect observed in the
c2J background was determined to result from a single nucleotide polymorphism in the
RPE65 gene; RPE65Leu450 confers susceptibility to light-induced damage. 

Fig. 1. Retinal degeneration is suppressed in some tulp1–/– mutant mice. (A) Wild-type
retina, (B) tulp1–/– × AKR/J mutant, (C) tulp1–/– × AKR/J mutant with suppressed retinal
degeneration. INL, inner nuclear layer; ONL, outer nuclear layer. 
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c-Fos binding to activator protein (AP)-1 is essential for PR apoptosis induced by
bright light exposure (40,41). Consequently, c-Fos deficient (c-fos–/–) mice are resist-
ant to light-induced damage (41). Presumably, the absence of c-Fos leads to suppres-
sion of light induced damage because c-Fos is not available for AP-1 DNA binding.
However, the c-Fos deficient mice carry an Rpe65Met450 allele. Recently, Wenzel et al.
(42) have reported that the RPE65Leu450 variant allele is capable of overcoming protec-
tion against light-induced PR apoptosis in c-fos–/– mice. Introduction of the
RPE65Leu450 allele to c-fos–/– mice leads to increased levels of RPE65 protein and
accelerated rhodopsin regeneration, a factor known to accelerate light-induced PR
degeneration. Additionally, Fra-2 and FosB, Fos family members, are able to substitute
for c-Fos AP-1 DNA binding and enable light-induced AP-1 activity and produce PR
apoptosis in RPE65Leu450;c-fos–/– mice (42).

Modification of Retinal Degeneration in the Tubby (tub/tub) Mutant Mouse 

Retinal degeneration 5 (rd5) was originally described in the tubby mouse. Tubby mice
suffer retinal and cochlear degeneration with maturity onset obesity (43–47). This pheno-
type led to the suggestion that the rd5 mutant mouse might be an appropriate model for
Usher syndrome type I (44), the most common hereditary form of combined deafness and
blindness in humans (48). Obesity coupled with retinal degeneration and hearing loss also
make tubby mice a good model for Alström syndrome and Bardet-Biedl syndrome (49).

Retinal degeneration in rd5 mutant mice is characterized by abnormal levels of cel-
lular apoptosis of photoreceptors from postnatal day 16 (P16) until P23 (50). In rd5
mutant mice, reduction of the outer nuclear layer (ONL), with concomitant shortening
and disorganization of the inner and outer segment, is observed through 8 mo of age, at
which point the photoreceptor cell layer is reduced to one or two nuclei in thickness.
Early stages of retinal degeneration in the rd5 mutant mouse are characterized by the
presence of membrane-bound vesicles of unknown origin in the interphotoreceptor
space (44). As retinal degeneration progresses, ERG readings deteriorate until they are
extinguished at around 6 mo of age (44).

TUB is the founding member of a small family of proteins, collectively known as the
TUBBY-LIKE proteins (TULPS) (51). Although the function of the TULPS is uncer-
tain, it has been hypothesized that they may normally be involved in intracellular vesic-
ular trafficking of opsins or other components of the visual system (52), act as an
intracellular adaptor molecule that is a downstream target for insulin and/or insulin-like
growth factor-1 receptor (53), or a member of a novel class of transcription factors (54).

In order to elucidate the pathways through which TUB functions, Ikeda et al. (55)
identified modifiers in an F2 intercross between (C57BL/6J-tub/tub and AKR/J). The
thickness of the ONL and the number of photoreceptor nuclei were assessed, and a
genome-wide scan revealed significant linkage on chromosome 11 (motr1) between
markers D11MIT39 and D11MIT360 and suggestive linkage on chromosomes 2 and 8. 

As previously mentioned, the phenotype of tub/tub mice is pleiotropic, including
obesity and cochlear degeneration in addition to retinal degeneration. A modifier screen
was performed comparing auditory brain response (ABR) threshold in F2 intercrosses
between (C57BL/6J-tub/tub and AKR/J-+/+, CAST/Ei-+/+ or 129/Ola-+/+) (56). A
major modifier (moth1) was identified and mapped to chromosome 2, with a logarithm
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of the odds (LOD) score of 33.4 in the AKR/J-+/+ intercross and of 6.0 in the CAST/Ei-
+/+ intercross, accounting for 57% and 43% of ABR threshold variance, respectively.
Further mapping efforts (57) resulted in the identification of moth1 as the MAP1A gene. 

As the studies in tub/tub mutant mice show, different modifier loci can account for
variation in different aspects of pleiotropic phenotypes. On the other hand, both moth1
and motr1 reside in the same QTL interval on chromosome 2, suggesting that they may
represent the same gene and that modifier genes may exist that can influence more than
one phenotype in a pleiotropic disease. Although we currently do not know if the motr1
and moth1 genes are the same, the potential exists for identifying modifiers that are
capable of modifying multiple disease manifestations of a mutation. Identification of
such modifiers would be of significant biological interest, as they would provide clues
to common pathologies underlying disease phenotypes. Modifiers capable of amelio-
rating multiple defects within the same pleiotropic disease would also be incredibly
valuable as therapeutic targets, as treatment could be provided for an entire syndrome
rather than for a single manifestation of the disease. 

STRATEGIES AND EXAMPLES OF CLONING GENETIC MODIFIERS

As illustrated in the previous sections, some genetic modifiers that affect retinal dis-
ease phenotypes have been mapped or identified. However, their number is small com-
pared to that of diseases associated with retinal damage. Therefore, it seems probable
that many additional modifiers await discovery. At this juncture, it seems appropriate
that we should review methods that are being utilized in other diseases and model
organisms to identify modifier genes. Application of these methods to retinal degener-
ative diseases may hasten the identification of retinal genetic modifiers. 

Chromosomal Localization of a Genetic Modifier

In the case of mice, identification of genetic modification begins with outcrossing
mice carrying a mutation to another strain. Phenotypes are scored on backcross or inter-
cross mice carrying the disease causing mutation(s). Phenotypic data, be it a quantitative
trait such as ONL thickness or absence or presence of a phenotype, is correlated to marker
genotypes obtained in a genome-wide scan. To be certain that the locus identified is a
genetic modifier and not the result of the interaction of the two genetic backgrounds,
irrespective of the primary genetic mutation, mice that are WT or heterozygous (in the
case of recessive diseases) for the primary mutation are phenotyped and genotyped as
well. If the locus is truly a genetic modifier of the primary mutation, then no significant
association should be observed in mice not carrying the disease mutation(s). Once a
genetic modifier is mapped to a specific chromosomal region, a number of methodologies
to identify the underlying genes have been applied. 

Conventional Approaches to Refining the Genetic Modifier Interval:
Recombinational Mapping With or Without Isolation 
of Modifiers as Congenics 

Ultimately, it is important that the genetic modifier be identified. In order to do this,
the genetic interval containing the modifier must be small enough to allow for posi-
tional candidate testing. Initially, the modifier genetic interval may be very large,
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encompassing regions greater than 20 cM. The method by which the interval is nar-
rowed will depend greatly upon the contribution that the particular locus has on the
observed phenotype. If a major genetic modifier is identified (e.g., >40% contribution
to the phenotypic variance), a standard F2 intercross or backcross can be undertaken
with progeny testing of mice recombinant within the modifier interval (57). The num-
ber of meioses tested will determine the size of the genetic interval. For example, if
1000 F2 mice are tested, the region containing the modifier could be theoretically as
small as 0.05 cM in size. 

If, however, multiple genetic modifier loci are identified with modest effects, interval
specific congenic strains may need to be constructed to isolate the various loci before
approaches to narrowing the genetic interval can be applied. A congenic is a variant
strain that is constructed by repeated backcrossing of a donor strain carrying the genomic
region of interest to a recipient inbred strain for 10 backcross generations with subse-
quent intercrossing (58). With each subsequent backcross generation the percentage of
donor genome declines by one-half in unlinked regions, such that by 10 backcross gen-
erations, 99.9% of the unlinked genomic regions are of recipient strain origin (58). The
purpose of the congenic is to isolate the genetic modifier so that any phenotypic varia-
tions that are observed between the congenic and recipient parental strain must be a con-
sequence of the gene encompassed by the modifier locus (59). The congenic can then be
used in traditional recombinant crosses to narrow the genetic interval encompassing the
modifier and/or in combination with expression profiling, discussed on page 248.

Crosses Utilizing Multiple Inbred Strains and Application 
of Conserved Haplotype Block Analysis

The conventional methods described previously necessitate the generation of a large
numbers of animals and significant time commitment. It is important, therefore, that
these methods be made more efficient. One way the efficiency of refining modifier
intervals can be improved is by performing multiple crosses with different strains in
which the primary mutation is segregating (60,61). Although recombinations are
thought to be random in the genome, empirically, we have noted that different strain
combinations may have different recombinational hot spots within a given interval.
Hence, the use of multiple crosses may narrow the modifier interval by increasing the
number and distribution of recombinations within a region. Additionally, detecting the
same modifier region in multiple strain combinations might indicate a common ances-
tral allele that may be detected by an in silico haplotype block analysis approach
(62–64).

Although the use of haplotype analysis has been used in humans to identify chromo-
somal regions associated with increased disease risk (65,66), this methodology has not
been used extensively in mice. However, as in humans, the haplotype block analysis
approach in mice relies on the fact that the current inbred strains are derived from a
mixed but limited pool of founders (67). As a consequence, chromosomal regions that
are not polymorphic between two inbred strains that have been used to identify a genetic
modifier are likely to be inherited from a common ancestor, and can be eliminated from
consideration as regions harboring candidate modifier loci (62) or, conversely, haplo-
type blocks that are shared among a group of strains known to modify a phenotype,
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may be more likely to harbor the modifier in question. The current availability of geno-
typic data in the form of microsatellite and SNPs across multiple strains makes this
approach feasible (64). Additionally, the attraction of this technique is that it reduces
the need to generate large cohorts of mice to refine a region. This technique has been
used in mice to narrow modifier regions in studies investigating cancer (68), heart fail-
ure (69), and hypertension (61). An example of the power of haplotype block analysis
in multiple crosses has been demonstrated in a recent study by Wang et al. (70), which
identified Apoa2 and the mutation within the gene that underlies a quantitative trait
locus, Hdlq5 (70).

Expression Analysis as a Method to Identify Potential Candidate Modifiers

There is a growing body of literature supporting the usefulness of combining the
mapping of modifier loci with expression profiling, especially in the identification of
complex traits (71,72). Chromosomal localization identifies regions that are associated
with the modification of the disease phenotype, but this region contains many genes.
Expression profiling identifies genes whose expression levels differ between two popu-
lations, but whose association with the observed phenotype is unknown. By combining
these two techniques, data acquired in the mapping phase can be used to filter the data
acquired in the expression-profiling phase, allowing for the identification of genes that
are functioning specifically to impact the biological system of interest.

In an elegant study, Dyck et al. (73) combined these two techniques to understand the
development of gallstones in C57L/J mice that carry the Lith1 gallstone-susceptibility
locus. Microarray analysis was used to identify differences in gene expression between
C57L/J mice, which are prone to gallstone formation, and resistant AKR/J mice.
Numerous genes involved in fatty acid metabolism were identified. Through literature
searches of common regulatory elements within antioxidant systems, the nuclear 
transcription factor Nrf2, which maps to the Lith1 locus, was identified.

Sensitized Mutagenesis Screens to Identify Modifiers

Another method available for identifying genetic modifiers are sensitized screens in
which an alteration of a disease phenotype is sought in disease carrying models that
have been mutagenesized. Although this methodology has been used for years to screen
for modifiers in lower organisms (such as Drosophila) (74–76), it has only recently
been used for this purpose in mice. 

In Drosophila melanogaster 

One of the strengths of utilizing Drosophila melanogaster as a model organism is
the ability to perform large-scale forward genetic screens to identify genes that are
involved in selected biological processes. With the development of modifier screens,
in which modifiers are identified because of their ability to modulate the phenotype
of flies carrying mutations in the biological pathways of interest, the potential for
using Drosophila genetics to unravel questions concerning disease processes
increased exponentially. 

One of the first such modifier screens to take advantage of the Drosophila model uti-
lized the dominant irregular facets (If) mutation (74). This mutation results from a
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dominant gain-of-function allele of the zinc finger-type transcription factor, Krüppel
(Kr). After the blastoderm stage, Kr is normally expressed during development of the
larval visual system; however, in the If mutant, Kr is misexpressed during development
of the eye imaginal disc. 

A dominant modifier screen was employed to map loci interacting with Krüppel.
The phenotypes of heterozygous If mutants were examined in combination with chro-
mosomal deficiencies or lethal P-element enhancer trap insertions, and 30-modifier loci
(12 enhancers and 18 suppressors) were identified. Two P-element insertions, one an
enhancer and one a suppressor were identified. The enhancer was determined to be the
eyelid (eld) gene, and the suppressor was determined to be the extra macrochaetae
(emc) gene. Both modifier genes encode known transcription factors, and previously
characterized alleles of the two loci were determined to modify the If mutant phenotype
suggesting that these two genes function in regulation of Krüppel activity during nor-
mal development. 

Modifier screens in Drosophila become even more powerful when transgenic over-
expression of molecules of interest can be driven in chosen retinal cell populations.
This strategy has been employed to develop sensitized modifier screens with very prom-
ising results (75,76). One such screen, utilizing flies overexpressing the noncoding
SCA8 triplet-repeat expansion mutation to investigate modifiers of retinal neurodegen-
eration was especially fruitful (75). Using the retinal degenerative phenotype as a sen-
sitized background screen, three enhancing modifiers (staufen, muscleblind, and split
ends) and one suppressive modifier (CG3249) were identified. CG3249 encodes a pro-
tein kinase A anchoring protein and contains a kinescin heavy chain (KH) KH-motif for
RNA binding. It is hypothesized that this KH-motif allows CG3249 to bind the SCA8
repeat expansion, thus preventing harmful interactions. Although the function of spen is
poorly understood, the other enhancers (muscleblind and staufen) are known to encode
proteins that bind CUG repeat domains. These studies provide a framework to begin
understanding CTG expansion in disease processes and lay groundwork for determining
the pathology of in repeat expansion diseases such as SCA8 and Huntington’s disease. 

ENU Mutagenesis in mice

In a landmark article, Carpinelli et al. (77) reported a successful suppressor screen for
modifiers of thrombocytopenia in mice. Thrombocytopenia, a failure of megakaryocytes
to produce sufficient blood platelets, results in hemophilia. Thrombopoietin, acting
through a cell surface receptor c-Mpl, is thought to be the principle cytokine-controlling
production of megakaryocytes and platelets (78,79). By administering N-ethyl-N-
nitrosourea (ENU) to male Mpl–/– mice that are susceptible to thrombocytopenia,
Carpinelli et al. (77) were able to introduce mutations into the Mpl–/– background.
Subsequent mating and analysis of the G1 offspring revealed the presence of two domi-
nant suppressors of the thrombocytopenic phenotype. The modifiers, termed Plt3 and
Plt4, both map to chromosome 10 and are hypothesized to be differing alleles of the
same gene, c-Myb, a gene known to be a regulator of platelet production. 

Performing this type of screen in mice, which generally serve as good models for
human diseases, is potentially very powerful. Additionally, genetic manipulation of the
mouse is possible for both generating desired sensitized mutant models and for transgenic
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verification of rescue experiments once putative modifiers have been identified. With this
first success in screening modifiers in mice, one is hopeful that future screens may be
employed to identify therapeutic targets in mouse models of human disease.

SUMMARY AND PERSPECTIVES

Recent figures provided on a publicly available website suggest the existence of at least
158 cloned and/or mapped genes that, when mutated, lead to retinal degeneration (80)
(Retnet: http://sph.uth.tmc.edu/Retnet/disease.htm). At the present time, modifiers have
been reported for only a relatively small percentage of these genes (listed in Tables 1 and 2),
although it has been conjectured that most mutations are modified, at least to some extent,
on different genetic backgrounds (81). As methods that improve the efficiency of identify-
ing these genetic modifiers are applied, it is hoped that pathways and mechanisms impor-
tant in function and maintenance of the visual systems will be determined. As more genes
modifying the progression of retinal degeneration are discovered, it is envisioned that these
modifiers will provide therapeutic targets that are more amenable to treatment than the pri-
mary mutant gene, unlocking doors to new treatment modalities.
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INTRODUCTION

RP is one of the most heterogeneous genetic disorders known in man (1). There are
currently about 40 genes known or identified in this group of disorders (2). Most cases
result from one of a series of monogenic disorders inherited in an autosomal, X-linked
or mitochondrial manner. The extent to which it includes a subset of oligogenic or even
polygenic conditions is unclear. Oligogenic inheritance has been established in a small
proportion of RP families, for example, a combination of mutations in the ROM1 and
RDS/peripherin (PRPH2) genes (3). A significant excess of RP simplex cases (single-
affected individual within a family) has been reported in segregation analyses, suggest-
ing that 12 to 40% of all RP results from nongenetic causes, new mutations, or complex
inheritance (4,5). The early literature also found a significant excess of affected males
relative to females (6,7) (e.g., Nettleship [6] found a ratio of 1.6:1) and that males were
less likely than females to transmit the disease to their offspring (7)—both suggesting
the possibility of X-linkage. This question needs to be revisited in the light of recent
molecular findings, as discussed in the section on the RPGR gene.

RP was first described clinically by van Trigt in 1853 (8) and although several 
X-linked RP (XLRP) pedigrees were reported in the early 1900s, they were not recog-
nised as such until a paper by Usher in 1935 (9), which described an X-linked recessive
RP pedigree. 

The prevalence of XLRP is in the region of 1 in 10,000–15,000 in most populations
of European origin. This figure is based first on RP population prevalence studies,
which generally report figures of 1 in 3000–7000 (10,11), although it may be less
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common in some Mediterranean and African countries. However, two extremely thor-
ough population-based studies, covering multiple ascertainment sources in populations
of more than 1 million, found prevalences for RP in the region of 1 in 1500 people,
which is probably the most accurate figure (12,13). In the United States, Fishman found
that 16% of his sample of patients with RP showed X-linkage (14) compared with
14–16% in two UK studies (4,15). Assuming therefore that 15% of all RP cases are
caused by X-linkage (which compares well with 15–20% estimated from molecular
data) then XLRP has a population prevalence of 1 in 9400. Assuming a lower percent-
age of X-linked cases, such as 10%, then the prevalence of XLRP would be 1 in 15,000.
A prevalence study that fails to examine female family members for the carrier state or
to account for excess simplex males or male multiplex sibships are likely to underesti-
mate significantly the proportion of all RP caused by X-linked disease. 

CLINICAL MANIFESTATIONS OF XLRP

The earliest clinical manifestation of XLRP in males is generally night blindness,
with onset in the first decade, progressing to reduction in visual fields in the second
decade, a reduction in visual acuity by age 20 and severe visual loss (<20/200) by age
40 (16). More than half of all XLRP hemizygotes (affected males) are symptomatic by
age 10 and only 16% retain useful vision by age 40 (15,16). The average age at onset in
XLRP has been reported to be 7.2 ± 1.7 yr (17), so that this is one of the most consis-
tently severe forms of RP. Other clinical features have been noted, including some that
are seen in all types of RP and others that show at least some predilection for the 
X-linked subtype. The former include the characteristic bone spicule fundus deposits,
attenuation of retinal arterioles, optic disk pallor, posterior subcapsular lens opacities,
and absent or subnormal electroretinogram (ERG) amplitudes. The signs that are more
indicative of X-linked RP (but by no means diagnostic) include macular or foveal
lesions, impaired color vision (blue-yellow defect), and a spherical refractive error of
–2.00 diopters or greater (18). However, XLRP cannot be distinguished clinically from
other severe forms of retinal dystrophy. 

Carrier females in XLRP can show some relatively characteristic features (16,18).
The most common manifestations in carriers are however rather non-specific, such as
late-onset night blindness, both pigment epithelial changes and a few pigmentary
deposits in the peripheral retina, associated with full-field ERG abnormalities, such as
reduced amplitude to white light or delayed cone-wave implicit times (16,19,20). The
flicker ERG may also be abnormal in XLRP, implicating a reduced signal-to-noise
ratio in the rod system compared with normal (21). The signs that show greater speci-
ficity for the carrier state include, first, the tapetal reflex, noted by Frost first in 1902
(22) and later described in detail by Falls and Cotterman (23). It is a golden metallic
sheen in the macular region, best seen on direct ophthalmoscopy, named after the sim-
ilar appearance seen in many mammals (but not humans) that have a tapetum lucidum
(a reflective layer of the choroid), when a light is shone into the eye at night. However,
the sign is only present in a minority of carrier families (16). More recently, Lorenz and
co-workers described patchy loss of rod and cone sensitivity in XLRP carriers by
two-color threshold perimetry, with rods more severely affected than cones (24).
However, a new and more specific finding was an abnormal radial pattern of fundus
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autofluorescence in 80% of carriers. The authors suggested that the radial pattern
could be explained by random X-inactivation in early embryogenesis and a radial and
centrifugal pattern of cell growth in the developing retina (24). If confirmed, this
would provide a useful and relatively simple and specific test for the X-linked carrier
state. Because XLRP carriers under the age of 40 yr are often asymptomatic and yet
are at 1 in 2 risk of having affected sons, this type of test would be useful for genetic
counselling. Recognizing XLRP pedigrees is often not straightforward because family
sizes are commonly small. Recognizing the carrier state in mothers of single-affected
males or male siblings with such a test would help to recognize XLRP and initiate
genetic testing.

The key pedigree features that alert the clinician to the possibility of XLRP are a
classical X-linked inheritance pattern with affected males and unaffected or more
mildly affected but transmitting females and absence of male-to-male transmission.
What is often confusing and results in mislabeling of XLRP pedigrees as autosomal
dominant ones is the presence of severely affected females in a pedigree in which there
is no male-to-male transmission. There has long been debate as to whether X-linked
dominant or intermediate compared with recessive inheritance occurs in XLRP and the
matter is still not fully resolved. There do appear to be some pedigrees in which female
carriers are more consistently or severely affected than others. This probably mirrors
the severity of the responsible mutation but chance skewing of X-inactivation and ascer-
tainment bias probably also contribute. 

Early genetic linkage studies established the presence of two major XLRP loci (RP3,
RP2), situated 16–25 cM apart on the short arm of the X chromosome (25,26). The
results indicated that the RP3 locus in Xp21.1 accounted for 60 to 75% of the XLRP
families analysed and the remainder mapped to the RP2 locus in the Xp11.2-p11.3
region. This led to prolonged and difficult positional cloning efforts, which finally led,
firstly, to the identification of the gene responsible for RP3, the RP GTPase Regulator
or RPGR gene (27,28).

RP3 TYPE X-LINKED RP AND THE RPGR GENE

The RPGR gene is located in chromosomal region Xp21.1 and spans 172 kb (29).
There are multiple alternatively spliced transcripts, all of which encode an amino 
(N)-terminal RCC1-like domain (RLD) that is structurally similar to the RCC1 protein,
a guanine nucleotide exchange factor for the small GTP-binding protein, Ran
(27,29,30). The X-ray crystallographic structure of RCC1 consists of a seven-bladed
propeller formed from internal repeats of 51–68 residues per blade (30). The RLD of
RPGR interacts with at least two proteins, RPGRIP1 (31–33) and a 17 kD prenyl binding
protein called PDED (34). RPGRIP1 has multiple isoforms that are of unknown func-
tion but contains a long N-terminal coiled-coil domain, a Ca2 phospholipid binding
domain, and a carboxyl C-terminal RPGR interaction domain (31–33). Mutations in
RPGRIP1 were subsequently shown to cause a form of congenital retinal blindness,
Leber’s congenital amaurosis, in 5–10% of patients (35,36) and a subtype of cone-rod
dystrophy (CRD) (37). The function of the 17 kD prenyl binding protein is also unclear
but it binds prenylated photoreceptor proteins such as opsin kinase (GRK1, GRK7),
rod cGMP phosphodiesterase (PDE6) subunits, and the small GTPase Rab8 (38). It is
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implicated in the transport and membrane targeting of prenylated proteins destined for
photoreceptor OS and shows increased labeling near the connecting cilia of bovine
photoreceptors, at the junction of IS and OS (38).

The RPGR transcript that was initially identified is widely expressed and contains 19
exons (RPGRex1-19), encoding a predicted 90 kDa protein (27,28). Exons 1–11 encode
the RLD, whereas exons 12–19 encode a C-terminal domain rich in acidic residues and
ending in an isoprenylation anchorage signal (Fig. 1A). Subsequently, alternative tran-
scripts were found, the most important of which is RPGRORF15 (29), which shows high-
est expression in photoreceptors, and is the only transcript known to be involved in
retinal disease. Human RPGRORF15 contains exons 1–14 of RPGRex1–19 plus a large
alternatively spliced C-terminal exon, ORF15, encoding 567 amino acids (Fig. 1A).
The full-length human RPGRORF15 isoform encodes a 1152 amino acid protein. Exon
ORF15 encodes a repetitive glycine and glutamic acid-rich domain of unknown func-
tion and a basic C-terminal domain (ORF15C2),which is evolutionarily conserved and
binds the multifunctional chaperone nucleophosmin (NPM) at centrosomes and mitotic
spindle poles (39).

RPGR Function

RPGR is a component of centrioles, ciliary axonemes, and microtubular transport
complexes, although its precise function is unknown. It co-localizes with RPGRIP1 at
the axonemes of connecting cilia in rod and cone photoreceptors (40) by binding to
RPGRIP12 because this localization is lost in Rpgrip1 knockout (KO) mice. Rpgr
KO mice develop a slow retinal degeneration, with features resembling a cone-rod 
degeneration—cone photoreceptors degenerate faster than rods and there is partial
mislocalization of cone opsins (41). Some residual RpgrORF15 expression has been
reported in this model (42).

RPGR has been shown to co-immunoprecipitate in retinal extracts with a number of
different axonemal, basal body and microtubular transport proteins (42). These include
nephrocystin-5 and calmodulin, which localize to photoreceptor connecting cilia; the
microtubule-based transport proteins, kinesin II (KIF3A, KAP3 subunits), dynein (DIC
subunit), SMC1, and SMC3; and two regulators of cytoplasmic dynein, p150Glued and p50-
dynamitin, which tether cargoes to the dynein motor. Inhibition of dynein by overexpress-
ing p50-dynamitin abrogates the localization of RPGRORF15 to basal bodies. RPGRORF15

can be co-immunoprecipitated from retinal extracts with other basal body proteins, includ-
ing NPM, IFT88, 14-3-3ε, and γ-tubulin (39,42). RPGRORF15 and RPGRIP1 co-localize
at centrosomes in a wide variety of nonciliated cells and at basal bodies in ciliated cells
(39). Both proteins are core components of centrioles and basal bodies (39). In summary,
RPGRORF15 appears to have a role in microtubule-based transport to and from the basal
bodies and within photoreceptor axonemes, perhaps concerned with movement of cargoes
between IS and OS. 

RPGRORF15 is predominantly expressed in photoreceptor connecting cilia and basal
bodies but expression has also been reported in OS in some species (43), although this
has been disputed (40). RPGR is also expressed in the transitional zone of motile cilia
in the epithelial lining of human bronchi and sinuses (RPGRex1–19 only) and within the
human and monkey cochlea (40,44).
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Involvement of RPGR in Disease

240 different mutations in RPGR have been reported which account for a number of
different retinopathies. Numerically, the most important group is XLRP because up to
75% of cases in most series result from mutations in RPGRORF15 (29,45–47). Lower fig-
ures are reported in which X-linkage is uncertain. Mutations can occur in any part of
the protein but the glycine/glutamic-acid rich domain of exon ORF15 is a mutation
“hotspot,” accounting for up to 80% of RPGR mutations (29,45–47) (Fig. 1B). Because
of its high-mutation rate, RPGR accounts for disease in up to 20% of all patients with
RP (45). The highest frequency of mutations is associated with a central repetitive,
purine-rich region of ORF15, which contains only 2–3% pyrimidines. The purine-rich
sequences may promote polymerase arrest and slipped strand mispairing because the
majority of mutations are out-of-frame deletions of 1–5 bp within short repetitive
regions. These are predicted to produce truncated proteins of varying length, and can
include novel amino acid sequences that change the charge of the domain from acidic
to basic. Severe disease is correlated with longer regions of such abnormal sequence
(47). Because ORF15 is a C-terminal exon, it is not subject to nonsense-mediated
decay, so that truncated RPGRORF15 may accumulate and cause a gain-of-function or

Fig. 1. (A) Domain structure of two major RPGR isoforms (RPGRex1–19 and RPGRORF15), as
discussed in the text. (B) The distribution of reported mutations in the RPGRORF15 isoform
within each exon, showing the large excess of mutations within the C-terminal exon ORF15.
The types of mutation are also shown, again indicating the excess of deletions due to the ORF15
mutational “hot spot.”



262 Wright and Shu

toxic phenotype (48,49). On the other hand, the majority of missense mutations within
the RLD are nonconservative and affect highly conserved residues, suggesting a loss-
of-function mechanism. Some of the phenotypic variability found with RPGR muta-
tions (in hemizygotes and heterozygotes) may relate to such differences in the mutant
protein.

In addition to unconditional and conditional KO mouse models of XLRP, there are
naturally occurring animal models in mouse (rd9) and dogs. Canine X-linked progres-
sive retinal atrophy (XLPRA) is subdivided by mutational type into XLPRA1 (Siberian
husky, Samoyed), which have the same 5-bbp deletion in exon ORF15, and XLPRA2,
which has a 2-bp deletion in ORF15 (mixed breed) (48). The XLPRA1 mutation results
in a frameshift and immediate premature stop codon, and shows normal photoreceptor
development and function until about 6 mo of age, after which a slow degeneration of
rod and cone photoreceptors occurs, with cones being less severely affected. In con-
trast, the frameshift in XLPRA2 shows a premature stop codon 71 amino acids down-
stream, including 34 additional basic residues. The XLPRA2 phenotype is very severe
and manifests during retinal development, with disorganized and disoriented rod and
cone OS, which is worst in rods, and faster degeneration. The XLPRA2 protein aggre-
gates in the endoplasmic reticulum of transfected cells, in contrast to the normal and
XLPRA1 proteins (48).

RPGRORF15 mutations can give rise to central or macular dystrophies, including X-
linked forms of CRD (50,51), cone dystrophy (29,52), and atrophic macular degeneration
(53). In the X-linked CRD families, a parafoveal ring of fundus autofluorescence, similar
to that described in XLRP carriers (24), was evident in younger affected males (but not in
carriers). Mutations that are closer to the 3′ end of RPGRORF15 and that lack abnormal
(basic) sequence tend to be associated with CRD and milder forms of RP (47). Similarly,
loss of the final third (180 amino acids) of RPGRORF15 results in X-linked atrophic mac-
ular degeneration (53). A histopathological study of a CRD carrier showed a bull’s eye
maculopathy, focally absent macular retinal pigment epithelium and absent perifoveal
cones and rods (54). Elsewhere in the macula and in the peripheral retina, cone but not
rod photoreceptors were reduced in numbers and both rod and cone OS shortened.

Mutations in RPGR can give rise to a syndrome combining features of a primary cil-
iary dyskinesia, sensorineural hearing loss, and RP (55–58). This syndrome is most
commonly associated with deletion, missense or splice site mutations within the RLD
of RPGR and can be confused with Usher syndrome. 

RP2-TYPE XLRP AND THE RP2 GENE

The second XLRP locus, which mapped to Xp11.2-p11.3 by linkage studies
(25,26,59) was positionally cloned in 1998 and named the RP2 gene (60). RP2 consists
of five exons and encompasses 3.8 kb of DNA. Exon 2 encodes a cofactor-C homolo-
gous domain (CFCHD) and a microtubule-associated protein homologous domain
(MAPHD). Exons 3 and 4 encode a NM23 homologous domain (NM23HD) (61)
(Fig. 2A). NM23 belongs to a large family of structurally and functionally conserved
proteins, consisting of four to six identically folded subunits of approx 16–20 kDa in
size. These oligomeric proteins show nucleoside diphosphate kinase (NDPK) activity
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that catalyzes nonsubstrate specific conversions of nucleoside diphosphates to nucleo-
side triphosphates. Many NM23 proteins bind DNA. In vivo, NM23-NDPKs regulate a
diverse range of cellular events, including growth and development (62).

To date, there are 39 RP2 mutations identified in XLRP families. The distribution and
type of mutations are shown in Fig. 2B. Most mutations have been found in exon 2,
which encodes the CFCHD and MAPHD domains. In three studies in which both RPGR
and RP2 were screened for mutation, RP2 mutations accounted for 7–8% of patients
with XLRP whereas RPGR accounted for 55–73% of mutations (45–47).

RP2 protein is widely expressed at low levels in human tissues, and has been reported
to be targeted to the plasma membrane by myristoylation and palmitoylation of its
N-terminal amino acids (63). There is a potential N-myristoyl transferase recognition
site at the N-terminus of RP2. The N-terminal 15 amino acids appear to be sufficient
for targeting RP2 to the membrane. A single amino acid deletion of Serine residue 6 in

Fig. 2. (A) Domain structure of the RP2 protein, as discussed in the text. CFCHD, cofactor-C
homologous domain; MAPHD, microtubule-associated protein homologous domain;
NM23HD, NM23 homologous domain. (B) The distribution of reported mutations in RP2 in
each exon, showing the excess of mutations within exon 2, which encodes the CFCHD and
MAPHD domains. The types of mutation are also shown, indicating a more even distribution
than with RPGR.
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a patient with RP2 resulted in failure of the protein to associate with the plasma mem-
brane (63). It was therefore proposed that XLRP is prevented from reaching the correct
cellular location in sufficient amounts for normal activity (63). C-terminal truncation
mutations, which account for two-thirds of pathogenic RP2 variants, led to misfolding
and subsequent degradation of the resultant nonfunctional proteins. Loss of the protein
and/or its aberrant intracellular distribution might therefore be a common basis for the
photoreceptor cell degeneration occurring in patients with RP2 (64).

RP2 and the tubulin-specific chaperone cofactor C share 53% similarity and 29%
identity over a domain of approx 200 amino acids. Both proteins stimulate the GTPase
activity of native tubulin. Their functions are overlapping but not identical, because
only cofactor C participates in the heterodimerization of newly folded tubulin subunits.
The adenosine diphosphate (ADP)-ribosylation factor-like 2 (Arl2) protein regulates
the tubulin-GTPase activating protein (GAP) activity of cofactor C and D. Arl3 does
not affect the tubulin-GAP activity of RP2 or cofactor D. RP2 binds to Arl3 in a
nucleotide and myristoylation-dependent manner. An R118H pathogenic mutation,
which does not affect the normal plasma membrane localization of RP2 (63), implies
that this residue acts as an “arginine finger” to trigger the tubulin-GAP activity (65).

RP2 was localized to the plasma membrane of cells throughout the human retina,
whereas Arl3 and cofactor C localized predominantly to the connecting cilium of rod
and cone photoreceptor cells. The localization of RP2 and its interacting proteins to
this region suggest that RP2 may be involved in vesicular transport (66), providing an
intriguing parallel with RPGR. Much remains to be learned about the precise functions
of RP2 in the retina but at this stage it is certainly possible that, like RPGR, it has a role
in some aspect of microtubular function relating IS and OS of photoreceptors.

X-linked retinitis pigmentosa (RP) is a genetically heterogeneous disorder in which two
major genes have been identified (RPGR, RP2) that account for the disease in the majority
of patients. RPGR joins a growing number of proteins implicated in ciliary function and
may be concerned with microtubule-based transport between inner and outer segments (IS
and OS, respectively) of rod and cone photoreceptors. The function of RP2 is less clear but
it appears to have a role in microtubular assembly or function in photoreceptor IS.
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INTRODUCTION: COMMON CONSEQUENTIAL EVENTS 
OF MUTATION-INDUCED ROD-CONE PHOTORECEPTOR
DEGENERATION

Retinitis pigmentosa (RP) is a group of hereditary retinal degenerative diseases with
a complex molecular etiology. Hundreds of RP-inducing mutations, involving dozens
of genes, have been identified in patients (see references in other chapters in this book;
a list of identified mutations that cause retinal degeneration is updated at www.sph.uth.
tmc.edu/RetNet). Despite this genetic heterogeneity, patients with RP tend to have a
common pattern of vision loss. Typically, patients experience loss of night vision early
in life as a result of degeneration of rod photoreceptors. Some loss of cone photorecep-
tor function may be detected early as well. Nevertheless, the majority of cones survives
and remains functional, and hence daytime vision persists. Over years and decades,
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however, these cones progressively degenerate, leading ultimately to blindness (1). The
link between the myriad of mutations to the disease mechanisms underlying the clini-
cal course of rod-cone degeneration in RP remains unknown; meanwhile, there is no
cure or effective treatment broadly available for RP. 

The combination of vast genetic heterogeneity and a relatively well-defined, “stereo-
typic phenotype” argues strongly for a decisive role in photoreceptor death of some
“final common pathway,” irrespective of the specific RP-inducing mutation. This inter-
pretation is supported by the fact that many RP-inducing mutations are rod photo-
receptor specific. In other words, the RP-inducing mutation may involve a gene that is
not expressed in cone photoreceptors and yet, the cones eventually die. Death of the
“genetically normal” cones must be caused by mechanisms secondary to the immediate
effects initiated by the mutation that leads to rod degeneration because neither the nor-
mal nor the mutated gene in question is expressed in cones. In RP, it is the death of the
cones that forces patients to dependency and thus the most practical and critical issue in
finding an effective treatment for RP is to identify methods that would prolong the sur-
vival and function of the remaining cones in a diseased retina. In this regard, one of the
prevailing views is that an RP-inducing mutation triggers a sequence of “downstream”
cellular events that lead eventually to rod and cone photoreceptor death (2–7). Although
still unidentified, the pursuit of these elusive—sometimes even seemingly abstract—
cellular events (5) has yielded some tangible results that may lead to the future identi-
fication of the precise cellular mechanisms causing pan-retinal degeneration, including
death of the cones, in RP. 

Common approaches in RP research either aim at finding ways to rescue photore-
ceptors, focusing on therapeutic outcomes, or seek to identify the immediate (cell-
autonomous) mechanisms linking a specific mutation to the death of the cells that
express the mutant gene (see other chapters in this book). Our approach of seeking to
understand the disease mechanisms underlying RP, in contrast, has led us to shift the
research focus from simply the survival of photoreceptors to their contacts with the
postsynaptic neurons, especially the bipolar cells which receive synaptic input from
the photoreceptors. Serendipitously, we found changes in these synaptic connections
in RP animal models that might be common consequential events of mutation-
induced photoreceptor degeneration. These events occur at the very early stages of
the disease process and hence may contribute to pathogenesis. In this chapter, we
shall review the discovery of ectopic synaptogenesis in degenerating retinas of RP
animal models and briefly discuss the implications of these results for RP disease
mechanisms.

SYNAPTIC ORGANIZATION IN THE OPL AND SIGNALING
PATHWAYS OF MAMMALIAN RETINAS

Synaptic organization of the mammalian retina has been well-characterized and
described (8–11). Accordingly, there is a rich background of information for compari-
son and to detect even subtle changes in the outer plexiform layer (OPL) of diseased
retinas in animal models of rod-cone degeneration. Herein, we briefly summarize the
salient features of the normal synaptic structure between photoreceptors and their post-
synaptic partners, the bipolar cells and horizontal cells.
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When viewed by electron microscopy (EM), the morphology of rod and cone pho-
toreceptor synaptic terminals shows distinguishing landmarks. The rod synaptic termi-
nal, sometimes called spherule, has a spherical form. The cone synaptic terminal, at
times called a pedicle, has a flatter and broader shape and dimension than the rod ter-
minal, in addition to being less electron dense. In the mammalian retina, cone pedicles
are located, usually in one or two layers, at the innermost part of the OPL. Because
there are many more rods than cones, their nuclei and soma are arranged in several lay-
ers, making up almost the full thickness of the outer nuclear layer (ONL). Similarly, the
rod spherules are located and arranged in multiple layers in the OPL. Therefore,
processes of the postsynaptic cells, such as the rod bipolar cell dendrites, often pene-
trate deep into the distal part of the OPL where they synapse with the rod spherules
located in the outer margin of the OPL. 

Each rod spherule has only one central invaginating ribbon synaptic complex. For
historical reasons, the complex is sometimes described as the “triad” structure (12). In
the spherule, a synaptic ribbon points toward the central part of the triad. Occasionally,
more than one ribbon can be observed. In the triad, there are two lateral components
coming from the processes of horizontal cells. The horizontal cell processes can be dif-
ferentiated by their slightly larger and more transparent synaptic vesicles. Facing the
synaptic ribbon and in the central part of the triad, there are two (at times one may be
seen) (12) invaginating component from the dendrite of a rod bipolar cell, which usu-
ally is void of synaptic vesicles (11,12). Because each postsynaptic component has its
own cell membrane, two juxtaposing plasma membranes can be observed between the
cytoplasm of the photoreceptor terminal and the postsynaptic components. Most of the
rod spherules do not have any conventional flat synaptic contacts with the postsynaptic
cells. However, in the normal adult mammalian retina, approxi 5–20% of rod terminals
make conventional flat synaptic contacts with dendrites of OFF-cone bipolar cells
(13,14).

Unlike rod spherules, each cone pedicle contains multiple invaginating ribbon synap-
tic complexes. However, their locations, and hence the extent of the invagination, are
more superficial than those observed in the rod terminals. Although all rod bipolar cells
are the ON-type, there are ON- and OFF-cone bipolar cells. Nevertheless, all invaginat-
ing cone bipolar cells are ON-cone bipolar cells. There are also numerous conventional
flat, or basal, contact synapses with cone bipolar cell dendrites on the broad basal sur-
face of the cone pedicle. These flat contact synapses have clearly observable pre- and
postsynaptic thickenings. Most flat contact synapses are with OFF-cone bipolar cell
dendrites, although cone photoreceptors also make flat contact synapses with some
ON-cone bipolar cells (15–17).

In the mammalian retina, signals from photoreceptors are transmitted through
two separate and parallel processing pathways: the ON and OFF pathways. The rod
photoreceptors, responsible for scotopic vision, activate the rod bipolar cells (all
ON-type), which do not directly make synapses with the ganglion cells. Instead, the
rod bipolar cells transmit visual information through AII amacrine cells, which pro-
vide input to cone bipolar cells that in turn provide input to the ganglion cells. The
AII amacrine cells make gap junctions (excitatory input) with ON-cone bipolar cells
and conventional inhibitory synapses (inhibitory input) with OFF-cone bipolar cells.
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The cone photoreceptors, responsible for photopic vision, transmit signals to both the
ON- and OFF-cone bipolar cells, which make synaptic connections with and provide
signals to amacrine cells and ganglion cells (8,18–22).

In addition to these main pathways, there are other “rod-to-cone” neural circuits in
the mammalian retina. These include the direct rod-cone photoreceptor coupling
through gap junctions and the “third rod pathway,” namely, the direct link from rods to
OFF-cone bipolar cells (14,22–24). In normal mice, the third rod pathway may involve
up to 20% of all rod terminals (14). It is important to emphasize that in normal mam-
malian retina, cones almost never make direct synapses with rod bipolar cells (18).

RETINAL DEGENERATION IN THE RHODOPSIN 
P347L TRANSGENIC PIG

Animal models, which manifest rod-cone degeneration similar to human RP, have
been important for gaining the current understanding of these diseases (25). There are
many animal models of RP; nevertheless, the transgenic pig has emerged as a critical
model for researching the disease mechanisms underlying rod-cone degeneration
because, compared to other rod-dominated retinas, the porcine retina has a higher per-
centage of cones. The average ratio of rods to cones in the porcine retina is 8:1, and this
ratio is fairly homogeneous across the retina. However, in the central posterior area,
just above the optic disc, the rod-to-cone ratio can reach 5:1 (26). These numbers com-
pare favorably with the rod-to-cone ratio in the human macula and thus the pig retina
would be a good model for studying cone degeneration if its rods can be triggered to
degenerate, for example, by an RP-inducing mutation.

A pig model expressing the P347L mutant rhodopsin transgene has been created and
established (6,27–31). These pigs manifest a phenotype reminiscent of human RP
caused by the same mutation in the human rhodopsin gene. In the P347L transgenic pig
retina, rod numbers are normal at birth, but the outer segments (OS) are shorter than
normal and disorganized. Instead of restricted to the OS, rhodopsin is delocalized,
identified by immunocytochemistry throughout the entire photoreceptor. In 2-wk-old
retinas, the number of rod nuclei in the ONL decreased slightly; by 3 wk postnatal, rod
degeneration becomes clearly noticeable. At the age of 4 mo, most of the rods, and
some cones, have died; yet, a large number (about 85%) of cones survive. These remain-
ing cones have normal-length OS and, judging from the electroretinogram (ERG), are
functioning quite well. However, these surviving cones gradually degenerate. By age
20 mo, there is only a single layer of cones remaining in the retina. The majority of
these remaining cones have grossly abnormal morphology, although the photopic ERG
was still recordable, albeit much reduced in amplitude.

ECTOPIC SYNAPTOGENESIS IN RETINA OF RHODOPSIN 
P347L TRANSGENIC PIG 

Although the remaining cones undergo a long period of protracted degeneration
after the complete loss of rods, their abundance and persistent function in the P347L
transgenic pig retina create a unique opportunity to study the events that take place 
in the slowly degenerating retina. In so doing, we noted (32) that components of the
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rod-mediated signaling pathway, the rod bipolar cells, and the AII amacrine cells,
mostly remained long after the loss of input signals from the rods. This observation led
us to hypothesize that the rod bipolar cells might be receiving synaptic input from the
surviving cones (32).

Most Rod Bipolar Cells Survived Rod Degeneration

Although its function in the rod bipolar cell remains unclear, protein kinase Cα
(PKCα) is known to express abundantly in these cells. Hence, the many commercially
available antibodies against PKCα provide a convenient tool to label and identify the
rod bipolar cell (33–37). In the P347L transgenic porcine retina, most of the rods have
degenerated by age 4 mo; after 9 mo, there are virtually no rhodopsin-positive cells
identifiable by immunocytochemistry (28). Nevertheless, in a 10-mo-old P347L trans-
genic porcine retina, we have identified many rod bipolar cells using immunocyto-
chemistry with anti-PKCα antibodies (6). In addition to the well-established specificity
of PKCα as a marker for rod bipolar cells, the location of their cell bodies in the distal
part of the inner nuclear layer (INL) and the termination of their axon terminals as
large varicosities in the innermost layer of the inner plexiform layer (IPL) are charac-
teristic features of rod bipolar cells that are seen in the labeled cells (34,37,38).
Morphometric analysis of both peripheral and central retinas revealed that the densities
of rod bipolar cells are comparable between normal and P347L transgenic porcine reti-
nas from 10-mo-old animals; whereas, there are approx 10% fewer rod bipolar cells
than normal in a 22-mo-old P347L transgenic pig (6). Clearly, the majority of rod bipo-
lar cells continue to exist in the absence of rod photoreceptors. What function might
they perform in a retina where the only photoreceptors are cones? Despite the nearly
normal cell number and the appearance of the surviving rod bipolar cells, we noted
some subtle changes in their dendritic structure. 

In a normal retina, dendrites of the rod bipolar cells often penetrate deep into the
distal part of the OPL where they synapse with the multiple layers of rod spherules.
When labeled with anti-PKCα antibodies, these dendrites appear erect, showing a
fine candelabrum-like appearance. Instead of this erect appearance, the dendrites of
rod bipolar cells in the P347L transgenic porcine retina appear flattened, extending
only to the inner part of the OPL, where the cone pedicles are located. This abnormal
dendritic appearance could be detected even in a 6-d-old P347L transgenic porcine
retina; by age 4 mo, almost all the rod bipolar cell dendrites are restricted to the
innermost part of the OPL.

Synaptophysin as a Marker for Cone Synaptic Terminals 

Just like PKCα serving as a specific marker for rod bipolar cells, the synaptic vesi-
cle protein, synaptophysin, is a useful marker for labeling cone synaptic terminals. In
the retina, synaptophysin is present in both the OPL and the IPL. In the OPL, it is
specifically localized in the terminals of both rods and cones, located in separate but
adjacent layers in the OPL (39). Accordingly, in a 10-mo-old porcine retina, immuno-
staining using antibodies against synaptophysin labels a thick multilayered band; the
innermost layer corresponds to the cone pedicles and the distal layers correspond to the
rod spherules. Double immunostaining using antibodies against synaptophysin and 
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a cone-specific marker, the cone transducin γ-subunit (40,41), confirmed this interpre-
tation. In the P347L transgenic porcine retina, as retinal degeneration progresses, the
band labeled by anti-synaptophysin antibodies becomes thinner; by age 10 mo, labeling
in the OPL no longer appears as a continuous band, but rather as discrete and sporadic
“spots,” corresponding to the pedicles of surviving cones. 

Dendrites of Rod Bipolar Cells Make Ectopic Synaptic Contacts 
With Cone Terminals

In the 10-mo-old P347L transgenic porcine retina, double immunostaining using
antibodies against PKCα and synaptophysin reveal that the rod bipolar cell dendrites
extend laterally, appearing to seek out isolated cone pedicles and arborize below them.
Serially overlapping optical sections of double labeled 10- and 22-mo-old P347L trans-
genic porcine retinas clearly indicate co-localization of dendritic tips of rod bipolar
cells and the cone synaptic terminals. Using anti-PKCα immunocytochemistry con-
ducted at the EM level, ectopic synaptic contacts between rod bipolar cell dendrites and
cone pedicles are revealed. The synaptic contacts have pre- and postsynaptic thicken-
ings, filamentous cross-bridges, and presynaptic vesicles that are typical of functioning
synapses (6). Therefore, based on morphological evidence, these ectopic synapses
between the cones and the rod bipolar cells are most likely functional. These ectopic
synapses are found throughout the entire retina, from periphery to center, of 4-, 10- and
22-mo-old P347L transgenic porcine retinas. In a parallel study of the normal porcine
retina, we identify 230 cone pedicles in retinal sections; of these, none show any synap-
tic contacts with rod bipolar cell dendrites. Morphometric analysis based on EM micro-
graphs leads to the conclusion that in the 10-mo-old transgenic porcine retina greater
than 70% of cone terminals make synaptic contacts with rod bipolar cell dendrites. 

In a normal retina, the dendrites of rod bipolar cells make exclusively invaginating
synapses with rod terminals (8,11,38,42). In contrast, most of the ectopic synapses
found are of the flat contact type. In a study of EM sections of a 10-mo-old P347L
retina, 240 of 280 cone pedicles counted make ectopic synaptic contacts with rod bipo-
lar cells; out of the 240 synapses identified, there are 228 flat contact and 12 invaginat-
ing synapses. Therefore, at this stage of retinal degeneration, the rod bipolar cell
dendrites make almost exclusively flat contact with cone synaptic terminals. 

The Surviving Rod Bipolar Cells Likely Remain ON-Bipolar Cells

As described in an earlier section, all rod bipolar cells are normally the ON-type and
form invaginating synapses with rods; whereas, there are ON- and OFF-cone bipolar
cells. Most of the ON-cone bipolar cells have invaginating synapses with cones. In con-
trast, all the OFF-cone bipolar cells make flat contact synapses with cones. In addition,
ON-bipolar cells (both rod and cone bipolar cells) express metabotropic glutamate recep-
tors (mGluR6) and G protein, Go; whereas, OFF-bipolar cells express ionotropic gluta-
mate receptors (8,11,16,22,42–46). Because the ectopic cone-to-rod bipolar cell synapses
are the flat contact type, consistent with one of the properties of OFF-bipolar cells, it
seems possible that the rod bipolar cells may have become OFF-type bipolar cells.

Results of our studies, however, indicate that the surviving rod bipolar cells likely
remain the ON-type. First, the dendrites of surviving rod bipolar cells in P347L 
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transgenic retinas still express the Go G protein, which is associated with the signal
transduction pathway mediated by the mGluR6 receptor and thus found only in ON-
bipolar cells (45,47). Second, all the axons of the surviving rod bipolar cells could be
traced to the innermost part of the IPL. Termination of axons in this location, sub-
lamina b, is one of the most important criteria for identifying ON-bipolar cells (11).

Cones May Provide Input to Both Rod- and Cone-Mediated 
Signaling Pathways

For the sake of simplicity, the following discussion will center on the cone-mediated
ERG of the pig elicited by a bright white flash when the rod response is suppressed by
a bright background light (photopic condition). As reported previously, the response
recorded from the normal pig is a transient negative (hyperpolarizing) a-wave, followed
by a transient positive (depolarizing) b-wave that returns to baseline after a series of
oscillations (27). According to a study of the primate retina (48), the phasic waveform
of the photopic cone ERG is thought to be largely shaped by the summation of two
opposing field potentials: a depolarizing potential contributed by the ON-cone bipolar
cells and a hyperpolarizing potential contributed by the OFF-cone bipolar cells and
horizontal cells (49,50). It is likely that, in broad terms, the conclusions of this study
can be applied to the photopic ERG recorded from the pig as well.

According to the model described above and under photopic conditions, the rod
function in a normal retina is saturated and transmission of signal through the rod bipo-
lar cell and AII amacrine cell to the cone bipolar cell is rendered ineffective. However,
if the cones are providing input to the rod bipolar cells in the P347L transgenic porcine
retina, one would predict that the combination of excitatory input to the ON-cone path-
way and inhibitory input to the OFF-cone pathway, both via the AII amacrine cells,
would add an extra depolarizing component to the photopic ERG. This prediction is
fulfilled in that, compared to the ERG recorded from the normal pig under the same
conditions, the photopic ERG recorded from the P347L transgenic pig shows an anom-
alous waveform; it appears as though an additional depolarizing wave, coinciding with
the series of oscillations, is superimposed on the normal waveform (27).

In another study of the P347L transgenic pig using a different paradigm and based
solely on analyses of ERG, the cone photoreceptor physiology appears normal for the
first several postnatal months before the delayed onset of cone cell death. However,
even during this period of apparent normal physiology, abnormal cone post-receptoral
function is detected. The defect is localized to hyperpolarizing cells postsynaptic to the
middle wavelength-sensitive cones (the dominant type in the porcine retina) and the
abnormality is attributed to a failure of cone circuitry maturation (29). Because of
the inherent difficulties in the extraction of cellular information from ERG recordings,
however, this study does not pinpoint the cellular mechanisms underlying the defect. In
contrast, with the benefits of the current morphological evidence, alternative explana-
tions of the abnormal ERG that would be consistent with the cellular mechanism being
proposed here can be made. For example, the abnormal connections formed between
cones and rod bipolar cells may have caused the specific defects detected in the pho-
topic ERG. This may occur if rod bipolar cells inhibit OFF-cone bipolar cells through
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AII amacrine cells when the cones provide input to the (former) rod-mediated signaling
pathway in addition to the cone-mediated pathway. 

In sum, although a rigorous test of the proposed hypothesis will require detailed
physiological analyses at the cellular level, nevertheless, based on currently accepted
models of signaling pathways in the retina and the sources of electrical signals which
may underlie the ERG, observed features of the anomalous cone-mediated ERG in
the P347L transgenic pig do support the hypothesis that the ectopic cone-to-rod
bipolar cell synapses are functional and participating in the modified cone-mediated
signaling pathway.

ECTOPIC SYNAPTOGENESIS IS A COMMON CONSEQUENTIAL
EVENT IN ANIMAL MODELS OF MUTATION-INDUCED RP 

Ectopic Synaptogenesis in rd Mice

Because the mechanisms leading to rod degeneration in the rhodopsin P347L trans-
genic porcine retina are not known and, compared to other animal models, the cones
survive for a long period after early severe rod degeneration, it may be argued that
ectopic synaptogenesis is a consequence unique to the phenotype of this porcine model
and hence without the merit of generality. To rule out this argument, we have performed
similar investigations in one of the best established murine models of RP—the retinal
degeneration (rd) mouse, which has a mutation in another rod-specific protein: the
phosphodiesterase β-subunit (PDE6B) (51,52).

This naturally occurring murine model of RP manifests rapid and severe photorecep-
tor degeneration. By postnatal 18 d, most of the rods in the rd retina have degenerated
and disappeared; only a few cell bodies belonging to cones remain. However, almost all
the rod bipolar cells survive the initial photoreceptor degeneration. Morphometric
analysis indicates that the density of rod bipolar cells is comparable between 18-d-old
normal and rd mouse retinas. Double immunostaining using antibodies against synap-
tophysin and the cone transducin γ-subunit have confirmed that at this age all the
remaining photoreceptor terminals in the OPL belong to cones. Analysis of EM micro-
graphs have revealed that most of these remaining cone terminals, like those in the
rhodopsin P347L transgenic porcine retina, have synaptic contacts with the dendrites of
the rod bipolar cells; almost all of these ectopic synapses are of the flat contact type
(Fig. 1). Nevertheless, the surviving rod bipolar cells of the rd mouse still express the
Go G protein, and their axons terminate at the innermost border of the IPL, suggesting
that they likely remain ON-bipolar cells (6).

In both the porcine and murine models studied, the morphology of the ectopic cone-
to-rod bipolar cell synapse is consistent with the characteristics expected of a functional
synapse. In addition, documented alterations in the photopic ERG recorded from the
rhodopsin P347L transgenic pigs are circumstantial evidence, which supports the idea
that cones may provide input to the former rod-mediated signaling pathway. Further
supporting evidence is obtained from studying the rd retina using the anti-PKCα mono-
clonal antibody, Ab-2, which specifically recognizes the hinge region of the enzyme
(53). Like other anti-PKCα antibodies, Ab-2 labels rod bipolar cells in the mouse retina.
However, it does so only in dark-adapted retinas; PKCα-immunoreactivity (ir) is lost
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in animals that have been exposed to light for 1 h. Although the underlying mechanism
of this phenomenon is still under investigation, PKCα-ir detected by Ab-2 is a useful
tool for monitoring any potential “light-induced activity” in rod bipolar cells.

In 4-mo-old rd retinas, in which all the rods have long since degenerated and only
sporadic cones are identified, Ab-2 could detect light adaptation dependent changes of
PKC-ir reversibly in rod bipolar cells. In our studies, all the rod bipolar cells are labeled
by Ab-2 if the retina is dark adapted; whereas, light adaptation abolishes the Ab-2
detected PKCα-ir. The simplest interpretation of this observation is that the rod bipolar
cells are getting light-induced signals from the cones (54).

The morphological evidence of ectopic cone-to-rod bipolar cells and the functional
evidence of cone input to the residual rod-mediated signaling pathway in 4-mo-old rd
retinas argue strongly against the notion that ectopic synaptogenesis in degenerating
retinas is a transient phenomenon. On the contrary, data would support the interpreta-
tion that the ectopic cone-to-rod bipolar cell synapse is the cellular basis of an anom-
alous cone-rod bipolar cell-signaling pathway, the functional significance of which,
especially in a diseased retina devoid of rod photoreceptors, remains to be determined. 

Comments on Other Studies of the rd Retina Relevant 
to Ectopic Synaptogenesis 

The concept that RP research may yield additional benefits by broadening its focus
from simply the survival of photoreceptors to include the potential effects that death 

Fig. 1. Electron micrographs of 18-d-old rd retina immunostained with anti-PKCα antibody
show that rod bipolar cell dendrites make ectopic flat contact synapses with cone terminals. In
(A) the long arrow indicates a PKCα-ir rod bipolar cell dendritic tip, which forms ectopic synap-
tic contacts with a cone pedicle (CP). The CP is recognized by its electron density, size, shape,
and multiple synaptic ribbons (arrowheads). There are two rod spherules (RS), on the right side
of the cone pedicle, which have invaginating synapses with PKCα-ir rod bipolar cell dendritic
tips (short arrows). In (B) higher magnification of the ectopic synapses in (A). These ectopic
synapses have pre- and postsynaptic thickening and presynaptic vesicles. Arrows indicate the
postsynaptic thickening. Scale bar = 0.5 μm. Reproduced from ref. 6, with permission.
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of the photoreceptors may have on the whole retina has been pursued independently by
various groups of investigators. A study on the rd mouse published by Strettoi and
Pignatelli (55) is especially relevant to the subject and their conclusions are germane to
a discussion of the discovery of ectopic synaptogenesis in degenerating retinas (6).

Based on their light microscopic observations of (1) the absence of normal rod bipo-
lar cell dendritic arborization and lack of axonal processes originating from the hori-
zontal cells and (2) changes in the pattern of immunoreactivity of the glutamate receptor
mGluR6 in rod bipolar cells, Strettoi and Pignatelli (55) conclude that “healthy pho-
toreceptors are required to ensure the normal development of second-order neurons.”
Although Strettoi and Pignatelli (55) have not provided any data that specifically
address the issues of formation and function of ectopic cone to rod bipolar cell synapses
in degenerating rd retinas, a casual reading of the authors’ other statements could lead
to the erroneous impression that their conclusions contradict the existence of ectopic
cone to rod bipolar cell synapses in the rd retina at early stages of degeneration (56).

In PKCα-stained vertical sections of a 20-d-old rd retina (Fig. 4E from ref. 55), the
authors describe “rudimentary [rod bipolar cell] dendrites of abnormal morphology,
resembling club-shaped processes directed toward photoreceptors” and “limited to a
rudimental border.” In adult (2- to 3-mo-old) rd mice, these authors report rod bipolar
cell are totally devoid of processes in the OPL. Thus, the authors conclude that they
“never observed normally developed dendritic arborizations in the OPL”—a conclu-
sion that is consistent with a previous report (57). All their studies are conducted at the
light microscopic level, without any EM investigation of the abnormal, club-shaped rod
bipolar cell dendrites directing toward photoreceptors; none of their statements address
potential opportunities for ectopic cone-to-rod bipolar cell synapses. However, the
image of the 20-d-old rd retina presented in Fig. 4E of ref. 55 is remarkably similar to
the image of an 18-d-old rd retina shown in Fig. 7 of ref. 6 and from which immuno-
cytochemistry performed at the EM level has revealed that the altered (or rudimentary)
rod bipolar cell dendrites can make ectopic synapses with cone pedicles (Fig. 8 of ref. 6
reproduced as Fig. 1 in this chapter and Fig. 2).

Similar to the statements concluded from analysis of PKCα-ir, a casual reading of
the authors’ statements regarding the loss of normal distribution of mGluR6-ir in the rd
retina (Fig. 5 of ref. 55) may lead to the incorrect generalization that a major redistrib-
ution of glutamate receptors in rod bipolar cells may have rendered these cells incom-
petent to signal in response to changes in glutamate concentration. It should be pointed
out that the mGluR6-ir data presented by Strettoi and Pignatelli (55) are from studies of
2- to 3-mo-old rd retinas in which photoreceptors, including the cones, have mostly
disappeared. At these late stages of degeneration in rd retinas, the rod bipolar cells
undergo more overt morphological changes. The authors do not show any data on
mGluR6-ir in younger rd retinas, such as at age 18 d old, where a substantial fraction
of cones still remain. On the other hand, we have used the same anti-mGluR6 antibody
obtained from Dr. S. Nakanishi and observed mGluR6-ir in the OPL, including the
dendrites of rod bipolar cells, at stages of retinal degeneration that ectopic synapses are
observed in the rd retina (58).

Although the interpretation of their respective data (obtained by different techniques)
by the two groups differ significantly in details, the conclusion of Strettoi and
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Pignatelli (55) that “photoreceptor degeneration appears to trigger dramatic changes in
the morphology of second-order neurons that predict even more serious functional con-
sequences” is broadly consistent with and supportive of the notion that ectopic synapses
form and function in the degenerating rd retina (6) .

Ectopic Synaptogenesis in RCS Rat

It can be argued that both the transgenic pig model and the rd mouse involve rod
photoreceptor-specific genes and, hence, it is possible that ectopic synaptogenesis of
the kind observed is a result of specific rod cell-autonomous mechanisms owing to the
mutations rather than a general consequence of photoreceptor degeneration. In other
words, in retinas in which the mutated gene is not expressed in rod photoreceptors,
ectopic synapses may not form. To address this possibility, we have investigated one of
the most extensively studied rodent models of RP—the Royal College Surgeon (RCS)
rat (7). In the RCS rat, a mutation in the receptor tyrosine kinase gene, Mertk, causes
failure of the retinal pigment epithelial (RPE) cells to phagocytose shed photoreceptor
OS (59). The nonphagocytic phenotype of the RCS rat is RPE cell autonomous. As a
consequence of the failed RPE function, the normal rod and cone photoreceptors in the
RCS rat die (60,61).

The ONL thickness of a 20-d-old RCS rat retina is normal. Signs of apoptotic pho-
toreceptor death are detectable by approximately postnatal day 25 (60,62). By postnatal

Fig. 2. Electron micrographs of 18-d-old rd retina immunostained with anti-PKCα antibody.
(A) Rod bipolar cell dendrite make ectopic synapses with cone terminal (CP). Arrowheads
indicate the synaptic ribbons. (B) Higher magnification of the ectopic synapses in (A). Arrows
indicate ectopic synaptic contacts.
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day 35, the thickness of the ONL has decreased significantly. At this stage, many rod
photoreceptors still have long OS. In contrast to animal models expressing mutations in
rhodopsin (6,28,63), the RCS retina does not show abnormal localization of rhodopsin
in rod cell bodies and terminals because the immunostaining of rhodopsin is concen-
trated in the rod outer segments. Therefore, delocalization of rhodopsin may not be the
trigger of ectopic synaptogenesis. 

Comparing the percentages of remaining cell bodies at different postnatal days, the
number of rod bipolar cells decreases much slower than the number of rods. The results
also indicate, despite the much slower rate of cone loss during the ages studied, the
RCS retina remains rod dominated; for example, in the 35-d-old RCS retina, the rod to
cone ratio is approx 8.6:1. At this stage of degeneration in RCS rat retinas, consistent
with the loss of rods and cones, the band of terminals in the OPL stained by antisynap-
tophysin has thinned. The estimated number of labeled terminals is 62.4% of normal,
indicating synaptic abnormalities in about one-third of the rod terminals. Similar to
findings in P347L pigs and rd mice, most rod bipolar cell dendrites in a 35-d-old RCS
retina are no longer erect but appear to extend laterally. When the RCS retina is double
labeled with antisynaptophysin and anti-PKCα antibodies, the results indicate that
some rod bipolar cell dendrites still penetrate the band of cone pedicles to terminate
near the outer border of the OPL, where the rod spherules are located. Furthermore,
when double labeled with antisynaptophysin and anticone transducin γ antibodies, only
some of the terminals are double labeled, indicating the presence of synaptophysin in
some of the surviving rods. These results suggest that in the 35-d-old RCS retina, many
surviving rods and cones may still have functioning synapses. 

Consistent with this view, the b-wave amplitude of a single-flash, mixed rod-cone
ERG of the 35-d-old RCS rats is approx 25.5% that of the non-dystrophic rat. By 45 d,
the averaged b-wave amplitude reduces to 15.3%, and by 55 d, only 7.2%, of the nondy-
strophic rat. Examination of 35-d-old RCS retinas by EM shows that a small number of
surviving rods still have intact invaginating synapses from rod bipolar cell dendrites.
Even in a 55-d-old RCS retina, 4 out of 88 rod terminals examined (4.6%) still have
invaginating synapses. Therefore, functional and abnormal rod synapses co-exist in the
degenerating RCS retina. 

Of the 154 cone terminals examined in a 35-d-old RCS retina, 54 (35.1%) have
ectopic synaptic contacts with rod bipolar cell dendrites; all of them are the flat contact
type. Some rod bipolar cell dendrites could make flat contact synapses with two cone
terminals simultaneously. In addition to the cone to rod bipolar cell ectopic synapses,
there are abnormal flat contact synapses on some rod terminals; such flat-contact
synapses at rod terminals are not observed in nondystrophic retinas and, therefore, are
likely ectopic synaptic contacts with rod bipolar cell dendrites. As demonstrated by EM
immunocytochemistry, PKCα-stained rod bipolar cell dendrites indeed make flat con-
tact ectopic synapses with rod terminals. Of the 252 rod terminals counted in the 35-d-
old RCS retina, 50 (19.8%) have flat-contact synapses with rod bipolar cell dendrites.
Most of these rod terminals show signs of degeneration (64), lacking intact synaptic
ribbons and triad structure. 

Identification of ectopic synapses in the RCS rat supports the conclusion that ectopic
synaptogenesis is a general consequence of photoreceptor degeneration; and this event
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may take place independent of a particular disease-inducing cell-specific gene muta-
tion. Furthermore, as shown in the RCS rat, rather than being a default developmental
outcome, ectopic synapses involving rod and cone photoreceptors and rod bipolar cell
dendrites are the results of “neural re-wiring,” as a consequence of mutation-induced
photoreceptor loss. 

SYNAPTIC REMODELING IN OTHER RETINAL DEGENERATION
ANIMAL MODELS AND THE UNDERLYING PRINCIPLES 
OF SYNAPTIC PARTNERING IN THE RETINA

The aggregate of published results from studying ectopic synaptogenesis in a variety
of RP animal models, from different species (and with mutations in different genes),
including the P347L transgenic pig (rhodopsin), the rd mouse (PDE6B), and the RCS
rat (Mertk), strongly suggests that the phenomenon is a common feature (downstream
event) of mutation-induced retinal degeneration. Additional results from our laboratory
further support this view. For example, in rhodopsin P347L transgenic mice, which
express the same porcine rhodopsin P347L transgene as the P347L transgenic pig, EM
analysis of anti-PKCα labeling has revealed similar cone to rod bipolar cell synapses
(Fig. 3). Parallel experiments performed on analogous models, such as mice and pigs
each expressing the porcine rhodopsin P347S transgene, have led to the same conclu-
sion. Our preliminary studies of a rod-cone dysplasia 1 (rcd1) dog, which like the rd
mouse, has a mutation in the PDE6B gene (65), have yielded results that support the
notion that ectopic synaptogenesis occurs during degeneration in this animal model as
well (Peng and Wong, unpublished results).

From the standpoint of potential postdeafferentation responses of the rod bipolar
cells, which may include protein redistribution, synaptic remodeling, and degeneration,
ectopic synaptogenesis involving cones and rod bipolar cells in the degenerating retina
are certainly consistent with the expectations of general neuronal behavior (66–69).

As it was pointed out previously (6), formation of abnormal cone-to-rod bipolar cell
synapses in animal models of mutation-induced photoreceptor degeneration demon-
strates that the rod bipolar cell dendrites have the capability to make alternative con-
nections when the preferred contacts are apparently not available. Hence, the rules that
govern synaptic partnering between rods and rod bipolar cells and between cones and
cone bipolar cells are not absolute; furthermore, the molecular mechanisms used by
rods and cones to choose their synaptic partners share some common features. These
concepts of the principles underlying synaptic partnering in the retina have been illus-
trated in a different context by a study of the neural retina leucine zipper (Nrl) gene
knock out (KO) mice. In these mice, the rods fail to form developmentally and hence
all the photoreceptors are cones (70). In these cone-only retinas, the rod bipolar cells
form synaptic connections with cones (71). Accordingly, it seems that the principles
guiding the formation of photoreceptor and bipolar cell synapses in the retina, as illus-
trated in the Nrl KO mouse, would predict ectopic synaptogenesis in degenerating
retinas just as we have previously reported.

From these premises, it is a small leap of faith to hypothesize that even though there
may not be any remaining rods, the residual rod-mediated signaling pathway persists
and functions in the diseased retina. Although direct evidence is still lacking, the
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collective morphological evidence and the indirect evidence summarized in this chapter
are consistent with this hypothesis, e.g., ERG in the P347L transgenic pigs and light-
induced changes in PKCα-ir detected by monoclonal antibody Ab-2 in rod bipolar cells
of the degenerated rd retina. Furthermore, even though the electron microscopic details

Fig. 3. Electron micrograph of a 10-wk-old P347L transgenic mouse retina immunostained
with PKCα antibody. Asterisk marks a labeled rod bipolar cell dendritic tip making ectopic
synapse with a cone pedicle (CP). (B) Shows the higher magnification of the ectopic synaptic
contact (arrowheads) in (A). Arrows indicate synaptic ribbon. Bar = 0.5 μm (A) and 0.1 μm (B).
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of the purported ectopic synapses have not been presented, morphological evidence
collected at the light microscopic level and the parallel ERG analysis conducted in the
rhodopsin P23H transgenic rat by Cuenca et al. (72) provide indirect evidence in sup-
port of the notion that after severe rod degeneration, the cone-mediated ERG has
acquired a component that may result from cone input to the former rod-mediated sig-
naling pathway. In short, in the rhodopsin P23H transgenic rat, just like in other animal
models described in this chapter, ectopic cone-to-rod bipolar cell synapses may exist
and via these synapses, the remaining cones may provide input to both the residual
rod-mediated signaling pathway as well as the cone-mediated pathway. 

IMPLICATIONS FOR PATHOGENESIS OF LATERAL EXTENSIONS 
OF ROD BIPOLAR CELL DENDRITES 

It has been demonstrated a decade ago in the peripheral retina of specimens col-
lected from patients with RP that rods extend long processes into the inner retina (73).
These rod neurites usually bypass the OPL, where dendrites and processes of bipolar
cells and horizontal cells—the usual synaptic targets of rod synaptic terminals—are
located (56). Instead, the rod neurites extend to the INL and inner IPL, reaching even
the inner limiting membrane. There is no evidence, however, suggesting that these rod
neurites form any synapses with neurons in the inner retina (74); however, later studies
reported presence of synaptic protein SV-2 ir in the terminals of these neurites, hinting
at the potential presence of synaptic vesicles (75). In humans, such neurite sprouting is
not observed in the macular region (73,74,76). Nonetheless, recently, Fei (77) has
observed sprouting neurites from cones in the retinas of rd mice, starting from early
stages of rod degeneration. Some of these sprouting neurites extend laterally and appear
to make contacts with rod bipolar cell, although their synaptic fate is not known. 

Rod bipolar cell dendrites undergo analogous “sprouting” under various conditions
(78–80). Especially relevant to the topic under discussion is the lateral extensions of
these dendrites in animal models of rod-cone degeneration. As illustrated in Fig. 4
(4-mo-old rd mouse) and Fig. 5 (9-mo-old P347S transgenic mouse), the dendrites of
the rod bipolar cells extend laterally and make synapses with the terminals of neighbor-
ing cones. Furthermore, the rod bipolar cell soma have dislocated to the ONL. At the
light microscopic level, the synaptic contacts appear to be on the cone cell bodies.
Similar extensions of the rod bipolar cell dendrites have been documented independ-
ently by other investigators, e.g., in rd mouse81 and P23H transgenic rat (72).

The images presented in Figs. 4 and 5 suggest a scenario that the rod bipolar cell
may actively initiate synaptic contacts with the surviving cones via its extensive den-
dritic tree. If the autonomous behavior of the rod bipolar cell dendrites is manifested
very early, before extensive rod death, such action may in fact contribute to pathogene-
sis. For example, during the initial phase of rod death, when a few rod bipolar cell den-
drites may have lost their synaptic input from the degenerated rods, the rod bipolar cell
may withdraw some of its other dendrites from functioning rod-to-rod bipolar cell
synapses. In so doing, the rod bipolar cell would accelerate the death of the rods.
Morphological evidence consistent with such withdrawal by rod bipolar cell dendrites
from functioning rod spherules indeed exists (82) and the speculative model of rod
bipolar cell initiated rod death is currently under investigation.
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Fig. 4. Cross sections at different focal planes obtained by confocal microscopy of a 4-mo-old
rd mouse retina double-immunostained with PKCα and antisynaptophysin antibodies. Large
arrows (1–4) indicate different remaining cone terminals (labeled with antisynaptophysin antibody
in red) form ectopic synapses (yellow spots) with different rod bipolar cell dendrites (a–h, labeled
with anti-PKCα antibody in green). Small arrows indicate extended rod bipolar cell dendrites. 
In this series of confocal images, it can be seen that a synaptophysin labeled cone terminal (large
arrow 1 in panel A, red) makes synaptic contacts (yellow spots, small arrows in panels B, D, and
E) with three different rod bipolar cells (a, b, and c, green), respectively. In panel D, rod bipolar
cell b is seen extending its dendrite laterally to make synaptic contact (yellow spot, small arrow)
with the cone terminal (red). In panel A, large arrow 2 indicates another synaptophysin labeled
cone terminal (red) forming synaptic contact (yellow spot, small arrow) with the dendrite of rod
bipolar cell d (green). The same cone terminal (large arrow 2) is contacted by rod bipolar cell e
(small arrow in panel B). Analogous synaptic contacts between other cone terminals (arrows 
3 and 4) and rod bipolar cells f, g, and h can be traced through the same series of potical sections.
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexi-
form layer; GCL, ganglion cell layer. Scale bar = 50 μm.
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CONCLUDING REMARKS

In this chapter, we have reviewed the discovery of ectopic synaptogenesis in several
animal models of rod-cone degeneration. The major conclusions are: (1) ectopic synap-
togenesis reflects a set of common downstream consequential events, triggered by a
multitude of mutations that cause retinal degeneration; (2) ectopic synaptogenesis might
occur early and could persist until the very late stages of degeneration; and (3) long
after the death of rods, the residual rod-mediated signaling pathway persists and
receives input from the surviving cones. The significance of the persistent anomalous
wiring is not known.

We have restricted our discussions of synaptic remodeling to the OPL because what
occurs in the inner retina, especially in the late stages of degeneration, has been
reviewed by others (56). The “neuronal remodeling” or “negative cell remodeling”
observed in the inner retina certainly would impact significantly some of the current
theories regarding therapeutic approaches to treat patients in late stages of retinal degen-
eration. In parallel, retina-wide changes in the synaptic connections between photo-
receptors and the second order neurons that occur early in the disease process, such as
those summarized in this chapter, are expected to lead to more obvious and dramatic
changes, including consequential events that would occur in the inner retina (83,84). In
other words, early synaptic changes in the OPL and the changes in the inner retina
observed at late stages of retinal degeneration may be causally related. Although this
possibility remains to be investigated, the discovery of ectopic synaptogenesis has led
us to a new hypothesis regarding the role of the rod bipolar cell in this phenomenon.
Careful examination of the speculative model outlined in this chapter may lead us to a
better understanding of the potential disease mechanisms underlying mutation-induced
rod-cone degeneration.

Fig. 5. Cross section of a 9-mo-old P347S mouse retina double immunostained with anti-
PKCα (green) and antisynaptophysin (red) antibodies. Arrows indicate laterally extended rod
bipolar cell dendrites. Arrowheads indicate dislocated rod bipolar cell somas in the ONL. These
rod bipolar cells extended dendrites laterally toward the surviving synaptophysin labeled cone
terminals (arrow, red). Labels as in Fig. 4.
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INTRODUCTION

A hereditary degenerative disease of the retina, retinitis pigmentosa (RP), is the
leading cause of visual handicap among working populations in developed countries,
with an estimated 1.5 million patients worldwide (1,2). Clinically, RP is characterized
by night blindness (nyctalopia) as a result of initial death of rod photoreceptors, fol-
lowed by progressive visual loss owing to secondary degeneration of cone cells (3).
Mutations underlying RP reveal a genetically heterogenous condition, which can be
inherited in an autosomal dominant (AD), recessive, X-linked recessive, digenic, or
mitochondrial mode, with around 40 known or predicted genes implicated in disease
pathology (http://www.sph.uth.tmc.edu/RetNet/). Of those genes with known func-
tions, some encode proteins involved in the visual transduction cascade, e.g., rhodopsin,
others in maintenance of photoreceptor structure, e.g., peripherin, and others involved
in regeneration of the rhodopsin chromophore (11-cis-retinal) in the visual cycle,
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e.g., retinal pigment epithelial protein (RPE) 65 (4). Interestingly, a number of RP
genes are widely expressed but only cause disease pathology within the retina, high-
lighting the unique and complex biochemistry of photoreceptor cells. Included in the
latter category are the genes HPRP3 and PRPC8 encoding pre-messenger RNA splic-
ing factors and the gene encoding inosine monophosphate dehydrogenase type 1
(IMPDH1), the rate-limiting enzyme of the de novo pathway of guanine nucleotide
biosynthesis (5–7). Despite such genetic heterogeneity, photoreceptors degenerate in
RP, and indeed in other inherited retinal degenerations, by a common form of cell
death, apoptosis (8,9). Apoptosis is a regulated mode of cell death that is essential for
normal development and homeostasis (10,11). However, abnormal regulation of apopto-
sis contributes to many disease pathologies, including cancer, autoimmune disorders,
and neurodegenerative diseases, for example, Alzheimer’s disease and amyotrophic lat-
eral sclerosis (ALS) (12–16). Numerous studies in cell culture, and in various animal
models of retinal degeneration, including inherited and light-induced models of retinal
damage support the initial observation by Chang et al. (8) that photoreceptors die by apop-
tosis in retinal degenerations (17–20). One of the key aims of RP research is the develop-
ment of effective therapeutics, and modulation of apoptosis clearly represents a potential
therapeutic approach. It is unlikely that each RP mutation initiates an equivalent number of
separate apoptotic pathways, so what is more probable is that such events converge and
progress via one, or a limited number of apoptotic cascades, providing an alternative ther-
apeutic approach to targeting the underlying primary mutations. Therapeutic  inverven-
tion for primary mutations may involve either gene replacement for autosomal recessive
(AR) RP or alternatively some form of gene suppression for ADRP. With respect to
ADRP, targeting of primary mutations presents a particularly formidable challenge,
since multiple mutations are routinely encountered in any given disease-causing gene,
e.g., more than 100 different rhodopsin mutations have been identified (4). On the other
hand, the goal of inhibiting apoptosis is to modulate the course of the disease in an
entirely mutation independent fashion, providing therapeutic benefit by targeting a
common pathway. In addition to modulating apoptotic programs, other therapeutic
strategies may include promoting photoreceptor survival using neurotrophic factors
(21–23) or replacing lost photoreceptor cells by retinal transplantation or stem cell
therapy (24,25). For recent reviews of RP therapy, see Delyfer, et al. and Doonan et al.
(26,27). None of these therapeutic approaches is mutually exclusive and indeed it is
likely that a combination of therapies may ultimately be used to treat this group of con-
ditions. A summary of therapeutic strategies for RP is provided in Table 1.

The focus of this chapter is on how apoptosis can be modulated for potential thera-
peutic benefit in RP, including the inhibition of key proteases involved in mediating
apoptosis and the reduction of reactive oxygen species (ROS) that may play a role in
photoreceptor degeneration. Recent exciting developments in the area of cell survival
factors will also be discussed. In addition, the role of light in apoptosis will be reviewed:
how light-induced animal models of retinal degeneration have provided insights into
mechanisms of degeneration in models of RP and how such discoveries may impact on
the development of therapeutic strategies. Finally, it is clear from studies of the segre-
gation pattern of genetic disorders in humans and from studies in animal models that so
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Table 1
Strategies for Rescue in Models of Retinal Degeneration 

Target Therapy Species/model Effect of treatment Reference

Caspase 3 Ac-DEVD-CHO rd mouse Transient protection 56
Caspase 3 p35 (transgene) Drosophila Protection of structure 57

and function
Caspase 3 p35 (transgene) 661W cone Protects against FADD- 17

cell line induced death
Calpains/calcium D-cis-diltiazem Light induced Prevents occurrence 70

channel of TUNEL positive 
cells in ONL

Calpains/calcium D-cis-diltiazem rd mouse Photoreceptor rescue 134
channel

Calpains/calcium D-cis-diltiazem rd mouse No protection 102,104
channel

Calpains/calcium D-cis-diltiazem P23H No protection 103
channel

Calpains/calcium D-cis-diltiazem rcd1 dog No protection 105
channel

Calpains/calcium D-cis-diltiazem RCS rat No protection 106
channel

Calpains CR6 (ROS 661W cone Protects against 109
chemical

scavenger) cell line induced death
NOS L-NAME Light-induced Prevents occurrence 54

of TUNEL positive 
cell in ONL

NOS L-NAME Light-induced, Partial protection of 148
P23H, morphology but not
S334ter rat function in LI model,

No protection in 
transgenics

Calpains calpain inhibitor 661W cone Protects against 51
chemical

(and caspase-3) SJA6017 cell line induced death
Mitochondria Bcl-2 (transgene) rd mouse Increased PR survival 77

(MOMP) S334ter mouse for 2-4 weeks
Mitochondria Bcl-2 and Bcl-XL rd mouse No protection 79

(MOMP) (transgenes)
Mitochondria Bcl-2 (Ad) rd mouse Rescue lasting 78

(MOMP) 6 weeks
Mitochondria Bcl-2 and BAG-1 S334ter mouse Rescue lasting 81

(MOMP) (transgenes) 7–9 weeks
Mitochondria MITO-4565 S334ter rat Inhibits apoptosis 96

(MOMP)

(Continued)
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Table 1 (Continued)

Target Therapy Species/model Effect of treatment Reference

Reactive oxygen DMTU Light-induced Protection 111,112
in P23H and 
S334ter rats

Reactive oxygen PBN Light-induced, Protection in LI but 112
P23H, S334ter not transgenics
rats

Reactive oxygen Thioredoxin Light-induced Protection 113
nd, not FGF2 RCS rat Slower degeneration 120,122,

determined 123
nd FGF2 Light-induced Slower degeneration 121,124
nd FGF2 S334ter rat Partial protection of 124

morphology, not 
function

nd EPO (transgene) Light-induced, Protection in LI but 149
rd1, VPP not transgenics
mouse

nd CNTF (Ad) rd mouse Transient protection 125
nd CNTF (intravitreal Q344ter, VPP, No protection 126

injection) S334ter,
P23H, mouse

nd CNTF (Ad) rds mouse Protection and increase 127
in ERG response

nd CNTF and BDNF rd mouse PRs are rescued, but 128
explants rod differentiation 

is depressed
nd CNTF (AAV) Rho-/- mouse Protection of morphology, 129

but not function
nd CNTF (Ad) P216L rds Protection of morphology, 130

mouse but not function
nd CNTF (AAV) rd2 mouse Protection of morphology, 131

ERG lower than 
untreated eyes

nd CNTF (ECT rcd1 dog Protection or morphology, 21
device) but function not evaluated

nd Cardiotrophin-1 S334ter rat Protection of 133
(repeated morphology
intravitreal 
injection)

nd GDNF (subretinal rd mouse Protection and 134
injection) detectable ERG

nd GDNF (AAV) RCS rat, rd2 Protection of morphology 173
mouse and function

nd GDNF (AAV) S334ter rats Protection of morphology 135
and function

(Continued)
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called genetic modifiers influence progression of the disease. Identification of such
modifiers, some of which are likely to regulate pathways of apoptosis and cell survival,
may possibly illuminate novel therapeutic targets.

APOPTOSIS

On the Mechanism of Apoptosis

Apoptosis can be mediated by caspases, a group of cysteine-aspartyl-specific pro-
teases (28–31). To date, 14 mammalian caspases have been identified, a subset of
which are involved in apoptosis, whereas the remainder are involved in processing
pro-inflammatory cytokines (32). Apoptotic caspases fall broadly into two categories,
initiators and effectors. Initiator caspases, such as caspase-8, -10, and -12 are the first to
be activated in response to a death stimulus, which in turn activate the effector caspases,
namely caspase-3, -6, and-7 (33). Once activated, these caspases mediate cell destruc-
tion by degrading a broad range of structural and regulatory proteins (34). Apoptosis can
be initiated from both outside and within the cell, depending on the pro-apoptotic stim-
ulus. The extrinsic pathway is triggered via the activation of cell surface death receptors,
e.g., Fas (or CD95) receptor and tumor necrosis factor receptor 1 (TNFR1), which in
turn, activate caspase-8 within the cell (35,36). The intrinsic pathway can be activated
by a variety of stimuli, including ultraviolet light, chemotherapeutic agents, or growth
factor deprivation, which trigger mitochondrial outer membrane permeabilization
(MOMP), releasing cytochrome-c and other pro-apoptotic factors (37–39). MOMP is a
central event in cell death, and is tightly regulated by the Bcl-2 family of proteins, com-
prising both pro- and anti-apoptotic members (40,41). An intrinsic pathway that centres
on the endoplasmic reticulum (ER) has also been identified, in which insults that induce
ER stress including misfolded proteins and oxidative stress, lead to caspase-12 activation
(42,43). Thus, it is clear that apoptosis is a complex process with numerous potential

Table 1 (Continued)

Target Therapy Species/model Effect of treatment Reference

nd BDNF (transgenic RCS rat Protection of 22
cell transplant) morphology

nd RdCVF rd1 mouse 40% increase in 23
cone survival

AAV, adeno-associated virus; Ac-DEVD-CHO, N-Ac-Asp-Glu-Val-Asp-CHO; Ad, adenovirus; BAG-1,
Bcl-2 associated anthogene-1; Bcl-2, B-cell leukemia/lymphoma 2; Bcl-XL, homologue of Bcl-2; BNDF,
brain-derived neurotrophic factor; CNTF, ciliary neurotrophic growth factor; CR-6, 3,4-dihydro-6-
hydroxy-7-methoxy-2,2-dimethy1-1(2H)-benzopyran; DMTU, dimethylnitrourea; ECT, encapsulated cell
technology; EPO, erythropoietin; ERG, electroretinogram; FADD, FAS-associating death domain-contain-
ing protein; FGF2, fibroblast growth factor-2; GDNF, glial-derived neurotrophic factor; LI, light-induced;
L-NAME, N(G)-nitro-L-arginie methyl ester; NOS, nitric oxide synthase; ONL, outer nuclear layer; p35,
baculoviral anti-apoptotic protein; PBN, phenyl-N-tert-butyInitrone; PR, photoreceptor; rcdl, rod-cone-dys-
plasia type 1; RCS, Royal College of Surgeons; rd, retinal degeneration; rdl, retinal degeneration 1 (same
as rd); rd2, retinal degeneration 2 (previously known as rds); RdCVF, rod-derived cone viability factor;
rds, rential degeneration slow; ROS, reactive oxygen species; TUNEL, terminal dUTP nick-end labeling;
VPP, mutant transgene for opsin (V20G, P23H, P27L).

Adapted from ref. 170.
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points for modulation. In the context of therapeutic development, initial targets to be
explored were the caspases, in which inhibition of these proteins was used as a therapeutic
approach for conditions including neurodegenerative disorders, myocardial infarction, and
acute brain injury (44–47). In this context, there have been notable successes, and several
drugs are now at the clinical trial stage of development. For example, novel caspase
inhibitors (Idun Pharmaceuticals, Inc., IDN-1965 and IDN-6556) have been shown to be
protective in instances of heart and liver injury (47,48).

Caspase-Dependent Mechanisms of Photoreceptor Cell Death

The possible involvement of caspases in RP has been explored to assess whether 
caspase inhibition is a potential therapeutic strategy for the disease. For example, there is 
substantial evidence to support the activation of caspase-3 in various models of retinal
degeneration, the rd mouse (49–51), tubby mouse (19), ser334ter rhodopsin mutant rat
(18), and in chemically induced models of retinal degeneration (52). In contrast, however,
results from other studies suggest that caspase-independent apoptosis may be occurring
(53,54). Although there is significant evidence to support caspase-3 activation, the impact
of caspase-3 ablation in knockout (KO) mice has been shown to provide only minimal 
protection against photoreceptor degeneration in the rd model of retinal degeneration (55).
This supports a transient protective effect previously observed using the caspase-3 inhibitor
Ac-DEVD-CHO in the rd mouse (56). Clearly, caspase-3 is activated in such systems but it
may not play a critical role in the mediation of apoptosis, its function perhaps being com-
pensated for by other caspases. Considering the complex nature of the pathways that lead
from the numerous primary mutations encountered in RP to the death of photoreceptor
cells, it is premature at this stage to discount caspase inhibition as a therapeutic strategy.

In contrast to these aforementioned studies involving caspase-3 inhibitors, successes
have been achieved with pan-caspase inhibitors, most notably the p35 protein. p35 was
originally identified in baculoviruses and is a pan-caspase inhibitor targeting both 
initiator (caspase-2, -8, and -10,) and effector (caspase-3, -6, and -7) caspases and it has
been shown to rescue photoreceptor degeneration in Drosophila models of retinal degener-
ation (57,58). Furthermore, p35 has also been shown to protect against chemically induced
apoptosis in the cone photoreceptor cell line, 661W (17). p35 inhibits several caspases, in
contrast to the specific caspase-3 inhibitors, possibly explaining its greater protective
effect. Clearly further evaluation in animal models will be required before any conclusions
can be made regarding the use of caspase inhibitors as therapeutic agents in RP.

Caspase-Independent Mechanisms of Photoreceptor Cell Death

Caspase-mediated apoptosis may not be the only pathway of photoreceptor degener-
ation in RP. Caspases were long considered the key executioners of apoptosis,
but research has shown that caspase-independent mechanisms of cell death exist,
where dying cells retain many morphological characteristics of apoptosis (59). Caspase-
independent pathways have been demonstrated in neuronal systems in response 
to ischaemia, traumatic brain injury and in neurodegenerative diseases such as
Huntington’s and Alzheimer’s diseases (60–63). Proteases involved in caspase-
independent pathways of cell death include cathepsins, calpains, and serine proteases
such as granzyme B (64–66). Calpains are a family of calcium-dependent proteases,
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comprising at least 15 members, the best characterized of which are μ- and m-calpain
(65). Although much remains to be learned about the regulation and function of calpains,
these proteases have been implicated in the pathogenesis of cell death in cerebral
ischaemia (67), cataract formation (68), and neurodegenerative disorders including
Huntington’s disease (69). In reference to photoreceptor cell death, calpain activation
has been shown in light-induced and inherited models of retinal degeneration
(51,70,71). In one study, a calpain inhibitor prevented calcium-induced death in cone
photoreceptor-derived 661W cells, further supporting a possible role for calpains in
photoreceptor cell death (51). The successful inhibition of cell death in 661W cells cal-
pains using a calpain inhibitor, warrants further exploration of calpains as novel thera-
peutic targets for modulation of apoptosis in degenerative retinopathies. It is notable that
in the previously mentioned study caspase-3 activation was also detected, indicating
cross talk between the two proteolytic systems of caspases and calpains. Interaction
between these different proteases has been demonstrated in previous studies, including
the activation of caspase-3 and -12 by calpains (72,73). Activation of both systems in
photoreceptor degeneration suggests a possible explanation for the limited success of
caspase inhibitors in preventing apoptosis in models of RP. However, results from other
studies suggested no caspase activation in the rd inherited and light-induced model of
retinal degeneration, indicating that the complex pathways of cell death in RP remain to
be fully elucidated (53,54).

A recent study by the same group showed that although treatment of rd retinal
explants with a calpain inhibitor successfully inhibited calpain-induced alpha-fodrin
cleavage, it did not protect against photoreceptor degeneration, suggesting the involve-
ment of multiple cell death pathways (171). Lohr and colleagues reached a similar con-
clusion by comparing three photoreceptor degenerations caused by different events:
calcium overload (rd mouse), structural defects (rds mouse), and light induced retinal
degeneration (172). By comparing caspase, lysozyme and cathepsin activity, as well as
the expression of several other apoptotic marker genes, they concluded that multiple
parallel cell death mechanisms are involved in retinal cell death (172). Until a common
upstream initiator of cell death can be determined, each of these components must be
addressed for successful inhibition of photoreceptor degeneration.

Mitochondria

Caspases and calpains represent some possible therapeutic targets, in respect of pho-
toreceptor protection, but there are several others within the apoptotic pathway, most
notably those centring on the mitochondria. Apoptosis proceeding through the mito-
chondria represents an important pathway of cell death, which is characterized by 
a central event, that of MOMP (39). Following MOMP, factors mediating apoptosis are
released including cytochrome-c, apoptosis inducing factor, and Smac/Diablo (74–76).
As a result, the mitochondrial potential is dissipated and the essential functions of the
mitochondria are lost. Initiation of this process is tightly regulated by the Bcl-2 family
of proteins, comprising both pro- and anti-apoptotic members and they modulate the
formation of permeability transition (PT) pores on the surface of the outer membrane.
Anti-apoptotic members block MOMP by preventing the formation of the PT pores,
whereas pro-apoptotic members facilitate opening of the pores. Modulation of this



300 Kernan et al.

process has been evaluated as a therapeutic approach for RP, with varying results. For
example, overexpression of Bcl-2 was shown to provide transient protection in mouse
models of retinal degeneration (77,78). In contrast, however, other studies have reported
no protection by either Bcl-2 or Bcl-XL expression (79). Furthermore, different combi-
nations of Bcl-2 anti-apoptotic proteins have been evaluated and again, although some
protection has been observed in photoreceptors, effects were transient (80,81). In support
of this approach, overexpression of Bcl-XL has been shown to protect against lead-
induced photoreceptor apoptosis up to postnatal day 90 (P90) in mice (82). Overall,
however, results from studies of exploring Bcl-2 family members as potential therapeu-
tics for RP have not been encouraging. This view is supported by a recent observation in
which Bax, the target of Bcl-2, was found to be downregulated during normal retinal
development, possibly explaining, at least in part, the lack of protection provided by
overexpression of Bcl-2 (81).

It is notable, however, that there are alternative ways to inhibit the formation of the
mitochondrial PT pore. For example, cyclosporin A blocks the loss of membrane poten-
tial by targeting proteins involved in PT function including cyclophilin D (83,84). It has
been shown to be protective in models of Alzheimer’s disease, Parkinson’s disease and
ALS (85–87). In addition, this agent was shown to decrease the death of cortical neurons
in a model of focal ischemic stroke (88) and has been shown to protect against calcium-
induced apoptosis in isolated rat retina (89). Another example of an agent, which has
been found to be protective at the level of mitochondria is tauroursodeoxycholic acid
(TUDCA), an endogenously produced hydrophilic bile. TUDCA acts, in part, by inhibit-
ing the translocation of pro-apoptotic Bax to the mitochondria and in addition has antiox-
idant properties (90). It has been shown to be neuroprotective in animal models of
Huntington’s disease (91) and also reduced apoptosis in RPE cells (92). Other agents
that protect by a similar mode of action are minocyclin and rasagiline, which have been
shown to be of therapeutic benefit in models of Parkinson’s disease and ALS (93,94).

Another agent targeting mitochondria, MITO 4565, has been evaluated in a rat model
of RP expressing a dominant mutation (Ser344ter) within the rhodopsin gene (95). MITO
4565 is a novel oestrogen analogue that does not inhibit the formation of the PT pore,
but rather stabilizes the mitochondrial membrane. MITO 4565 was injected into the left
retinas of the Ser344ter model at PD9, and by PD20 the loss of outer nuclear layer
(ONL) thickness was shown to be significantly reduced compared to the control right
retinas (96). MITO 4565 is believed to intercalate into the mitochondrial membrane,
terminating lipid peroxidation and thus maintaining mitochondrial membrane potential.

CALCIUM INVOLVEMENT IN APOPTOSIS

Elevated calcium levels probably play a key role in photoreceptor apoptosis. Calcium
overload has been observed in various models of inherited and chemical-induced retinal
degenerations (97–99). The role of calcium is well characterized in the rd mouse, which
has a mutation in the gene encoding the β-subunit of cGMP phosphodiesterase (100).
When cGMP levels rise, channels regulated by cGMP remain open, resulting in the build
up of toxic levels of calcium within the photoreceptors. A recent study demonstrated in
661W cone photoreceptor cells, that calcium-induced apoptosis is mediated by calpain
activation, resulting in caspase-3 dependent cell death and that this apoptotic pathway
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could be inhibited by a calpain inhibitor, SJA6017. In the same study, activation of 
calpain and caspase-3 were observed in the retinas of the rd mouse, indicating that the
pathway of apoptosis observed in 661W cells is the possible mechanism of photorecep-
tor degeneration in the rd model (51). As elevated calcium has been shown to play a key
role in mediating photoreceptor apoptosis, modulation of calcium levels is another poten-
tial strategy for slowing cell death in the retina. Calcium enters the cell via voltage-
dependent calcium channels, and channel blockers have been evaluated as a potential
therapy, with varying results. D-cis-diltiazem, one such channel blocker, has been
reported to be protective in the rd mouse model and in a light-induced model of retinal
degeneration (70,101). In contrast, D-cis-diltiazem was not found to be protective in
other studies using the rd mouse, in a Pro23His rat model, or in a canine model of reti-
nal degeneration (102–105). Similar results have been obtained with nilvadipine, which
has been shown to be protective in the rd mouse retina, and in another model of retinal
degeneration, the Royal College of Surgeons (RCS) rat (104,106). Micorarray analysis of
gene expression in the rd mouse following nilvadipine administration suggests that pro-
tection is likely mediated through suppression of caspases, and upregulation of fibrob-
last growth factor (FGF), a neuroprotective cytokine (104). Considering the observation
of therapeutic benefit in a number of studies, calcium-channel blockers warrant further
investigation as potential therapeutic agents for degenerative retinopathies.

OXIDATIVE STRESS INVOLVEMENT IN APOPTOSIS

Another factor suggested to be involved in photoreceptor degeneration is oxidative
stress, resulting from the generation of damaging ROS within retinal tissue. As the
retina is one of the highest oxygen-consuming tissues in the body, it is particularly sen-
sitive to oxidative stress (107). Oxidative stress in photoreceptor apoptosis has been
studied predominantly using light-induced models of retinal degeneration, in which
short exposure to bright light induces retinal damage (20). The role of oxidative stress
in mediating apoptosis in light-induced models is supported by various in vitro and in vivo
studies demonstrating that increased levels of ROS represents an early event in 
photoreceptor apoptosis, which can be inhibited by antioxidants (108,109).

In addition to indicating an involvement of ROS in retinal degeneration, these results
suggested a possible therapeutic strategy for RP because light has been shown to be a
cofactor accelerating disease progression (110). Antioxidants such as dimethylthiourea
(DMTU) and phenyl-N-tert-butylnitrone (PBN) have been evaluated using inherited
rodent models of retinal degeneration exposed to damaging levels of light (111,112).
Protection from the deleterious effects of light has been observed with DMTU in
Pro23His and Ser344ter transgenic rats and with PBN in the Pro23His rat model.
However, PBN was found to have no effect on the rate of degeneration of the photore-
ceptors in either model in the absence of additional light insult, indicating that such
therapies may be of benefit in limited cases of RP, in which light-accelerated damage is
more significant. Another potential protective agent in the context of photodegenera-
tion is thioredoxin, an endogenous protein with various activities including elimination
of ROS and regulation of the apoptotic pathway. Thioredoxin has been shown to pro-
tect against light-induced retinal degeneration in several studies, but has yet to be eva-
luated in inherited models of retinal degeneration (113,114).
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Oxidative stress may also have a more fundamental role in retinal degenerations, in
that it may be responsible for the secondary loss of cone photoreceptors, which almost
invariably follows initial rod cell death in conditions such as RP. Understanding
processes involved in cone degeneration is of vital importance because cone loss is
responsible for the main visual handicap in RP. Several theories have been advanced to
explain cone photoreceptor loss, including oxidative damage (115). Markers for oxida-
tive stress, indicating damage to proteins, lipid, and DNA were detected in cone pho-
toreceptors of the transgenic pig model of RP, with a Pro347Leu rhodopsin mutation
(116). The data suggest that as the rod photoreceptors degenerate, there is a reduction
in oxygen consumption, resulting in increased oxygen levels within the retina (hyper-
oxia), oxidative stress, and finally cone degeneration. The hypothesis is supported by
studies demonstrating increased oxygen levels in models of retinal degeneration
(117,118). It remains to be seen whether antioxidants may slow down cone photorecep-
tor loss in RP, but the potential therapeutic benefit observed in animals supports further
evaluation of agents that reduce oxidative stress (see Fig. 1).

Fig. 1. Schematic diagram of basic proposed caspase- (marked in blue) and calpain- (marked
in green) pathways of cell death in photoreceptor cells with potential therapeutic strategies
(marked in red). Apoptotic pathways in RP are ill defined to date but ER stress is known to play
a significant role, particularly in cases of RP as a result of mutated rhodopsin (168,169). Other
factors that may be involved in degeneration are calcium and ROS (100,108,109).
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TROPHIC FACTORS AND THE POTENTIAL FOR GENE THERAPY

A parallel therapeutic approach to inhibiting cell death is promoting cell survival.
One way of achieving this is through use of neurotrophic factors that modulate neuronal
growth during development to maintain existing cells and aid recovery of injured neu-
rons. In developing retinal neurons, correct synaptic connections are reinforced by
trophic factors, whereas cells with inappropriate connections receive no trophic support
and die by apoptosis (119). This observation has lead to the premise that because the
removal of neurotrophic factors stimulates cell death, the addition of exogenous trophic
factors may have neuroprotective effects in the retina.

In the first study demonstrating that growth factors might protect against photorecep-
tor degeneration the use of basic FGF (bFGF or FGF-2) was explored in a rat model of
inherited retinal dystrophy (120). However, despite the observation that FGF-2 treatment
rescued degenerating photoreceptors (121–124), FGF-2 has also been shown to trigger
pathological retinal neovascularisation, making it unacceptable for human therapy.

Other trophic factors have also been shown to protect against photoreceptor degener-
ation. The most well characterized of these is ciliary neurotrophic factor (CNTF), a
member of the interleukin (IL)-6 family of cytokines, which has been shown to delay
photoreceptor apoptosis in several models of retinal degeneration (125–131). However,
CNTF therapy also has its drawbacks. Despite inducing a morphological rescue, func-
tional analysis by electroretinogram (ERG) showed a decreased response in CNTF-
treated retinas (129,130). In contrast a study by Cayouette et al. (127) showed a
significant preservation of the ERG response in the rds mouse after adenovirus-mediated
gene delivery of a gene-encoding CNTF and it has been suggested that this might be in
part because of a lower level of expression, whereas previous studies were suspected to
have delivered toxic dose levels of CNTF. To provide controlled, continuous, long-term
delivery of CNTF, Tao et al. (21) developed an encapsulated cell therapy (ECT) device,
specifically designed for intraocular implantation. This involved loading a polymer
membrane capsule with mammalian cells genetically engineered to secrete CNTF that
was surgically implanted into the vitreous of 7-wk-old rcd1 dogs. After 7 wk, the ECT
treated eyes had significantly higher levels of nuclei in the ONL, but retinal function
was not evaluated in the study (14). To study the effects of dose of CNTF on normal
retinal function, ECT devices secreting a high or low dose of CNTF were implanted into
white albino rabbits (132). Low (5 ng/d) doses had no adverse effects, whereas the higher
(22 ng/day) dose showed morphological changes in the ONL. but caused no reduction in
the ERG, leading the authors to suggest that low-therapeutic doses are not toxic. 

Another neurotrophic factor, cardiotrophin (CT)-1, also a member of the IL-6 family,
has been shown to protect photoreceptors of the S334ter transgenic rat (133). Repeated
intravitreal injection of CT-1 every 4 or 5 d resulted in a significant rescue of ONL cells
of the retina. The biological effects of CT-1 are mediated thorough a signal transducer
and activator of transcription 3 (STAT3) pathway and the marked increase in phospho-
rylated STAT3 observed in Müller cells suggests that these cells probably mediate the
protective effect (61).

Glial derived neurotrophic factor (GDNF) has also been shown to slow photoreceptor
degeneration and preserve visual function in an rd mouse model. Intraocular injections
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of GDNF were efficient at delaying photoreceptor cell death and detectable ERG
responses were recorded in 4 out of 10 GNDF-treated animals (134). Use of a recom-
binant adeno-associated virus vector to deliver GDNF has been shown to significantly
increase rod photoreceptor survival and substantially increase the amplitude of the
ERG response in Ser334ter transgenic rats (135). GDNF-replacement therapy has also
been shown to slow cell death and enhance retinal function in the rd2 mouse and the
RCS rat in combination with gene replacement therapy (173).

Despite the fact that the mechanisms underlying cone cell death remain relatively
unknown, it is important to note that degeneration of cones occurs in patients with
rhodopsin mutations after rod cell death exceeds 75% (110). This has also been
observed in several animal models of retinal degeneration (136). As the cones are not
directly affected by the mutation, they therefore degenerate in a “non-cell autonomous”
mechanism, which results in progressive loss of cone function. One proposed hypothesis
to account for the degeneration of cones suggests that rod photoreceptors release a
trophic factor or factors that are essential for cone cell preservation. Evidence for the
loss of trophic support theory has been described in an elegant set of experiments by
Thierry Leveillard and colleagues (23).

Mohand-Said et al. (137) demonstrated that retinas from rd mice cultured in the
presence of normal retinas showed significantly (15–20%) greater numbers of surviv-
ing cones compared with controls. These data suggested the existence of a diffusable
trophic factor released by rods that protects cones (137). This factor was eventually
identified using an expression cloning approach, and named rod-derived cone viability
factor (RdCVF). RdCVF is a truncated thioredoxin-like protein, expressed and secreted
specifically by rod photoreceptors (23). These data suggest a novel mode of trophic
interactions and should in principle allow for the development of unique therapies
aimed at preventing secondary cone cell death and subsequent loss of central vision in
degenerative retinopathies. Because only 5% of the normal complement of cone cells is
still compatible with visual discrimination and orientation, and 50% cone survival is
compatible with normal, 20/20 visual acuity, RdCVF could, in principle, provide sub-
stantial therapeutic benefit even if delivered at a relatively advanced stage of disease.

ON THE SIGNIFICANCE OF LIGHT-INDUCED RETINAL APOPTOSIS
AS A MODEL OF RP

Although many transgenic mouse lines that mimic human retinal disease are now
available (138–140), much of the research carried out to date on photoreceptor apopto-
sis has used light-induced models. Although lifelong exposure to bright light is known
to be a contributing element to retinal disease progression, the light-induced model of
retinal degeneration does not necessarily mimic the human condition and potentially
activates alternative apoptotic pathways. However, this model does have the advantages
of being significantly quicker and more convenient than using transgenic models. 
It takes only hours of light exposure to significantly alter the appearance of the pho-
toreceptors, whereas with many transgenic animal models degeneration may often not
occur for several months. 

It has been firmly established that light-induced apoptosis in mice is dependent on a
functional visual cycle. Photoreceptors lacking rhodopsin are completely protected
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against light-induced apoptosis (141) and mice with a Leu450Met mutation in the Rpe65
gene with slow rhodopsin regeneration kinetics are more resistant to light damage than
wild-type (WT) mice (142). Rhodopsin-deficient mice can also be generated by knock-
ing out genes needed for the synthesis of 11-cis-retinal, such as Rpe65, and as expected,
mice lacking Rpe65 are also completely protected against light-induced apoptosis. This
is also consistent with the finding that vitamin A deficiency, which also prevents
rhodopsin synthesis, also protects against light damage (143).

Another gene known to play an important role in retinal light damage is the c-fos gene,
which codes for a proto-oncoprotein. Although it has no direct role in the visual cycle,
aberrant expression of the c-fos transcript was observed in the rd mouse (144). This led
to the investigation of its role in light-induced damage, and the subsequent discovery
that c-fos KO mice were protected against light damage (145). This implicated the acti-
vator protein (AP)-1 transcription factor, of which c-fos is a component, in the light-
induced cell death cascade. However, c-fos does not protect against photoreceptor cell
death in the rhodopsin KO mouse, which suggests that the AP-1 pathway has no role in
some, or possibly all mutation-induced forms of photoreceptor apoptosis (146). A study
by Hao et al. (147) has demonstrated that at least two different biochemical pathways
mediated light damage, one pathway for bright light, and a second for low-level light.
Gnat1 KO mice lacking the gene coding for the α-subunit of rod transducin were used 
to distinguish between the roles of activated rhodopsin and phototransduction. In this
way, it was possible to investigate whether light-induced activation alone leads to apopto-
sis, or if a downstream event in the phototransduction cascade might be involved. Both
transducin-deficient and WT mice were equally susceptible to light damage induced by
bright light, whereas absence of phototransduction was protective against low-light
intensities. These results define a second phototransduction-dependent light-induced
mechanism of photoreceptor cell death. 

The direct relevance of the light-induced model of retinal degeneration to genetic
models of retinal disease has still to be fully established. In this regard, it is notable that
in a number of studies (102–104,106,148,149) neuroprotective agents that were found
to be protective in light-induced models of retinal degeneration did not translate through
to neuroprotection in genetic models of retinal disease. 

ON THE INFLUENCE OF GENETIC AND ENVIRONMENTAL FACTORS
ON PHOTORECEPTOR CELL DEATH

Light is also known to modify the severity of disease progression in human retinal
degenerations. A human case report of two families with Pro23His rhodopsin muta-
tions provided the first indication that light phototoxicity may be an accelerator of RP
(150). Studies in transgenic rodent models (111,151) with rhodopsin mutations lent
support to this theory, showing that light activation of rhodopsin contributes to the
severity of the disease, leading to the suggestion that minimizing exposure to light
might delay retinal degenerations arising from rhodopsin mutations. 

A recent report using a naturally occurring canine model of ADRP caused by a
rhodopsin mutation again tested this hypothesis, exploiting the similarity in eye-size and
preretinal light transmission characteristics between dog and human (152). Investigation
into the illuminating effects of clinical retinal photography led to the surprising observation
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of circular-degenerating areas of retina that matched the pattern of the light flashes.
Changes in retinal tissue were visible minutes after light exposure. By titrating transient
increases in neuronal stress by light exposure, a dose–response relationship between light
exposure and long-term outcomes of these early alterations was established. High doses
of light caused a rapid degeneration of neurons, whereas low doses revealed mechanisms
acting over several weeks or months that repair the damage. This study represents the
first report of repair of retinal injury in an inherited retinal degeneration and establishes
a useful in vivo assay to study the balance between pro- and anti-apoptotic signaling and
repair-compensation mechanisms. Taken together, these findings suggest that limiting
light exposure in patients with rhodopsin mutations may slow disease progression. 

Another factor contributing to the variability in RP phenotypes is the influence of
genetic modifier loci. In principle, modifiers cause variation in phenotype by interact-
ing in the same or a parallel biological pathway as that of the disease gene. This modi-
fier effect may suppress the mutant phenotype even to the extent of completely restoring
the WT phenotype. Alternatively, expression of the modifier gene may lead to a more
severe mutant phenotype or affect the pleiotropy of a given disease resulting in a differ-
ent combination of traits. In addition, combinations of modifier genes may act together
to create cumulative effects on the expression of a phenotype (153). Clearly, the further
characterization of genetic modifier loci should provide insights into the biological
pathways in which these genes act to cause disease as well as providing novel thera-
peutic targets. For such reasons, interest in modifier genes has grown rapidly.

MODIFIERS OF RP IN HUMANS

A classic example of the effect of a strong modifier in RP was the occurrence of
three separate phenotypes within a single nuclear family with a novel three-base dele-
tion of codon 153 or 154 in the peripherin/rds gene. These patients developed either
RP, pattern dystrophy, or fundus flavimaculatus (154). Although the genetic modifier
locus or loci underlying these particular modifications have yet to be identified, one
gene product known to interact with peripherin/rds is ROM1. Rare individuals het-
erozygous for a Leu85Pro allele of peripherin/rds who also carry a null ROM1 allele
develop digenic RP, whereas individuals with either mutation alone are unaffected
(155). In another study of 1941 probands with a clinical diagnosis of RP (who had 
previously been screened for mutations in rhodopsin and peripherin/rds and found to be
negative), 17 families were shown to harbor mutations in the RP1 gene. Patients with a
premature stop codon, Arg677ter, demonstrated wide variability in the severity of visual
field loss both within and between families, which led the authors to suggest an impor-
tant role for modifier genes or environmental factors in RP1 releated disease (156).

In a study of RP9, the mutation causing ADRP was shown to lead to regional retinal
dysfunction with greatly variable expressivity. Family members with this mutation
were reported to be either minimally effected, with normal electrophysiological
responses, moderately affected with abnormal ERG responses, or severely effected
with no ERG response (157). RP9 has since been shown to be caused by a mutation in
the splicing factor gene, PAP-1 (158,159).

Despite a wealth of studies reporting phenotypic differences between individuals with
the same genotype, very few modifier loci have been chromosomally localized. In



Photoreceptor Cell Death in RP 307

humans, this difficulty may be largely the result of the genetic variation in the population.
In contrast, this problem can be reduced significantly in inbred mice as discussed earlier.

MODIFIERS OF RP IN MOUSE MODELS

The existence of modifiers in mice was originally recognized when the spontaneous
obesity mutations Lepob and Lepdb were shown to cause diabetes on a C57BL/KsJ, but
not on a C57BL/6J genetic background (160). Recent advances in generating targeted
mutant mouse models have also revealed many important examples of modifiers. Such
mutants are usually propagated in stem cells derived from 129 mice that were made
chimeric with the C57BL/6J strain and then crossed onto a specific genetic background.
Alterations in the initial targeted phenotypes have been reported when mice with
retinopathies were back crossed onto specific genetic backgrounds (161,162). Modifier
effects of RP can result from a single gene at a locus independent of the disease gene
(163–165) or can be caused by the combined effects of several genes at different loci, as
is typical of quantitative trait loci (QTL) (165). The first report of variable phenotypic
expression in a mouse model of retinal degeneration was observed in the rd3 mouse. A
mutation at the rd3 locus led to a unique retinal degeneration whereby photoreceptor
cell death starts at 3 wk postnatally and is complete at 5 wk (166). However, significant
variation in the onset and progression of the disease was observed when mice were
crossed onto different background strains. The ocular phenotypes of mice carrying a tar-
geted disruption of the p53 tumor suppressor gene (p53–/– mice) have also been shown
to be radically different on C57BL/6J and 129 genetics backgrounds. p53 KO mice bred
onto a C57 background, but not on the 129 background, exhibited vitreal opacities, reti-
nal folds, and vitreal neovascularisation, possibly as a result of abnormal developmental
retinal apoptosis; although, as pointed out by the authors, angiogenic factors could also
be involved in modulation of the p53 phenotype (161). Mice with a targeted disruption
in rhodopsin (Rho–/– mice) have also been reported to be protected by modifiers on the
C57BL/6J background when compared to the 129 background (162). In the latter inves-
tigation, C57BL/6J mice were found to have a significantly greater number of ONL
nuclei by 3 months of age and TUNEL staining, over various time points, showed more
positive labeling in the ONL of 129 retinas. Both amplitude and waveform features of
electroretinographic analysis were remarkably different in the two strains. 

Taken together, these results suggest the presence of genetic modifiers on the
C57BL/6J background that significantly protect photoreceptors against the retinopathy;
however, whether such modifiers directly influence apoptotic mechanisms remains to be
established. Two recent studies by Danciger et al. (163,167) have resulted in localization
of QTL that contribute to the protection of photoreceptor cells against damage induced
by constant light. In the first of these studies, a genome-wide scan on the progeny from
backcrossed mice using the thickness of the ONL as the quantitative trait reflecting reti-
nal damage revealed a strong QTL on mouse chromosome 3 that contributes almost
50% of the protective effect (163). A high LOD score linked the Rpe65 gene to the apex
of this QTL and sequencing revealed a single base change in codon 450, coding for a
methionine in c2J mice and a leucine in the BALB/c strain (163). In a second study,
rhodopsin was measured spectrophotometrically subsequent to light-induced apoptosis,
and this was used as the quantitative trait to reveal new QTL on mouse chromosomes 
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1 and 4, with suggestive QTL on chromosomes 6 and 2 (167). More recently, the Rpe65
gene was determined to be a modifier for an inherited retinal degeneration in the VPP
mouse model with the authors suggesting that the variation in the gene may modulate
rhodopsin regeneration kinetics, therefore affecting light-damage susceptibility (174).
Identification of such QTL and the associated modifiers may provide important informa-
tion needed to further understand human retinal degenerations. However this will be
challenging. In a second study rhodopsin was measured spectrophotometrically subse-
quent to light-induced apoptosis, and this was used as the quantitative trait to reveal sig-
nificant QTL on mouse chromosomes 1 and 4, with suggestive QTL on chromosomes 6
and 2 (167). Identification of such QTL and the associated modifiers may provide impor-
tant information needed to further understand human retinal degenerations. However,
this will be challenging, especially if more than one gene contributes to the modification
of a given phenotype. Nonetheless, the real promise of substantial therapeutic potential
remains once the functions of modifier genes associated with a suppression of photore-
ceptor cell death are elucidated.

CONCLUSION

In the light of significant recent progress, it is tempting to speculate that several ther-
apies for RP may be available within the next few years. Such therapies will be based
either on direct intervention at the genetic level, using the technique of gene replace-
ment or suppression of transcripts derived from dominant-acting genes, either through
using techniques aimed at suppressing secondary molecular pathological effects, such
as apoptosis, or by enhancing neuroprotection. Although significant progress in being
made in both gene replacement and in suppression of mutant transcripts (4), targeting
of apoptotic or survival mechanisms holds much appeal in the sense that such strate-
gies will be largely independent of the vast number of mutations now known to cause
RP-related conditions. The most readily attainable goal of RP research is the elucida-
tion and functional evaluation of all RP genes. Up to 40 RP genes are known to date,
but it is possible that many more remain to be identified (http://www.sph.uth.tmc.
edu/RetNet/). Why mutations in such genes lead to photoreceptor cell death, some-
times many years after birth, is as yet an unresolved question. It is highly unlikely that
there are many different gene-specific pre-apoptotic pathways, all individually activat-
ing apoptosis. A more probable scenario is that a smaller number of such pathways,
shared by many RP loci, converge toward a few pre-apoptotic initiators. A major
endeavor for future RP research will be to identify molecules and interactions in such
pathways, and to understand the “switch” that occurs from normal aging to that of dis-
ease. Never before have so many avenues been available through which therapeutic
interventions for this group of conditions might be achieved.
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INTRODUCTION

The first studies showing the potential of retinal cell transplantation to alleviate the
progress of blindness in an animal model of retinal disease, the Royal College of Surgeons
(RCS) rat, were focused on the fact that in this animal there was a known defect in the reti-
nal pigment epithelium (RPE) that resulted in secondary loss of photoreceptors. It seemed
logical to effect cell replacement, by introducing into the subretinal space, normal RPE
cells to replace the affected ones. A series of studies showed that the procedure did indeed
rescue photoreceptors, presumably by replacing the deficiently functioning cells with ones
that function normally. However, RPE cells have many functions, including phagocytosis
of outer segments (OS), visual pigment recycling, maintenance of Bruch’s membrane, and
transport of materials in and out of the retina (1–5). How many of these several roles are
replicated by the grafted cells was not explored in the early studies—indeed very little
other than photoreceptor rescue per se was ever measured and, in the absence of suitable
labels, it was not even clear how long the donor cells actually survived. Because it was
thought that in age-related macular degeneration (AMD), dysfunction, or depletion of RPE
cells might be a cause of the photoreceptor loss, the successes in the laboratory were
quickly applied to patients with advanced AMD. Irrespective of the causes of AMD, one
clear role for RPE cell transplantation was after removing choroidal neovascularization
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(CNV) membranes that invade the space between Bruch’s membrane and the RPE, RPE
cells would inevitably be removed too. Repopulation with new cells might correct that
deficiency. Results were disappointing: there was suggestion of graft rejection and although
little hope of functional improvement might have been expected in the advanced stage
patients that formed the subjects of these investigations, attempts to demonstrate visual
improvement were equivocal at best. What these studies did show, however, was not that
the approach was flawed, but rather that the steps that needed to be taken to achieve a
viable clinical treatment are many. These include, at the laboratory level, choice of the
optimal donor cell type and age, defining exactly what grafts are doing at the cellular and
molecular level, effects on inner retinal and vascular integrity, questions relating to the
condition of the underlying Bruch’s membrane, safety, longevity of effect, controlling
immune and inflammatory events that might compromise graft viability, and functional
efficacy. In translation to clinic, further issues relate to the need for homology between
rodent models and human disease states, the intermediate steps between rodent and human
(is it necessary for example to have a larger animal model?), the suitable patient population
(is AMD the right starting point?), the stage in the progress of the disease for any hope of
vision rescue, good objective functional tests of efficacy, and proper controls for sham
effects associated with surgery. Needless to say, any future clinical studies should be done
under conditions of a formally phased clinical trial structure.

In this review, we will summarize (1) progress in the field of cell transplantation to res-
cue the photoreceptors from progressive degeneration and (2) the evolution in thinking as
this field has developed from the initial experiments. Given the range of possibilities 
presented by various donor cells, and the implication that “transplantation” is restricted to
homologous cell replacement, it is perhaps better to use the term “cell-based therapy” to
characterize this field of endeavor. In reviewing work that has or should have been done,
we are not so much exposing the shortcomings of those working in the field (including
our own studies), but rather trying to emphasize the complexity of the subject: how so
few people have developed the approach to a stage in which several hundred patients
have received various cell-based therapies and how many questions that seemed unimpor-
tant in the early experiments have emerged and need answering.

ANIMAL MODELS

The majority of studies involved in controlling the progress of degeneration has
relied on rodents, and in particular the RCS rat. In this animal, there is rapid loss of
photoreceptors between 21 and 90 d of age (Fig. 1B) with a slower loss over many
months, and some cells still being present at 1 yr of age (6–8). The defect is asso-
ciated with the inability of the RPE cells to phagocytose, shed OS material at a
normal rate, because of a mutation in the Mertk gene (9). The defect can be par-
tially corrected by gene therapy by introducing a normal copy (10) and by delivery
of growth factors (11,12), as well as by introduction of suitable cells in the subreti-
nal space (13–17).  These procedures have generally been done at an early stage in
the progress of degeneration. Secondary changes occur at a relatively early stage,
affecting the cells of the inner retina (18,19): these are first seen even before there
is significant loss of photoreceptors and fall into three main phases. The first phase
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is of retraction of rod bipolar dendrites, reduction in the density of synaptic mark-
ers in the outer plexiform layer, which is evident by postnatal day 21 (P21) and
progresses over 3 mo. Subsequent atrophic events involve neurons distributing in
the inner plexiform layer. The second phase involves sprouting of processes 

Fig. 1. (A–F) Retinal sections stained with cresyl violet. (A) Normal retina at P90 showing
retinal layers; (B) RCS retina at P120, with only a single layer of cells remaining in the ONL
(arrows); (C) RCS retina with sham injection at P120, showing local ONL rescue (arrows); (D)
RCS retina with ARPE-19 graft at P120, showing three to four layers of rescued cells in the
ONL, arrows point to an extra layer of cells with pigment granules: this extra layer can be stained
by human specific antibody (see G), indicating it is composed of donor cells; (E) RCS retina
with human Schwann cell graft at P120, showing four to six layers of rescued cells in the ONL;
(F) RCS retina with forebrain progenitor cell graft at P150, showing six to eight layers of rescued
cells in the ONL, arrows point to an extra layer of cells with pigment granules, which can be
revealed by human specific antibody (arrows  in I); (G–I) Donor cells labeled with human nuclear
marker (G,I) or human Schwann cell marker-P75 (H), showing donor cells after ARPE-19 (G),
human Schwann cell (H) and forebrain-derived progenitor (I) cell injections. Note in I that a few
donor cells are found within the retina: these cells express nestin. Scale bar = 20 μm.
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of bipolar cells, horizontal cells, and Müller cells into the debris zone formed by
shed, but undigested OS material. The sprouting subsides as the debris zone disap-
pears. At late stages, vascular disorders develop associated with the formation of vas-
cular complexes adjacent to Bruch’s membrane and with migration of RPE cells into
the retina: these result in a further set of events including major laminar disruption of
the inner retina, ligation of ganglion cell axons with loss of ganglion cells over seg-
ments of the retina (20,21), and migration of neurons from their normal location in
the inner retina. The events described here relate to the RCS rat, but there are many
studies in a range of animals showing that, although details may differ, inner retinal
changes are the common consequence of photoreceptor degeneration (22–28).

Other possible rat models include the transgenic P23H and S334ter rats. With respect
to cell-based therapies, the latter has been studied more for replacement of lost photore-
ceptors rather than rescue studies (29). A wide range of mouse models of photoreceptor
degenerative diseases exists ranging from homologous models of retinitis pigmentosa
(RP) to transgenics homologous to specific forms of RP (25,30–34). Although these are
very valuable for genetic analysis, cell biology of disease, and gene therapy studies, they
can be problematic for transplantation experiments in which cells are introduced into the
subretinal space because of the small size of the eye, in which minor distortion can sig-
nificantly affect the optics of the eye and hence visual function. Furthermore, their poor
vision, even compared with rats, makes it harder to titrate visual outcomes in treated vs
control animals. Nevertheless, transplants have been achieved in mice (35,38) and for
AMD in particular, two transgenic mice presently offer the only animal models of this
disease (39,40), other than a recent report of AMD  primates (41).

Other large animals, such as cats and dogs with defined retinal degeneration conditions
and transgenic pigs, are available (42–46), but have been used very little for examination
of cell-based therapies with the intent of slowing the progress of photoreceptor loss.

MEASURES OF EFFICACY OF TREATMENT REGIMENS

The predominant measure of success in cell-based therapies, as well as other
approaches designed to rescue photoreceptors has depended on the thickness of the
outer nuclear layer (ONL). Although this is an important baseline measure, it does not
take into account the organization and functioning of the OS (in the RCS rat defects
here precede loss of photoreceptor cell bodies by more than 1 wk [47–50], including
the intimate relation between outer segments and RPE). In rodents, the animal used in
most of studies, rods comprise more than 95% of photoreceptors (51,52) and, as a
result, any count of the ONL will inevitably focus attention toward rod viability. In
human studies, the continued efficacy of cones is perhaps the most important goal. An
additional concern is the role of changes in the inner retina and in the retinal vascula-
ture—how are these affected by photoreceptor loss and how might cell-based therapies
affect these independent of or in concert with photoreceptor rescue, especially if the
donor cells may deliver growth factors? This is especially pertinent because it has
recently been shown (53) that receptors for ciliary neurotrophic factor (CNTF), a potent
factor for promoting photoreceptor rescue, are widely expressed among cells of the
retina (although enigmatically in rodents where neurotrophic effects on photoreceptors
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have been demonstrated, they are not found in these cells). For cell-based therapies, it
is clearly important to know where the donor cells are located, how they relate to cells
of the host retina, what is the exact role they play, and indeed how many survive and for
how long. Although morphology is clearly important, perhaps of more significance is
how vision is affected either during degeneration or rescue. There are several functional
measures that have been used in recent work.

First is electroretinogram (ERG), which focuses on the ability of the retina to develop
electrical responses to visual signals and relay them through the retina. Full-field ERG
to single flashes can tell much about the integrity of the phototransduction process
within the photoreceptors themselves and the relays through the retina. Further analysis
can elucidate the relative efficacy of rod and cone pathways within the retina using
double flash or cone-specific stimuli. Somewhat surprisingly, penetrating analysis of
ERG responses has until recently (47,54) received little attention in transplant studies.
However, an issue that may compromise the value of ERG recordings is that when cells
are introduced into the subretinal space, they do not usually protect the whole retinal
area: full-field ERG will average the response from protected and unprotected retina,
so will not give a good measure of the magnitude of focal rescue. This may be achieved
better by multifocal ERG, but the technique can be quite difficult to apply in small
rodents (55,56). An alternative is to measure physiological responsiveness across the
visual field. This is best done recording from regions of the central nervous system, such
as the superior colliculus, where there is a coherent map of the visual world. Such an
approach has the additional advantage that substrates of centrally mediated vision can
also be assessed. Two measures are very useful. First light and dark adaptation responses
give indication of rod and cone function under physiological conditions (57). Second,
recording threshold responses under mesopic conditions produces data that compare
closely with those collected from a Humphrey perimeter and show the level of protection
across the retina (58,59).  The superior colliculus is particularly valuable as a site for col-
lecting such data because the retinal input is relatively unfiltered and there is a well-
ordered spatial map of the contralateral retina. In addition to these recordings, by
characterizing single-unit responses in the visual cortex, it is possible to show at the 
cellular level the tuning properties of individual neurons that collectively provide the sub-
strates of conscious vision (60,61). One further physiological assessment that is impor-
tant, but has not been explored rigorously (62,63), is to examine how response properties
of single retinal ganglion cells are affected by photoreceptor degeneration and rescue.
Such information is important to see what part the inner retinal changes might play in
modulating retinal output functions and whether centrally mediated visual functions
might compensate for deficiencies in the retina.

Visual performance in rodents has been measured two different ways. One involves
a two-choice discrimination, presenting on one display panel stripes of varying spatial
frequencies against a gray panel to achieve an acuity threshold. Although graft efficacy
has been demonstrated using a terrestrial two-choice test box (64), significantly higher
resolution can be achieved with a visual water task (65), a combination of the standard
two-choice method, and the Morris water maze. With that method, the progress of
visual loss and its rescue with transplants can be accurately assessed over time (66,67).
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Although data can be collected that gives acuity measures that correlate with optimal
performance using other more complex methods of data acquisition (68), the approach
does require careful management and is time consuming, as it requires animals to be
shaped up to perform the test before experimental data can be collected. An alternative
method, which depends on an automatic visual response, is that of head tracking to a
moving stripe pattern. In its basic form, an animal is placed in the center of a rotating
drum and, in the case of rodents, the movement of the head measured in synchrony
with the stripe movement (16,69). Although the approach has been used to good effect
in a number of transplant studies, the threshold acuity recorded is low compared to the
visual water task; the data is noisy and the responses deteriorate to undetectable within
a limited time frame. A development of the methodology, the Optomotry testing
method, uses a computer display of a virtual drum instead of the rotating drum, which
therefore allows for a quicker assessment of acuity, and the ability with the same
approach to collect contrast sensitivity data (70). Even unoperated RCS rats can give
positive data for prolonged periods and variance within and among animals is consider-
ably reduced (71). The one concern with the use of this method is that threshold acuity
levels are still somewhat below those recorded in the visual water test (0.6 compared
with 1.0 cycle/degree in nondystrophic rats). Recent work (72) has suggested that the
optomotor response may require intact rods for execution of the response and, as such,
may be measuring a different aspect of vision from the visual water task. Nevertheless,
its value is in providing a quick test for assessing relative changes in spatial resolution,
but because it certainly does not record absolute acuity, the figures obtained should be
referred to as “relative acuity.”

EXPERIMENTAL PROTOCOL

In a typical study, cells are isolated and either transplanted into the subretinal space
relatively soon thereafter or stored for later treatment. For rodents, most such studies
have involved introduction of cells as a suspension (16,17,64). In other studies, cells
have been introduced into the vitreous either in a loose suspension (73–75) or in an
encapsulated device (76,77). The former approach has the inherent problems in that
cells may spread to cover the surface of the lens, so limiting vision. And, when cells do
invade the retina, they may come to rest preferentially in the inner retina rather than
where they are needed in the region of photoreceptors and RPE. The encapsulated deliv-
ery method avoids the consequences of possible immunological mismatch and provides
a level of protection against abnormal donor cell behavior: but the cells are still some
distance from where they are needed. However this approach has proven effective in the
rcd-1 canine model of RP in which the ARPE-19 RPE cell line transfected to produce
additional CNTF rescues photoreceptors (76). Recently, a stage 1 clinical trial has begun
to explore this strategy in humans (78). Introduction of cells to the subretinal space is
the preferable way of placement close to degenerating photoreceptors or dysfunctional
RPE, as long as the safety concerns can be addressed. The procedure does create a reti-
nal detachment, which in itself can be problematic, but this normally resolves within a
few days. Early animal studies took no precaution to protect against immune disparity
between donor and host, relying on the known “immunological privilege” afforded the
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eye. However, because no immune consequences were reported, most of these studies
used relatively short survival times. In later work, it became clear that graft cells can
undergo rejection (79–82), but that immune-related loss was much less florid than that
seen after introducing foreign cells outside the eye (83). It became clear that even with
allografts (84), it might be necessary to provide protection using an immunosuppres-
sant, sometime in combination with an anti-inflammatory agent, but even this may not
always be sufficient in some circumstances (85,86). Although syngeneic or autologous
grafts are possible in a number of situations, it is only recently that longevity of 
survival and efficacy of such grafts has been examined in the absence of immunosup-
pressive regimens (87).

Experimental studies introducing cells to preserve photoreceptors are usually
designed for a “best case scenario,” involving introduction of cells early in the course
of degeneration: although a suitable model for clinical application would ideally require
introduction of cells at a later stage in the progress of the disease, this has yet to be
explored systematically.

DONOR CELLS

Freshly Harvested RPE Cells
Animal Studies

The transplantation of RPE into the subretinal space to slow the progress of photore-
ceptor loss was first examined by Li and his colleagues in the RCS rat (13,88) and by
Gouras’ group in a series of studies in a range of animals including RCS rats (15,63),
and Abyssinian cats (89); normal rabbits (90,91) and monkeys (92,93) were studied to
examine graft survival. In the work on RCS rats, it was found that the normal photore-
ceptor loss that was symptomatic of this animal was limited considerably at least up to
the time points of 3 mo. Localization of donor cells was not possible in that work because
of the absence of adequate donor cell markers. Subsequent work (83) indicated that if
survival times were extended, allogeneic grafts were no longer effective in rescuing 
photoreceptors by 4.25-mo survival without immunosuppression. 

Seaton and Turner (94) also hinted that secondary vascular changes might be halted
by the transplantation. Unfortunately, they grafted cells into the dorsal retina and used
the ventral retina as a control. There is an asymmetry in the development of vascular
complexes such that at the time they sacrificed their animals, these complexes would
not yet have developed in the dorsal retina (21), although they would have been very
evident ventrally. More recent work has indicated that the grafts may indeed limit the
progress of the secondary vascular changes not only in the immediate region of the
grafted cells, but over a large area of retina (18,95).

Human Studies

The success of subretinal grafts in animals prompted exploration of clinical applica-
tion. This has taken three forms

1. RPE cells harvested from a donor eye were introduced to correct the deficit encountered in
advanced AMD. The rationale for this is twofold. The first is the presumption that in AMD
the primary affected cell is the RPE cell and, therefore, simple cell replacement might 
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correct the defect. This expectation might have to be revised in the light of recent work,
which shows that in more than 40% of AMD patients, complement factor H mutations
involving choroidal vasculature can be identified (96–98) and, therefore, the RPE cells may
be secondarily involved at best. Second, in removing CNV membranes to alleviate the
damage associated with “wet” AMD, RPE cells will inevitably also be removed, so repop-
ulation with new cells might correct that problem (99–102) and serve as an adjunct to ther-
apies managing the neovascular events. Results have been somewhat disappointing. There
are many explanations. The first is that there is a clear indication of immune rejection
(103). In addition, mature cells, unlike immature ones, do not attach easily to Bruch’s
membrane without secondary manipulations (104,105). Furthermore, a damaged Bruch’s
membrane is much less attractive for optimal attachment than an intact one (106,107).
Beyond this is the possibility that symptoms of AMD resulting from different etiologies
might respond differently to cell supplementation or that the level of damage to the retina
is too severe to expect effective tissue restoration and recovery of visual function. 

2. Removal of cells from a peripheral region of the retina and introduction of these cells to a
more central region might avoid immune complications. An exhaustive recent study using
cells taken from a peripheral region of the same eye did show either a trend or significant
improvement over controls when monitored using several functional indices (108). The failure
to get more dramatic improvement may with the exception of potential immune considerations
be similar to those described here previously, but these are not necessarily unresolvable issues.

3. Retinal translocation, apposing the retina to a new region of RPE away from the macular
might also serve to improve vision (109). Although not technically involving RPE trans-
plantation, the translocation should effectively prove the principal that defective RPE can
be substituted and improve vision. In best cases, substantial improvement in visual per-
formance has been recorded, but sustaining efficacy does present a problem (110,111).

Alternative Sources of RPE Cells

Even if it could be shown that fresh RPE is effective in rescuing photoreceptors from
degeneration, the previous discussion indicates that the best results are likely to be
obtained with immature cells: logistic and ethical concerns, however, are likely to limit
availability of such cells.  It may be possible to manipulate the surface molecular prop-
erties of more mature cells and this could provide a suitable solution (112). Nevertheless,
the potential of immune rejection is still a problem, although this may be resolved by
careful tissue typing and storing RPE cells obtained from eye bank donor eyes (113).

Another approach to cell sourcing involves the use of immortalized cells. These can
be generated using a transformation technology or they can arise spontaneously.
Transformed RPE cells have been generated using SV-40 T transformation—two rodent
lines (114) and two human lines have been generated in this way (115). The ARPE19
cell line is one of several spontaneously generated cell lines. It has been studied in con-
siderable detail and is well characterized (116,117). It is clear from detailed analysis of
expression patterns that although it does express a range of properties expected of
healthy RPE cells, it is not normal, but changes can be achieved by manipulating the
substrate (118), and clearly the environment of the subretinal space may also modulate
expression patterns and behavior. For one thing, cells become pigmented (16), but it is
not known whether biological activity is substantially modified.

Recent work has shown that RPE cells can be generated from embryonic stem (ES)
cells. A full characterization indicates that they assume a much more normal RPE 
phenotype than ARPE19 cells (116). Finally it has been reported that RPE-like cells
can be generated from forebrain progenitor cells (119).
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Presently, efficacy has only been explored in detail using immortalized cells—either
generated using SV-40 T transformation or the spontaneously generated ARPE-19 cell:
most of the work has been conducted with the ARPE-19 cell line.

ARPE-19 Grafts 

Morphologically, ARPE-19 cells can be identified posttransplantation in whole
mounts of retina, where they attach to the retina when it is dissected from the underlying
host RPE. In histological sections, they can be differentiated from host RPE using a
human nuclear marker (120). At early survival times after transplantation, they are usu-
ally seen as a focal area of cells close to the injection site, but with time they form a
monolayer or bilayer of cells (Fig. 1G), sometimes adjacent to host RPE and sometimes
interpolated among host RPE cells. At the electron microscopic level, the cells are dis-
tinguishable from host RPE by the different disposition of pigment granules. In such
material, it can be seen that even when lying over host RPE, they send processes down
between cells to the Bruch’s membrane. They can survive as a monolayer for as long as
7 mo, providing suitable immunosuppression is maintained.

Such grafts ensure photoreceptor rescue, which is greatest in the region of the donor
RPE cells (Fig. 1D), but continues beyond their area of distribution (120). Sham-
operated animals (medium alone) by contrast have a small area of rescue immediately
around the injection site (Fig. 1C). At 15-wk survival, a photoreceptor layer of five to
six cells thick is characteristically seen in areas of best rescue, reducing to two to three
cells thick further away. With time, there may be further reduction of thickness. Because
the majority of cells in a rat retina are rods, the rescue seen in simple cell stains largely
reflects rod rescue, but staining with specific rod and cone antibodies shows that both
cell types are among the rescued cells. If more rods are rescued, the cone morphology
appears less pathological.

It is evident that, along with protecting photoreceptors, grafts are also effective in
containing much of the secondary inner retinal changes and also slow the development
of vascular changes.

In unoperated dystrophic rats, ERG recordings show that the a-wave response disap-
pears between 50 and 60 d of age (121,122).  A rod contribution to the b-wave can be
recorded as late as P74, whereas a cone contribution persists for around P180 (47,54).
Both a- and b-wave responses are sustained for a period by ARPE-19 cell grafts. a-waves
can often be identified as late as P120 and rod-derived b-waves can be recorded beyond
that time point.  Another measure of rod activity, the oscillatory potential, can be sus-
tained for prolonged periods. 

Adaptation studies can be achieved in rats by setting the animal in a physiological
recording apparatus and placing a hemisphere in front of it (123). The whole hemi-
sphere is diffusely illuminated to provide a background luminance level 0.02 candela
(cd)/m2 and a small spot of light is projected on one part of the visual field. Threshold
responses can be recorded in the superior colliculus to the spot presented over a back-
ground luminance, which is progressively increased. Data collected by such studies
provide a light-adaptation curve. Although a normal rat shows absolute dark-adapted
threshold at –3.5 log cd/m2, which starts to rise progressively after reaching a back-
ground luminance of –6.0 log cd/m2, RCS rats even at 21 d of age show a threshold
about 1 log unit higher than normal rats and this threshold does not change with
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increased background luminance until a level of about –4.0 log cd/m2 is reached, when
in both normal and dystrophics the curve rises more acutely—this corresponds to acti-
vation of cones. In progressively older RCS rats, the threshold levels become progressively
higher. The converse record can be obtained once full luminance is achieved —namely, of
measuring how long it takes to reach fully dark-adapted state and at what luminance
that level is achieved. Such dark-adaptation curves show that dystrophic RCS rats do
not respond at lower luminance levels, suggesting that from an early age, rods are dys-
functional and the animals are effectively “night blind”—the increased thresholds levels
with time may reflect gradual deterioration of cone efficacy. After introducing ARPE-19
cells to the subretinal space, there is no improvement of function at low luminance levels,
but the later elevation of thresholds level with age is prevented, suggesting it may reflect
preservation of cone function (Fig. 2).

If a stable background luminance level of 0.02 cd/m2 is maintained, it is possible to
map threshold levels across the whole visual field by recording different points across
the superior colliculus to projection of a spot of light (124). This approach avoids the

Fig. 2. Light adaptation curves obtained from a group of rats, recording threshold unit responses
in the superior colliculus to a spot of light presented with varying background levels. The dotted
line indicates to level chosen for mesopic recordings in other studies a)  �⎯ non-dystrophic rat,
b) �⎯ unoperated P21 dystrophic RCS rat, c)  �⎯ unoperated P60 dystrophic RCS rat, d)  �⎯
P120 dystrophic RCS rat with subretinal ARPE-19 graft. Note that grafting does not recover the
normal curve but it does prevent the elevation of the threshold baseline.
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need for lengthy dark adaptation between tests and makes it feasible to record as many
as 70 points or more in an individual colliculus. The approach has been used to record
deterioration in threshold levels with time in RCS rats and is a very effective way of
examining how retinal sensitivity is rescued by grafting. With this approach, it was
found that although in normal rats, the thresholds were around 0.2 log units above
background, dystrophic RCS rats began to show deterioration at around P30 and there
was gradual deterioration to a level of around 4 log units above background at P120.
Beyond that, cells in the colliculus become progressively unresponsive to focal stimu-
lation. In dystrophic rats receiving ARPE-19 grafts, thresholds of less than 1.0 log units
above background can be sustained for prolonged periods in best cases. There is deteri-
oration with time, but recordings as late as 8 mo of age still give figures of around 1.0
log units above background over a selected area of the colliculus.

Physiological recording of single unit responses in the visual cortex also show well-
tuned responses as long as 7 mo after grafting at P23 (61).

In accordance with the physiological studies, the Visual Water Task also shows con-
siderable rescue of acuity by grafting. Nondystrophic rats give a figure of around 
1 cycle/degree (c/d), whereas at 1 mo of age, a figure of around 0.82 c/d is recorded in
dystrophic rats.  This deteriorates to 0.32 c/d at 4 mo of age and more slowly over the
next 11 mo to 0.02c/d, a point by which the rats are effectively blind (66). After ARPE-
19 grafts, performance is sustained at around 0.69 c/d at 4 mo, with the best-performing
animals giving a figure of 0.72 c/d (87) (Fig. 3A).

In the Optomotry test, normal rats have a threshold response to moving stripes of 
0.6 c/d. Dystrophic rats aged P30 have a threshold at 0.37 c/d deteriorating to 0.30 c/d at
3 mo. After ARPE-19 grafts, an average is sustained at 0.4 c/d, with the best-performing
animals having figures in the order of 0.49 c/d (TM Holmes, unpublished work).

The work described here previously has explored efficacy after grafting early in the course
of degeneration. Very little has been done with grafts introduced at later ages, although from
a clinical perspective, this might be the more important need. One early study showed that
fresh RPE cells introduced at P38 in RCS rats are ineffective in preserving photoreceptors,
when examined at P90 (125). More recently, it has been shown that RCS rats receiving
ARPE-19 grafts at P60 at a time when the ONL is around three cells deep preserve the
remaining cells for as much as P150: luminance and optomotor threshold responses are also
preserved at the levels typical of the age at which the transplants were introduced (126).

Several points emerge from this series of studies:

1. Introduction of a suspension of ARPE-19 cells into the subretinal space can preserve rod
photoreceptors from degeneration and sustain relatively healthy cones.

2. The cells also preserve a range of visual responses for prolonged periods.
3. Although best cases in some measures can be sustained at levels surprisingly similar to

normal, there is usually deterioration with time. This is most likely caused by inadequate
immune protection, although other factors cannot be overlooked.

4. There is disparity among the various measures, most notably adaptation responses and
ERG. Adaptation responses suggest that rescued rods are not functioning normally,
whereas ERG recordings show continued rescue of rod function in the early stages.
However, ERG responses show significant deterioration in response amplitudes between
P60 and P100 while other functional tests indicate sustained visual responsiveness. 
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One obvious question is how the grafts exert their effect. Do they completely substi-
tute for the existing defective RPE cells or do they have more restricted functions? This
issue has not been addressed critically, but available evidence suggests the latter. The
area of rescued photoreceptors appears to extend beyond the area of distribution of
donor RPE cells. The indication that rods may not function at low luminance may argue
for failure of the rod phototransduction process. 

However the grafts do appear to have a supportive role in rod survival and this in
itself may secondarily ensure rescue of cone function by a mechanism such as that pro-
posed by Sahel and his colleagues (127). In this context it should be noted that rods
need to establish a close relation with RPE cells for photopigment recycling, whereas
for cones, this process can be mediated via Müller cells making them less vulnerable to
RPE disarray (128).

Fig. 3. (A) Effect of subretinal ARPE-19 and human Schwann cell (hSC) grafts on the grat-
ing acuity of dystrophic RCS rats compared with sham injection; measured in the Visual Water
Task. Both ARPE19 and hSC groups performed significantly better than the sham and untreated
groups. It is noted that the performance of hSC group maintained almost same from P120 to
P150, (B) Effect on subretinal human Schwann cell graft on the relative acuity of dystrophic
RCS rats compared with sham injection, measured in an optomotor test. hSC grafted animals
performed significantly better than sham and untreated groups.
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Given that grafts delay the progress of vascular deterioration, the possibility exists
that efficacy of grafted RPE cells may lie in their ability to produce PEDF as a diffusible
factor that not only prevents photoreceptor degeneration, but also has antineovascular
properties (129–133). A study has shown that pigment epithelium derived factor (PEDF)
injections into the vitreous similarly limit the development of vascular anomalies in
RCS rats (134). Other factors may also be effective in promoting photoreceptor survival.
Because, as summarized below, similar patterns of rescue can be achieved with non-
RPE cells, it may not be sufficient to assume that ARPE-19 grafts are simply replacing
all aspects of those that are functioning abnormally, but rather that they may be function-
ing more simply perhaps by delivering diffusible factors.

Iris Pigment Epithelial Cells

Iris pigment epithelial (IPE) cells harvested from the iris have also been studied in
some detail as an alternative cell source to RPE. The cells have similar embryological
origin to RPE cells and, although they do show some characteristics in common with
RPE, including the ability to phagocytose OS membranes (135), they also differ suffi-
ciently to raise question as to whether they could be effective substitutes. However, a
number of studies have examined their efficacy in RCS rats. One found no significant
improvement over sham-injected rats (136), but subsequent work (137) showed some
improvement even if grafts were located in the choroid, raising the possibility of an
action associated with delivery of a diffusible factor. Further work (138,139) was able
to show some rescue in the light damage model. These studies have prompted the
exploration of IPE as a potential autologous grafting procedure for cell replacement in
AMD (140–143). These studies found that the grafts are tolerated and that they do not
have obvious deleterious effects, but, although there are indications that they are effec-
tive in preventing recurrence of CNVs, the effect on rescuing vision over that seen in
controls was not significant. A development of these studies in RCS rats (144) has
transfected IPE cells with PEDF and the work suggests that efficacy can be enhanced
and that the anti-angiogenic properties of PEDF may be additionally beneficial.

Schwann Cells

The rationale of exploring the use of Schwann cells (SC) derives from the observa-
tions of LaVail and colleagues that injection of growth factors into the vitreous can slow
photoreceptor loss (145). Subsequent work has shown that introduction of growth fac-
tors using gene therapy via viral vectors will also ensure photoreceptor survival in a
range of animal models of retinal degeneration (146–153). Schwann cells make a num-
ber of the growth factors that are known to keep photoreceptors alive, including CNTF,
glial cell-derived neurotrophic factor (GDNF), basic fibroblast growth factor, and brain-
derived neurotrophic factor (BDNF) (154–156). Consequently, the possibility that they
might serve to provide continuous delivery of a galaxy of factors at physiological levels
deserved attention. A further strength of the approach was that it has been indicated that
single factors may not be sufficient for optimal rescue but rather simultaneous delivery
of more than one factor may be more beneficial (157,158), However, unlike RPE or IPE
cells, Schwann cells do not normally reside in the eye; furthermore, in situations in
which they have been introduced into the eye, they were seen to myelinate optic nerve
axons (159). Both of these points might mitigate against application of these cells for a
photoreceptor neurotrophic role.
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In a series of studies, we have explored how these cells behave when introduced into
the subretinal space, and whether they are effective in promoting photoreceptor rescue.

In the first studies, in which Schwann cells were harvested from immature rat sciatic
nerves and introduced as a suspension into the subretinal space of RCS rats, we found
that substantial rescue of photoreceptors can be achieved (17).  Most important in these
studies, the cells do not appear to show any untoward behavior, such as myelinating
neural profiles in the outer retina. However, if they are introduced into the vitreous 
cavity and come to lie on the inner limiting membrane, myelinated ganglion cell axon
bundles are seen. 

Subsequent work explored the ability of Schwann cells derived from human nerve roots
and in these studies efficacy was measured in range of ways. First, it was found that donor
cells could survive for as much as 7 mo, appearing unlike RPE cell grafts, as small clumps
of cells (Fig. 1H) (120). Second, a substantial level of photoreceptor rescue is achieved and
this can be sustained for many months (Fig. 1E). Despite this, dark-adaptation studies still
show no rescue of low-luminance vision (123). Threshold response studies recorded from
the SC under mesopic conditions indicate generally high levels of rescue over a large area
of the visual field. Acuity measures also show good responses sustained over many months
(Fig. 3A) (67). In the best cases, figures as high as 0.72 c/d were obtained at 5 mo, more
than 4 mo after transplantation. An average acuity of  0.36 c/d was recorded in the fibrob-
last-injected rats. In the optomotor test, although acuity thresholds are always lower than
those recorded in the Visual Water Task, average figures of 0.45 c/d with best results of
0.56 c/d at 4 mo (compared with 0.6 c/d in normals and 0.30 c/d in shams [160]) were
recorded (Fig. 3B).

Recent work monitoring visual performance over time after introducing syngeneic
Schwann cell grafts to RCS rats at 3 wk of age has shown that even at 27 wk, there is
no deterioration in optomotor thresholds (87), which is in contrast to allogeneic grafts
in which substantial reduction in performance was registered. This adds support to the
idea that the deterioration seen in human to rat grafting is caused by immunological
factors, not protected by cyclosporine.

Finally, one study has explored the use of transplantation to rescue photorecep-
tors in another model of retinal degeneration, the rhodopsin knockout mouse, and
shown rescue occurring for a limited period (38). Clearly the use of other animal
models is indicated.

The observations of anatomical rescue occurring over a larger area than the actual
donor cell distribution again suggest that the graft rescue effect may be through 
diffusible agents. The hypothesis that growth factor delivery is a key element was given
support by a study using Schwann cell lines transfected to produce additional levels of
growth factors and using head tracking performance to monitor efficacy (161). In that
study, it was found that the untransfected Schwann cell line is ineffective in rescuing
photoreceptors or optomotor responses in RCS rats grafted at 3 wk of age. On the
other hand, BDNF-transfected cells show a trend towards improved rescue, but GDNF-
transfected cells show significant rescue of function and correlated anatomical preser-
vation. Recent work (144) showing improved efficacy after gene transfection of IPE
cells adds to the value of this approach.



Cell-Based Therapies 333

Olfactory Ensheathing Cells 

The olfactory ensheathing cell (OEC) resides in the olfactory epithelium, olfactory
nerve, and bulb and is important in the continued ability of olfactory nerves to regener-
ate throughout life. It can be harvested from either olfactory epithelium or bulb and has
been shown either alone or in partnership with other cell types to promote regeneration
of severed central neural axons (162,163). Like Schwann cells, OECs have been shown
to produce a range of growth factors, including BDNF, CNTF, GDNF, and nerve growth
factor (164,165). On transplantation to the subretinal space, such cells have been shown
to effect retinal rescue and sustain some visual functions (166). Photoreceptor rescue is
much more local than that seen after either ARPE-19 or Schwann cell grafts. There is
no evidence of sustained ERG response, perhaps because of the local nature of rescue.
However, optomotor responses are quite robust up to at least 4 mo and threshold lumi-
nance levels recorded from the superior colliculus under mesopic background condi-
tions are significantly better than sham-injected animals. 

These observations show that another factor-producing cell, one not normally resi-
dent in the retina, can be effective in preserving photoreceptors. Whether the more
local effect is the result of reduced ability to migrate across the retina, to the different
factor-producing profile, or to the amount of factor produced is not clear.

Neural Progenitor Cells

Several studies using neural progenitor cells derived from forebrain have shown that
they integrate into the retina without much effect on photoreceptor rescue (36,167–169),
whereas ones derived from retina have been shown to be capable of providing a range
of differentiated cells including new photoreceptors as well as leading to some improve-
ment in visual performance over unoperated animals (37). Whether the functional
improvement, maintaining circadian rhythms, is owing to new connections, to a rescue
effect, or to modulation of other phototransduction pathways is not altogether clear.
Recent work has shown that forebrain-derived cells can transform into RPE-like cells
and under these circumstances substantial morphological and functional rescue can be
achieved in RCS rats (119) (Fig. 1F,I).

Stem Cells

The potential of stem cells as a cell source to provide rescue of photoreceptors has
been little explored at present.  Studies using manipulated ES cells have achieved pop-
ulations of RPE cells, which, when characterized in detail, more closely resemble RPE
cells in culture than does the immortalized cell line, ARPE-19 (116). Efficacy of this
and other cell types derived from various stem cell populations adds an important new
development in the exploration of alternative cells for prevention of retinal degenera-
tion. One set of studies has shown that RPE cells derived from an ES cell line was
found to promote rescue in RCS rats, but disturbingly in a follow-up study, 50% of the
retinas developed teratomas (170). Whether this was an unfortunate isolated circum-
stance or whether this might be a problem associated with management of ES cell-
derived cells remains to be seen. Certainly there are other studies using ES cells where
teratomas have not occurred (171).
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SUMMARY

The studies reviewed here show that a range of very different cell types can rescue
photoreceptors and associated visual function in experimental animal studies. It is
likely that the list is far from complete. Several of the cells used do not appear to func-
tion by simply replacing cells afflicted with the primary gene defect, and some like
Schwann cells and OEC are not normal constituents of the retina. Even the ARPE-19
cells which have much in common with RPE do not appear to be capable of rescuing
normal rod function even though anatomically, rod survival is clearly improved over
untreated animals. A common feature of the donor cells explored here is that they do
produce a number of different growth factors, raising the possibility that they are
indeed functioning as cell-based growth factor delivery units. A development of this
approach, which is beginning to be explored, is to transfect cells ex vivo with a spe-
cific growth factor to test the role of particular growth factors in a continuous delivery
system or to use them to enhance the efficacy of the particular cell type in rescuing
photoreceptors. This has considerable potential in this area of research.

Although attention has been heavily directed toward rod photoreceptor rescue,
because this is the predominant cell of the ONL in rodents, it is clear from the studies
described here, that rescued rods may still not function normally, if at all. This is impor-
tant to be aware of especially when ONL thickness is the sole index of success. More
important maybe is to explore how the particular treatment affects a range of visual
functions and to develop this as the important endpoint assay for efficacy. Clearly, mor-
phology should always be examined, to identify any events that might compromise
optimal recovery, including regressive, reactive, and pathological events and to ensure
that structural and functional features have a logical correlate. In this context, it is impor-
tant to know whether treatments, especially those involving potential growth factor
release, might affect the inner retina directly, particularly the ganglion cells, since they
have been shown to be sensitive to many of the same factors that play a role is sustaining
photoreceptors. In addition, the factors identified may also affect the retinal vasculature
directly. This has been investigated for ARPE-19 cells and for PEDF-transfected cells,
where it was shown that vascular abnormalities seen in RCS rats do not develop until
much later than normal, but little is know about potential problems using other cell types
or added growth factors. 

Use of alternative cells may well have a role clinically, especially for continuous release
of growth factors. Although this is already being explored using encapsulated cells, there-
fore avoiding safety concerns, cells introduced to the subretinal space without such pro-
tection do present problems: they can carry a range of infective agents, including viruses
and prions, and they may be immunogenic if harvested from a nonsyngeneic donor.
Careful screening prior to injecting into the eye is absolutely essential. For cell lines,
evidence of senescence is important to screen for and ideally it should be possible to pro-
duce large cohorts of similar cells so that they can be rigorously screened and are avail-
able for commercial application. For stem cells, circumstances that lead to untoward
growth patterns such as teratomas must be carefully scrutinized. There are a number of
syngeneic cells that avoid problems, presented by allografts and by manufactured cell
lines.  Schwann cells are particularly attractive because they could be harvested from a
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peripheral sensory nerve of the patient requiring photoreceptor rescue: such autologous
grafts would largely circumvent issues associated with immune incompatibility and trans-
mitted infective agents, serial surgeries in the same eye are avoided and secondary manip-
ulations are not needed. Another syngeneically derived cell type that may be valuable is
the IPE cell, although for optimally efficacy, ex vivo gene transfection may be desirable.
Some stem cells do seem to be less immunogenic and, if they can be maintained as long-
term replicating lines, they can be carefully screened for any infective agents. With the
ability to maintain large repositories of such cells, they may well represent the future
direction of work to find therapies to contain photoreceptor degeneration. 

Clearly, the work of the past few years has enlarged the scope of transplantation into
a much broader cell-based therapy approach, which, with the introduction of stem cells
and of ex vivo gene transfection, introduces possibilities not conceived in the early
studies of RPE transplantation.
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INTRODUCTION

The vital properties of the neural retina that ensures good vision are maintained by
the highly specialized functions of the retinal pigment epithelium (RPE) cells. Among
these functions are a physical barrier with tight junctions, absorption of stray light,
metabolic/biochemical phagocytosis and vitamin A metabolism, developmental/trophic
support (cytokines), and transport of ion, amino acids, and vitamin A. In addition, the
microenvironment of the subretinal space between the photoreceptor cells of the sen-
sory retina and the choriocapillaris (1) is maintained by RPE cells. For example, each
RPE cell is estimated to phagocytize about 3 × 108 discs during a 70-yr life span, and
RPE cells are the scavenger operating under oxidative stress during continuous light
stimulation (2). Abnormalities in any of these functions of the RPE cells will lead to
disturbances of the microenvironment and result in the programmed cell death of the
photoreceptor cells (3).

Genomic mutations of genes controlling structural or functional proteins that are
present in either the photoreceptors or RPE cells are responsible for hereditary retinal
degenerations (4,5). In addition, oxidative stress can lead to the invasion of choroidal
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neovascularization (CNV) membranes into the subretinal space in eyes with age-related
macular degeneration (AMD). Both of these conditions, retinal degeneration and AMD,
are the most prevalent hereditary and age-related causes of severe loss of vision in the
developed countries.

At present, there are no established and effective treatments for these diseases but
partial success in rescuing photoreceptor cells have been attained by the transplantation
of RPE cells (6,7) and iris pigment epithelial (IPE) cells in experimental animals (8).
These experiments have been conducted on such animals as rd and rds mice, Royal
College of Surgeon (RCS) and Fisher-344 rats, and the results suggested that transplan-
tation of RPE cells may be an alternative treatment for human retinal diseases.
Interestingly, the transplantation of pigmented cells or neural retina has already been
performed on patients with retinitis pigmentosa (RP) or AMD. 

In this chapter, I will review the basic and clinical studies that are related to the
transplantation of IPE cells, and the results we have obtained with IPE transplantation
as a developing therapy for RP and AMD.

EVIDENCE FOR RPE PROLIFERATION/MIGRATION OF RPE CELLS 
IN SUBRETINAL SPACE AND FUNCTIONAL RECOVERY

Clinical Observations of a Case

A 43-yr-old man was referred to Tohoku University Hospital because of a sudden
development of a visual field defect in his right eye on November 16, 1991. His best
corrected visual acuity was 0.5 ocular dexter (OD) and 1.5 ocular sinister (OS). The
anterior segment of the right eye showed no signs of inflammation but a severe serous
detachment was observed in the inferior half of the retina including macular area. His
vision soon recovered to 1.5 OD, but a large RPE tear was found in the temporal poste-
rior retina (Fig. 1A) under the detached retina that showed diffuse fluorescein leakage.
The fovea centralis was spared, so his vision was still 1.5 OD. The detached RPE curled
into a tight circular bundle as can be seen in Fig. 1A–G. Follow-up examination by
ophthalmoscopy and fluorescein angiography showed a gradual increase of pigmen-
tation and a decrease of fluorescein leakage, especially in the marginal zone with
bared RPE. His vision was good, so we were able to follow his visual field changes
precisely by Humphrey perimetry. Initially, the sensitivity corresponding to the
bared area decreased, but there was a progressive recovery during the following 6 mo
(Fig. 1B,E,H). We suggest that the functional recovery in this patient was the result of
the proliferation and migration of RPE cells into the bared area just as in experimental 
animals (9).

RPE tears are not rare and can be found in patients with multiple posterior pigment
epitheliopathy, and quite often in eyes with age-related RPE detachment. Repair of
areas bared by laser photocoagulation have been observed in clinical cases (10).
Because of the capricious recovery of the functional processes, an accurate visual prog-
nosis is difficult in such cases.

A disturbance of Bruch’s membrane caused by the accumulation of debris, such as
neutral lipids or phospholipids (11), has been suggested to be one of the factors affect-
ing the repair of RPE cells. If an RPE tear happens in an elderly person, the visual
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prognosis is usually poor, but in younger persons, as shown here, reconstruction of the
blood–retinal barrier and recovery of the retinal function of the torn area can occur.

Rearrangement and Function of Transplanted RPE Cells Under the Neural
Retina: Discrepancy Between Basic and Clinical Observations

RPE cells transplanted into the subretinal space can survive (monkey [12]), regener-
ate and proliferate (rabbit [9,13]; monkey [14]), rescue photoreceptor cells (RCS rats
[15]), and delay the progression of age-related cell death (Fisher-344 rat [7]). Within 
7 d after RPE ablation, the blood–retinal barrier function and tight junction complexes
are restored by the infiltration of no-pigmented fibroblast-like cells in rabbits (8), and
the density of regenerated RPE cells is increased by more than four times the preopera-
tive level. These cells also secrete neurotrophic (NT) factors such as basic fibroblast

Fig. 1. Funds photographs, fluorescein angiograms, and Humphrey visual fields recorded at
the follow-up periods indicated under each picture. Just after a large RPE tear developed, active
fluorescein leakage with serous retinal detachment was observed in the bared area (A). About 
3 wk later, perimetry showed a large visual defect corresponding to the RPE tear with better
sensitivity at the RPE-remaining area (B). Follow-up examinations of fluorescein angiography
(D,G) and perimetry (E,H) show the recovery of the barrier function of RPE-bared area and
reduction of scotoma indicated by arrows and enlargement and better sensitivity in the area indi-
cated by arrowheads.
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growth factor (bFGF) (13). The regenerated cells lack melanin and are undifferentiated,
but after 9 mo, the repopulated RPE cells became pigmented. These observations indicate
that RPE cells in the subretinal space can differentiate with a longer time period (14).

The surgical removal of subfoveal hemorrages and/or CNV membranes is performed
as an alternative AMD treatment among vitreous surgeons in the developed countries.
However, as the RPE cells constitute part or the margin of the CNV (16,17), surgical
removal of a CNV must result in the loss of RPE cells. The mean number of cells lost
has been calculated to be 1.52 × 104 cells (18,19; Fig. 2A). A functional recovery of the
retina has been observed in some of these cases, but in many, the recovery of vision
was to 0.1 or less (Fig. 2B). Moreover, the pigmented areas were not necessarily used
as the fixation area as determined by microperimetry, and scotomas were present in
some patients. These observations suggest that the proliferation and migration of resid-
ual RPE cells do not always lead to functional recovery under these clinical conditions,
and the necessity of supplemental RPE cells or other types of cells may be necessary to
obtained better vision.

COMPARISONS OF CHARACTERISTICS OF RPE AND IPE CELLS 
AND RESULTS OF SIMULTANEOUS SUBMACULAR SURGERY 
AND CULTURED AUTOLOGOUS IPE TRANSPLANTATION 
IN EYES WITH AMD

Based on these basic and clinical observations, RPE cells were isolated from eye
bank eyes or fetal human eyes and cultured for allograft transplantation in patients with
AMD (20,21). Following transplantation, ophthalmoscopy showed a thickening in the
transplanted area, and fluorescein angiography (FA) showed fluorescein leakage. With
time, there was a gradual decrease of vision suggesting a host-graft rejection, and these
patients required careful monitoring for tissue rejection (22,23).

On the other hand, the transplantation of autologous RPE cells into eyes with exuda-
tive AMD was reported to improve the visual acuity (24,25). These results indicate that
the subretinal space was not a completely immunologically privileged site (26), and
systemic immunity can exert a significant influence on nonautologous transplanted
cells into the subretinal space when there is a breakdown of the blood–retinal barrier
(27). Thus, allograft transplantation can elicit host-graft rejection in humans even if the
intraocular space is considered to be immunologically privileged. 

To avoid or minimize the host-graft rejection in patients, autologous cells should be
used, and IPE cells may be the best alternative to RPE cells, because IPE cells have
the same embryonic origin and sufficient numbers can be easily obtained by periph-
eral iridectomy.

Comparisons of RPE and IPE Cells
Methods of Culture and Proliferation Rates

The isolation and culturing of RPE and IPE cells have been reported in detail (28,29).
In brief, after removing the anterior segment and vitreous from eyes, the eyecups are
incubated in a calcium- and magnesium-free Hank’s balanced salt solution (HBSS)
supplemented with trypsin (0.05%)/ethylenediaminetetraaminicacid (EDTA; 0.53 mM)
for 40 min at 37°C in a 5% CO2 incubator. Human IPE cells were separated from the
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Fig. 2. (A) Removal of a choroidal neovascular membrane by submacular surgery. A large
amount of RPE and melanin-laden cells are removed. (Bar: 200 μm). (B) Visual acuity (y-axis)
and follow-up periods after choroidal neovascular membrane removal (x-axis) of 45 patients.
During the 3 mo after surgery, the visual acuity improved rapidly but then was stationary.
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iris stroma by incubating the iris tissue in 2.5% trypsin/0.05% EDTA for 20 min. After
incubation, the RPE or IPE cells were mechanically detached from the Bruch’s mem-
brane or the iris stroma, and individual cells were separated by pipetting through a
glass pipet. The RPE or IPE cells were collected in 20% fetal bovine serum and F-12
medium and seeded into modified polystyrene dishes at 37ºC in 5% CO2. The maxi-
mum enhancement of cell proliferation was obtained with an autologous serum con-
centration of 10 to 15%. 

The proliferation rates of monkey IPE and human RPE cells that were passaged
under the same conditions were both exponential, but the proliferation rate was higher
for RPE cells (R = 0.970 to 0.986) than for IPE cells (R = 0.883 to 0.933). The prolif-
eration rate of human IPE was also exponential (R = 0.822), and we were able to col-
lect about 60,000 IPE cells after about 4 to 5 wk (Fig. 3A,B). (28)

mRNA Expression of Melanogenesis, Cytokines, 
and Their Receptors, and Melanin Concentration

Tyrosinase and tyrosinase-related protein-1 and -2 are critical for regulating the syn-
thesis of melanin pigments. The melanogenesis-related genes in fresh adult RPE were
amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) except for
tyrosinase, which is expressed only in fetal RPE cells (30,31). The expression level of
these genes was higher in bFGF-supplemented growth medium. 

Human adult IPE cells expressed these melanogenesis-related genes including tyrosi-
nase in vitro for more passages than human RPE cells (30). Their expression level was
enhanced by bFGF supplementation. The level of expression of these genes in human
IPE cells decreased after passage 8, and the amount of melanin decreased rapidly with
successive passages. 

RPE cells also synthesize a number of cytokines and their receptors which are impor-
tant for the proper functioning and the creation of the microenvironment of RPE cells.
The messenger RNA (mRNA) expressions of cytokines and their receptors in cultured
IPE cells were compared with those of RPE cells (32). No qualitative or quantitative
differences were found in 94% of 36 cytokines or their receptors in cultured adult IPE
and RPE cells. But the mRNA expression levels of vascular endothelial growth factor
(VEGF) and its receptor 2 were lower in IPE than in RPE cells. 

The mRNA of cellular retinaldehyde binding protein (CRALBP) was expressed in
RPE, but not in IPE cells (31). Low levels of VEGF and its receptor may be beneficial,
but the lack of expression of CRALBP is not a good property of IPE cells for transplan-
tation for the treatment of AMD.

Phagocytosis of Photoreceptor Outer Segments and Activities of Lysosomal Enzymes,
Cathepsin D, and Cathepsin S

The removal and elimination of shed outer segments are essential for the renewal
process of the photoreceptor membranes. Thus, the ability and capacity of the trans-
planted cells to phagocytose the photoreceptor outer segments is very important espe-
cially if IPE cells are transplanted. To determine if cultured IPE cells are able to
phagocytose outer segments, isolated photoreceptor outer segments were labeled with
Alexa 488 dye and fed to cultured IPE cells. After 24 h of exposure, the excess outer
segments were washed out, and the amount of outer segments phagocytized was deter-
mined by examining the culture under a fluorescence microscope with fluorescein
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Fig. 3. Effect of serum concentration on the growth of monkey IPE cells (A). The y-axis rep-
resents the number of cells. The optimal serum concentration was around 10–15% (*p < 0.05,
compare to 0% serum). The growth curve of human IPE cells obtained from 10 patients (B).
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isothiocyanate. Indeed, the IPE cells were able to phagocytose outer segments, and
their capacity was about 70% of that of RPE cells (33,34). The level of phagocytosis
was enhanced by the stable expression of neurotrophines such as bFGF as shown in
Fig. 4A.

The lysosomal functions of the cultured IPE cells were compared to that of RPE
cells by measuring the mRNA expression of cathepsin D and S enzyme activities and
protein levels (35) (Fig. 4). Lysosomal activities were present in IPE cells, but both
cathepsin D and S activities were significantly lower than those in RPE cells. These
results supported our findings that the ability to digest ROS by the IPE cells is lower
than that by RPE cells. 

Survival of Transplanted Cells in Subretinal Space

Cultured autologous IPE cells were transplanted into the subretinal space of monkey
eyes. After the transplantation, fluorescein leakage was not detected, and a thickening
of the retina was not observed. We were able to identify the autologous IPE cells in the
subretinal space 6 mo after transplantation by histological and electron microscopic
examinations. These cells appeared to be less pigmented and to have less mitochondria
than did the host RPE cells, and some of the grafted cells were seen to have phagocy-
tized photoreceptor outer segments (17). These observations suggest that transplanted
autologous cells can survive for relatively long periods in the subretinal space and can
affect the surrounding environment.

Fig. 4. Western blot analysis of cathepsin D (A) and S (B) in cultured rat IPE and RPE cells.
Cathepsin D (C) and S (D) activities were measured using fluorogenic substrates. (Student’s 
t-test, *p < 0.05, **p < 0.01) Error bars represent SEM (n = 5–10).
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Host-Graft Rejection

The ability of transplanted cells to rescue photoreceptor cells was evaluated in dys-
trophic RCS rats. RPE cells were used for iso- or allografts (36,37), IPE cells for allograft
(9), and human RPE cells for xenograft (38). In most of these experiments, the trans-
planted cells were found to rescue the photoreceptor cells, and no evidence of rejection
was detected (36,37). However, after the xenograft transplantation of RPE cells grown on
collagen sheets into the subretinal space or anterior chamber of rabbits, the retinas appeared
to be well-preserved histochemically, but there was evidence of rejection and decreased
electroretinographic responses. These results suggest a graft rejection of nonself cells
(31,39) even in the intraocular environment. Zhang and Bok (27) also observed the absence
of an acute immune rejection, but presented evidence for chronic rejection. They warned
of an imperfect immunologically privileged status of the subretinal space, and this needs to
be considered in future trials of allograft transplantation of RPE cells in humans.

The major histocompatibility complex (MHC) is the genetic region where immuno-
logical events, such as immune responses and rejections following transplantation, are
regulated in all mammals. Quantitative analyses were performed with immunohisto-
chemical methods for MHC class II antigen (OX6), a cytoplasmic antigen in bone
marrow-derived macrophages (ED1), and a microglia/macrophage marker (OX42) in
the RPE cells following allograft transplantation. Immunohistologically positive cells
were counted on postnatal days (P)10 to 140 in animals without transplantation and
at P80 and 2 mo after transplantation (Fig. 5). The results showed that MHC class 
II-positive cells appeared in the outer nuclear layer and debris of outer segments, and
the numbers increased with increasing days after transplantation. But the number of
positive cells were significantly (p < 0.05) less with RPE cell transplantation (31,40).
These results suggest a short-term rescue effect even with allograft transplantation. 

Cytokine Gene Expressions in Transplanted Cells

The results of these transplantation studies showed that photoreceptor cells from
dystrophic animals can be rescued by the transplantation of RPE cells, but there was

Fig. 5. The number of MHC class-II positive cells in RCS rat retinas during the developmen-
tal stage. Rat RPE cells were transplanted into the subretinal space in RCS rats (closed column).
Sham operation was performed in RCS rats (white column). *p < 0.01; Welch t-test.



354 Tamai

some evidence for the presence of inflammatory cytokines at the transplanted site with
allografts (41). These observations indicated that cytokines may play an important role
in the success of the preservation of the photoreceptor cells. 

To determine whether cytokines were influencing the results, we measured the
expression of the cytokine genes with RT-PCR and semi-quantitative PCR at the trans-
planted sites in RCS rats. For these experiments, approx 8 × 104 cultured human RPE
cells in a 2-μL suspension was injected through a scleral incision in the superior part of
the eye of RCS rats. Cultured RPE cells were injected into the subretinal space; human
RPE cells as xenografts, Long Evans rat IPE cells as allografts, and culture medium as
control. The level of expression of the genes for rat interleukin (IL)-1α, -1β, -2, -6,
interferon (IFN)-γ, and tumor necrosis factor (TNF)-α were determined in tissues
obtained 3 d after the transplantation, and the results are shown in Fig. 6 along the level
of β-actin as a baseline. 

The level of expression of the genes for IL-1α, -1β, and -6 were significantly up-
regulated in the transplanted human RPE cells compared to that following the injection
of vehicle only. Also, a statistically significant up-regulation was detected for IL-1α,
-1β, and TNF-α 3 d after the transplantation of rat IPE cells compared to that of vehi-
cle only. Thus, the strong expression of these cytokines may have influenced the rescue
of photoreceptor cells and also the inflammatory reaction and graft rejection (42).

Fig. 6. Semiquantitative RT-PCR of rat for IL-1α (A), -1β (B), -2 (C), -6 (D), IFN-γ (E), and
TNF (F) in cultured human RPE cells. The expression of each cytokine gene is expressed as
ratios of the internal control, β-actin. Closed circles represent cultured human RPE cells; slashed
triangles; cultured rat IPE; and open circles, vehicle only.
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Conclusions

Based on these experimental data, we concluded that the transplanted autologous
IPE cells are functional in the subretinal space and may be the best alternative for trans-
plantation to eliminate the problem of rejection.

Submacular Surgery and Cultured Autologous IPE Transplantation 
in AMD: Clinical Studies

Because of the results from the basic experiments, we decided to transplant autolo-
gous IPE cells at the time of the surgical removal of CNV in AMD patients. The proce-
dures used conformed to the tenets of the Declaration of Helsinki, and informed consent
was obtained from all subjects who participated. The nature of the surgical procedures,
the possible consequences, and the materials to be used were carefully explained to each
patient. This study was also approved by the Ethics Committee of Tohoku University on
January 26, 1998.

Clinical Procedures

Preparation of autologous IPE cells and the surgical procedures have been reported
in detail (18,43,44) and are also presented in the Methods of Culture and Proliferation
Rates section of this article. In brief, iris tissue from the patients about to undergo
transplantation was obtained under local anesthesia. A peripheral iridectomy (2 to 3 mm)
was performed at the 11 o’clock position from the same eye to receive the transplanta-
tion. The IPE cells were mechanically detached from the stroma in balanced salt solu-
tion (BSS), and individual cells were isolated by pipetting through a glass pipet. By
pipetting gently while viewing the procedure under a dissecting microscope, we were
able to collect isolated IPE cells in Ham’s F-12 medium supplemented with 15% auto-
logous serum which had been obtained from venous blood of the same patient earlier.
The medium was changed every three days. When the IPE cells attained confluency on
the dishes approx 3 to 5 wk after iridectomy, the patient was admitted into the hospital
(28). Primary IPE cells at about 50% confluency were suspended in an EDTA solution
(0.125% trypsin and 0.2 mM EDTA), and the cells were washed with BSS three times
and resuspended in 15–20 μL of BSS for 30 min before transplantation. Approximately
2 to 20 × 104 cells were injected into the subretinal space.

For the surgery, a weak diathermal cauterization of the retina was performed, and a
retinotomy site was created. Then a small retinal bleb was made by injecting BSS
through a bent 30-gage needle and the CNV was detached from the neural retina and
underlying Bruch’s membrane. The CNV was then removed through the retinotomy
site. The subretinal space was then gently flushed, and the cultured IPE cells were
injected through the retinotomy site. In some of the eyes, a special double-barreled
microinjection–aspiration needle was used (44).

Results

Thirty-five patients with AMD received the IPE transplantation, and they were fol-
lowed without any immunosuppressive drugs. One criterion used for the selection of
patients was that their vision was worse than 0.1. They were followed pre- and post-
operatively by ophthalmic examinations including visual acuity, perimetry, flicker,
and single-flash electroretinograms, fundus photography, FA, and indocyanin green
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angiography with a scanning laser ophthalmoscope, and optical coherence tomography
(18,43–45).

There were no signs of rejection, no proliferative changes in the submacular region
or vitreous cavity even without any immunosuppressive agents, and no recurrence of a
submacular CNV. Although more than 60% of patients had an improvement in visual
acuity after the transplantation, the best visual acuity was 0.3. This was not statistically
better than that with a simple removal of CNV (18, 4–45). No significant improve-
ments were detected in the retinal functions determined by the other tests compared to
the group with simple CNV removal. These results suggest that although the trans-
planted autologous IPE cells may have some of the functions of RPE cells, they had
limited influence on the final visual acuity. 

CHARACTERISTICS OF NEUROTROPHIC GENE TRANSFECTED IPE
CELLS: BASIC STUDIES

The mutations of genes associated with the light-dependent phototransduction cas-
cade or independent pathways induce apoptotic photoreceptor cell death. Prolonged
light exposure and ischemia can also induce apoptotic photoreceptor cell death. In
AMD, on the other hand, the photoreceptor cell death is caused by oxidative stress. The
retinal degeneration induced by prolonged light exposure, aging or genetic mutations
share a final common pathway, namely, apoptotic cell death. (46–48).

Many experiments have shown that NT factors can slow the progression of photo-
receptor cell death induced by these causes and preserve retinal function (49–51). We
have thus hypothesized that if transplanted autologous IPE cells could be made to sup-
ply the critical NT factors to the photoreceptors, the survival of photoreceptor cells
would be enhanced (52,53). We have not been able to examine the human eyes that
have received transplanted autologous IPE cells, but the ineffectiveness in improving
vision may be caused by their low rate of survival or differentiation on Bruch’s mem-
brane (54). But if these transplanted autologous IPE cells could be made to produce
sufficient amounts of NT factors to the neighboring cells, some positive survival effects
may be provided to the photoreceptor cells. 

The NT factor genes, such as nerve growth factor family members, have multiple
functions on developing and mature neurons (55). Among the neurotrophins, brain-
derived NT factor (BDNF) has been reported to be the most abundant in the adult brain
(56) and is well characterized on its effects on regeneration, synaptic modulation, and
neuroprotection in the visual system in various retinal injury models in vivo and in
vitro (57), e.g., in ischemia-reperfusion injury (19), light-induced photoreceptor dam-
age (52), and in animal models of inherited retinal degeneration (50,51). It is possible
that some NT factors could protect the retinal structure but not the function (58). It is
significant that BDNF is reported to have no negative effects.

Phagocytic Activity of Photoreceptor Outer Segments 
by NT Transfected IPE Cells

The phagocytic ability and capacity of cultured IPE cells were compared to that of
RPE cells. The cultured IPE cells had 70% of the phagocytic activity of RPE cells, but
IPE cells transduced with the bFGF gene had phagocytic activity levels comparable to
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that of RPE cells (33,34). This improvement was significantly decreased by pretreat-
ment of the IPE-bFGF cells with anti-bFGF antibody (34).

Effects of Transplanting RPE Cells Transduced With NT Factor Genes
(Axokine, bFGF, and BDNF) on MHC Class I and II Expression 
and Inflammatory Reactions

The expression of the MHC class I and II after transfection of three NT factor
(Axokine, BDNF, and bFGF) genes was examined by real-time PCR. The ratio of CD4+
and CD8+ T cells and antibody production against the transplanted cells were also 
analyzed by flow cytometry (59). The RPE cells transduced with Axokine induced 
14 times more MHC class I expression than that of nontransduced RPE cells. The RPE
cells transduced with bFGF increased the expression of MHC class II four times more
than that of nontransfected RPE cells. In contrast, RPE cells transduced with BDNF
induced a very weak expression of both MHC class I and II (Fig. 7). We found a clus-
ter of genes in the RPE cells with transfection of bFGF. 

Expression of BDNF and bFGF by Other NT Gene Transfection in RPE Cells
and Subretinal Transplantation and Effects of Overexpression of NT Factors

It is clear that NT factors can enhance the survival of degenerating cells in vivo and
in vitro, but it is important to determine the effects of the overexpression of the NT fac-
tors in the subretinal space or in the vitreous cavity. We examined the effects of inject-
ing bFGF and BDNF on the surrounding tissues. Expressions in the normal, Axokine-,
bFGF-, BDNF-, and vector-transduced RPE cells were quantified by RT-PCR. Axokine
is not expressed in normal RPE cells, so the expression was not altered by the other NT
gene transduction. bFDF and BDNF are endogenously expressed in normal cultured rat
RPE cells, and the level of expression of these NT factors was affected by the other NT
gene transduction. The expression in the normal and BDNF-transduced RPE cells was
quantified by RT-PCR. The BDNF-transduced RPE cells expressed three times higher
levels than non- or vector-transduced RPE cells. The expression of BDNF by Axokine- or

Fig. 7. Semiquantitative RT-PCR analysis of MHC-I and –II in gene-transduced RPE cells.
Results of RT-PCR of MHC-I (A) and –II (B) are shown. Axokine enhanced the MHC-I expres-
sion (C). MHC-II expression was enhanced by bFGF-transfected cells (D).
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bFGF-transduced cells was less than that of cultured cells or vector-transduced RPE
cells (59).

Transduction Efficacy of BDNF Gene Into IPE Cells With AAV Vector

To be able to use IPE cells transduced with the BDNF gene (IPE-BDNF) clinically,
we determined the conditions that will increase the efficiency of transducing BDNF
into IPE cells using recombinant adeno-associated virus (rAAV). Of the six AAV
serotypes, serotype 2 (rAAV2) is best characterized and therefore predominantly used
in gene transfer studies (60,61). Therefore, we selected rAAV2 and determined the con-
ditions that will increase the efficiency for transducing BDNF into IPE cells. 

Human IPE cells had substantially lower levels of transfection than ARPE and
HT1080 cells that are highly permissive cells for rAAV2. But the use of hydroxyurea-
sodium butyrate (HU-SB) successfully increased the transduction efficiency in human
IPE cells, and a mixture of human IPE cells with HU-SB-Tyr (tyrphostin-1) increased
the level even more. The levels in the culture medium and cell lysates were measured
by sandwich enzyme-linked immunosorbent assay (ELISA) and Western blot analysis
for BDNF and the findings are shown in Fig. 8A,B. To determine the multiplicity of
infection (MOI) of rAAV that affected the level of transgene expression, human IPE
cells were infected with rAAV-hBDNF at various MOI, and the amount of vector that
resulted in an increased gene expression was determined (Fig. 8C). If the AAV2-BDNF
infectious concentration was 1 χ 107 capsids/ml or higher, photoreceptor protective
effects were observed and 1 × 109 was the best concentration.

Systemic Dissemination

The eye is an ideal organ for gene therapy as it is separated from other systems in the
body by the blood–ocular barrier, and it is also an immunologically privileged site. In
many experiments, the targeting virus vector-DNA was injected into the subretinal
space through the sclera and choroid. Unfortunately, the choroid is a vascular mem-
brane and injection through it can lead to hemorrhages. In addition, the direct injection
of naked AAV vector into the subretinal space allows an extraocular dissemination to
the optic nerve, brain, lung, liver, kidney, and testis, and such widespread dissemination
is supposed to be circulation induced. Once the NT genes were transfected into IPE
cells, chance of dissemination is decreased (62; Yoshioka et al., in preparation).

Photoreceptor Cells Rescue Effects by Subretinal Transplantation 
of AAV-BDNF-Transfected Cells

Initially, we used the lipofection technique to transfect rat bFGF or BDNF genes into
cultured rat IPE cells (bFGF-IPE and BDNF-IPE) (53,63). The BDNF gene was also
inserted into AAV2 (AAV2-BDNF) and the recombinant AAV2 was transduced into rat
IPE cells as described in Expression of BDNF and bFGF by Other NT Gene Transfection
in RPE Cells and Subretinal Transplantation and Effects of Overexpression of NT
Factors section. The effects of transplanting these IPE cells on photoreceptor protection
were observed by procedures as described (60). The expression of each neurotrophic
factor by the transfected cells was examined by RT-PCR and by sandwich ELISA. 
The neuroprotective ability of the BDNF-IPE cells against N-methyl-D-aspartate
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(NMDA)-induced neurotoxicity was investigated in vitro and against an inherited mech-
anism in dystrophic RCS rats (60) or in rats with phototoxic damage (63) in vivo. The
bFGF-IPE or BDNF-IPE cells were transplanted into the subretinal region in the superior

Fig. 8. Measurement of the BDNF content in rAAV-hBDNF-infected IPE cells. Cells were
infected with the rAAV-hBDNF at a MOI of 50. The BDNF levels in the culture medium and
cell lysates were measured by sandwich ELISA (A). Error bars represent standard deviation 
(*p < 0.05, **p < 0.001). Western blot analysis for BDNF is also shown in (B). Expression of
BDNF in cells infected with various MOI (C). Human IPE cells were infected with the indi-
cated amounts of rAAV-hBDNF following the pretreatment of a mixture of HU-SB plus Tyr
(500 μM). Error bars represent standard deviation (*p < 0.05, **p < 0.01, ***p < 0.001).
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half of the eye (Fig. 9). In the AAV2-BDNF-IPE cells, the rats were placed under con-
stant light on days 1 and 90 after transplantation and examined. 

The expression of the BDNF gene in the subretinal space was higher in AAV-BDNF-
IPE transplantation than transplantation of IPE only. A statistically significant photore-
ceptor protection was observed on days 1 and 90 in eyes receiving the AAV2-BDNF-
IPE transplant, in both the superior transplant site and the inferior hemispheres which
did not receive the transplant (60).

bFGF-IPE and BDNF-IPE cells expressed higher levels of the mRNA and proteins
of each NTfactor than nontransfected IPE cells (53,63). A significant increase in the
protection of photoreceptor cells against NMDA neurotoxicity was observed in the

Fig. 9. Thickness of the outer nuclear layer of the retina of an eye that had received a trans-
plantation of gene-transduced IPE cells. Rats were exposed to 3000 lux light 1 d after the trans-
plantation of gene-transduced IPE cells into the subretinal space. Light microphotographs of rat
retina taken 700 μm from the optic disc in the transplanted hemisphere of the eye.
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neuroretinal cells cultured with BDNF-transfected IPE cells than in those cultured with
nontransfected IPE cells (p = 0.0029) or with nontreated cells (p = 0.0010) (60). bFGF-
IPE cells could protect photoreceptor outer segments (53). These results suggest IPE
cells with transfection of the BDNF genes may be a useful tool for delivering these fac-
tors to the subretinal space and have protective effects against the mechanisms leading
to the degeneration of photoreceptor cells.

OUR THERAPEUTIC STRATEGY FOR RETINAL DYSTROPHIES 
AND AMD

Gene therapy is now being used to treat a broad variety of diseases and many
approaches for delivering the targeted genes to the appropriate sites have been attempted.
Recombinant viral vectors have been the most extensively used, and the vectors can
transport a gene to a cell to replace the defective gene, to suppress the expression of a
mutant gene, or to deliver a protective gene to delay degeneration. The AAVs are mem-
bers of the Parvoviridae family, and the AAV2 is one of the vectors most extensively
studied and developed for clinical use (64,65). AAV2 transduction in animal models has
progressed from rodents to nonhuman primates and is now being used in humans in
phase I safety trials (66,67).

We are continuing our basic and clinical studies of autologous IPE cells pro-
ceeding logically from our observations described previously. Our results to date
have demonstrated that IPE cells transduced with recombinant AAV2-mediated
genes transplanted into the subretinal space may be the most promising treatment
for protecting or slowing apoptotic photoreceptor cell death caused by retinal
degeneration or AMD. 
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ABSTRACT

Transplanting sheets of fetal retinal pigment epithelium (RPE) together with its neuro-
nal retina offers potential as a viable technique to prevent blindness and restore vision.
This chapter presents results of the first promising FDA-approved clinical trial with a
limited number of patients, bringing cautious optimism to the evaluation of the results. The
basic research with several rodent degeneration models shows that transplants restore
visually evoked responses in the brain, in an area of the superior colliculus corresponding
to the placement of the transplant in the retina. Retinal transplants can preserve vision in
an optokinetic acuity test. The mechanism of functional restoration is still unclear, but
research results indicate that likely both synaptic connectivity between transplant and host
and rescue of host photoreceptors are involved. The conclusion can be drawn that co-
transplants of RPE together with retinal sheets have a beneficial functional effect in several
animal retinal degeneration models as well as in patients in the recent clinical trial. 

INTRODUCTION

Retinal Transplantation: A Hope for Incurable Retinal Diseases

Retinal diseases such as age-related macular degeneration (AMD) (1,2), or retinitis
pigmentosa (RP), a group of inherited diseases with mutations in photoreceptor or retinal
pigment epithelium (RPE) genes, affect a considerable part of the American population.
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In such diseases, photoreceptors and/or RPE become dysfunctional or degenerate and
need to be replaced whereas the neural retina that connects to the brain can still remain
functional (3–6) (reviewed in ref. 7). If the diseased cells can be replaced and the new
cells can make appropriate connections with the functional part of the host retina, a
degenerated retina might be repaired and vision restored. 

Vitamin supplements with zinc (8) and gene therapy to introduce trophic factors (9)
or to correct mutated genes (10,11) may be helpful in the early stages of a disease, but
once photoreceptors are lost, they must be replaced to restore vision (reviewed in
refs. 12,13). With the exception of microchip implantation (reviewed in refs. 14,15),
there are presently no realistic alternative techniques to retinal transplantation for the
treatment of end-stage retinal diseases. In many retinal diseases, both photoreceptors
and RPE are affected (7) and need to be replaced. To meet this need, our group has
developed a procedure to transplant sheets of fetal RPE together with its neuroblastic
retina (16–18).

There is now evidence that transplanted fetal neurosensory retina can re-establish
connections with the residual neural network (19). In addition, the transplanted tissue
might exert a positive rescue effect on the recipient’s retina, as has been shown in
animal experiments in vitro and in vivo (20). The first FDA-approved clinical trials in
retinal transplantation have shown very promising results (21).

Retinal Remodeling

In pigmented Royal College of Surgeons (RCS) rat retina up to the age of 515 d, no
ultrastructural abnormalities in synaptic counts and in ganglion cell characteristics
were found (22). However, subsequent studies showed that ganglion cells change their
properties about 3 mo after photoreceptor loss in the RCS rat, owing to the abnormal in
growth of blood vessels from the choroid (23–25). Similar changes occur in the rd
mouse retina (26–28).

Remodeling of the inner retina is a major secondary effect of outer retinal degenera-
tions (29,30). It is thought that this process occurs as a result of denervation of the
inner retinal neurons, and subsequent attempts by these neurons to find new synaptic
input. This process involves cell death; rewiring, i.e., the formation of new circuits to
replace lost innervation; and cell migration (30).

Properties and Use of Fetal Donor Tissue

There are many reasons why all of our studies have used fetal donor cells and not adult
donor cells. Fetal cells have a high capacity to sprout processes and to produce trophic
substances that will aid host and transplant cells to establish contacts. They can multiply,
so that the transplant can grow to cover a larger area, and transplants of retinal aggregates
to nude rats can grow larger the younger the donor age (31). Fetal retinal cells can also
overcome the trauma of transplantation much easier than adult cells because they do not
depend as heavily on oxygen (32). Further, fetal retinal tissue is likely less immunogenic
than adult tissue because it contains less microglia than older tissue (33,34). Research has
shown no rejection if the tissue is transplanted to the central nervous system (CNS) or the
eye of the same species (see the Retinal Transplant Immunology section).
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In January of 1993, President Clinton overturned the ban on federally funded fetal
tissue research. Public Law 103-43 (also known as the National Institutes of Health
[NIH] Revitalization Act of 1993) explicitly made funding of fetal tissue transplanta-
tion research legal when certain conditions are met. Strict ethical guidelines must be
followed so as not to give any incentive for abortions. Donors must remain anonymous
and informed consent procedures must be in place to explain the research purpose and
potential risks. Our research has used private, nongovernmental sources, and we have
adhered to all NIH guidelines regardless of our funding source.

Technical Challenges With Fetal Sheet Transplantation 

Although fetal tissue has many advantages, one major weakness is that it is very
fragile and presents several challenges during transplantation. It is of outmost importance
not to damage the donor tissue or the host. The first challenge is to precisely dissect
an intact monolayer RPE sheet attached to the neural retinal sheet. To perform this deli-
cate task, our group uses custom-designed ultra-precision forceps. The second challenge
is to implant the fragile donor sheets into the subretinal space without damage, and we
have developed a proprietary instrument to perform this step. The implantation instru-
ment is a hand-held tool (stainless-steel hand piece) with a flat, flexible disposable
nozzle tube (many different sizes, according to the purpose) that fits over a stationary
mandrel (not a movable plunger). This innovative device provides the surgeon with
precise manual control and allows gentle placement of the transplant into the target
area of the subretinal space with minimal trauma to the donor tissue and host eye.
When the nozzle tip containing the tissue is on the target, the surgeon holds his hand
completely still and releases a spring that retracts the nozzle. The surgeon has complete
control over the speed of retraction of the nozzle tip and in this way exposes and
“places” the tissue on target. The nozzle size is chosen according to the donor tissue so
that very little fluid is delivered. All other methods (35,36) push or inject the tissue into
a large subretinal bleb so that trauma is exerted on the host and donor tissue and the
increased pressure can easily push out the donor tissue through the retinotomy site. In
our earlier research (16,37,38), we used a matrix coating to protect the donor tissue.
However, our custom-made implantation instrument so exceeded expectations that the
procedure could be performed without use of the matrix coating. The implantation tool
provides the surgeon with the precise control required for very gentle delivery of the
fragile fetal graft.

Retinal Transplant Immunology

The subretinal space is regarded as an immunological privileged site (39) so that
there is a reduced probability of rejection of allografts of fetal tissue. The neural retina
is non-immunogenic but the RPE and the microglial cells in the donor retina are
immunogenic (40,41). Dissociated RPE cells seem to initiate an immune response after
transplantation to the subretinal space (42,43). However, allografted sheets of RPE are
not rejected when transplanted to the kidney capsule and thus are immunologically
privileged (41). Postnatal retinal tissue however was rejected. Despite the potential for
rejection based on the microglia in the donor retina, our hypothesis is that rejection will
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probably not happen because of the immunological privileged site of the subretinal
space. So far, our hypothesis has been confirmed in our results with patients (21,44).

Most of the microglial cells are associated with blood vessels and migrate postna-
tally into the rat retina (33) and from 16-wk gestation into the human retina (34). The
number of immunogenic microglial cells in fetal rat retina is much lower than in post-
natal retina (33). Therefore, it is likely that fetal retina is less immunogenic than post-
natal retina because fetal retina still lacks inner retinal vessels. However, no group has
yet tested this hypothesis. In our model, we have seen stable transplants in rats 6 to 10 mo
after surgery. This indicates that allogeneic retinal sheet transplants can be tolerated in
the subretinal space of rats with retinal degeneration.

Use of Stem Cells in Our Model

Stem cell transplantation is considered to have a great potential. Stem cells are cells
early in development that have the capacity to differentiate into different cell types and
different tissues. Progenitor cells are still multipotential but restricted to a specific
tissue. For example, fetal retina contains progenitor cells that have the capacity to dif-
ferentiate into various retinal cell types, but not other cells. Our laboratory has worked
with retinal progenitor cells derived from rat E17 retina in vitro or in vivo for more
than 5 yr. 

Retinal progenitor (stem) cells have been isolated from the ciliary margin of the
adult retina of different ages (45,46), or from fetal retina (47–51). After transplantation,
progenitor cells integrate and migrate into the retina depending on the age, the disease,
or the injury status of the recipient retina. Previous studies showed that a limited per-
centage of progenitor cells can express opsin (47), but most appeared to be limited to a
glial lineage after transplantation to an adult host with retinal degeneration (49).
However, retinal progenitor cells that have been maintained in defined culture condi-
tions (51) develop to mostly opsin expressing cells after transplantation to recipients
with slow and fast retinal degeneration (52). Initially, in our laboratory, we included
“stem cells,” progenitor cells derived from younger rat E17 retina, with our fetal sheet
transplants with the hypothesis that the progenitor cells could help with the connections
of transplant and host. These experiments did not produce the expected results. The
experiments with retinal progenitor cells alone continued (48,49), and showed some
promise after switching to cells maintained and proliferating in serum-free medium
(51,52). It is interesting to compare the results of these “stem” retinal progenitor cells
with the results of retinal sheet progenitor cells (rat E19) in our transplant model. The
photoreceptors of the sheet transplants show a high degree of differentiation. By example,
they can show migration of the phototransduction proteins dependent on the light cycle,
indicating that they are able to transfer light into electrical signals (38). In contrast,
transplanted retinal progenitor cells have not yet been shown to contain photoreceptor
outer segments (OS).

Ongoing studies in our laboratory are investigating various aspects of “stem” retinal
progenitor cells to determine if these cells can do what has been shown for retinal sheet
transplants: (1) develop to fully functional retinal cells, (2) contain all substances speci-
fic for each cell, (3) send out processes to host cells and establish synapses with the
host, and (4) establish meaningful communications and restore vision in a host with
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retinal degeneration. Although stem/progenitor cells show great promise, there appears
to be a long road of research ahead before any possible clinical application.

CLINICAL TRIALS

Clinical trials of retinal transplantation have been motivated by the lack of available
treatment to recover or prevent vision loss from RP and other diseases of the outer
retina. Although oral vitamin A therapy has been shown to slow the rate of electroretino-
gram (ERG) loss in RP, it has no effect on vision loss (53). Gene therapy and pharma-
cological therapy are underway but are still under development, with clinical gene
therapy trials to be started soon (54,55). A clinical trial to deliver encapsulated ciliary
neurotrophic factor-producing RPE cells to the eye of patients with RP has just begun
(no published data available yet) (56). These trials aim at delaying photoreceptor degen-
eration or correcting gene defects. Finally, development and use of a visual prosthesis
is being actively pursued in many centers but the potential of existing devices is not
known (14,15,57–59).

With the exception of the visual prosthesis, gene and pharmacological therapies can
only help when the retinal degeneration has not progressed too far. Once most of the
photoreceptors are lost, replacement of degenerating cells by RPE together with neural
retina may be the only means to restore the atrophying neural retina, the pigment epithe-
lium, and part of the choroid. 

RPE and IPE Transplantation 

The success of RPE transplants in RCS rats (60,61) led to clinical trials in patients
with AMD by a team in Sweden in collaboration with Columbia University, NY (42)
and in the United States (62). The results were mixed; rejection was observed depend-
ing on the status of retinal degeneration, the presence of an intact blood–brain barrier,
and immunosuppression (63). In summary, problems with RPE allografts, related to
rejection, inflammation and/or changes in the RPE cells after tissue culture, prevented
any long-term beneficial effects. Immunosuppressive treatment appeared to prevent
graft failure (63).

To avoid rejection, autologous transplants of adult RPE cells (64) and iris pigment
epithelial (IPE) cells (65,66) have been performed, mostly to patients with “wet” AMD.
Subjective improvements in visual acuity were reported. 

Another strategy has been macular translocation to expose the macula to still healthy
RPE cells (67). However, several patients with non-exudative AMD developed clear
evidence of new geographic atrophy of the RPE in the area of the translocated fovea
after macular translocation (68). This means that it is likely an intrinsic defect in the
photoreceptors that negatively affects previously healthy RPE, and gives another argu-
ment for the need of combined transplants of retina together with its RPE.

Transplants of Neural Retina

The rationale for transplantation of photoreceptors or neural retina is photoreceptors
cannot regenerate once they have undergone apoptosis (reviewed in ref. 69). Fourteen
patients with RP in India (70), and eight patients with RP and one patient with AMD in
the United States received aggregate fetal retinal transplants (71). Ten patients received
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adult photoreceptor sheet transplants (72,73). There was no improvement in vision. No
clinical signs of rejection were observed, but a subtle, clinically not evident rejection
cannot be excluded.

Our group performed retina-only transplants to four patients with RP. In one patient,
transient functional improvement was observed as measured by multifocal ERG
(mfERG) (74). This patient also reported subjective improvements. However, no
changes in Early Treatment Diabetic Retinopathy Study (ETDRS) vision occurred.

Recent Results of First FDA-Approved Clinical Trial: Transplants 
of Fetal RPE Sheets With Retina Can Improve Vision

The uniqueness of our approach is to co-transplant sheets of human fetal RPE
together with its retina. In preclinical experiments, it was shown that in transplants of
sheets of human fetal RPE with its retina to athymic nude rats, the RPE sheet can
remain as a monolayer of co-transplanted RPE cells with junctional complexes at 9 mo
after transplantation, supporting the development and maintenance of transplant photo-
receptors (17).

All of our studies met the local Institutional Review Board requirements and state
and local laws for the handling of fetal tissue. Our patients’ surgery, preoperative test-
ing, and postoperative testing were funded by a private sponsor to make it possible for
the patients to have the surgery without any financial outlay on their part. This private
funding has been critical to the success of this clinical trial.

Patient Selection

Our clinical trial focuses on patients with RP and “dry” (non-exudative) AMD, par-
ticularly the central areolar choroidal pigment epithelial dystrophy because these dis-
eases have an established pathology and are the most common diseases of the outer
retina. Diseases that involve the formation of subretinal neovascular membranes have
been excluded, such as presumed ocular histoplasmosis syndrome, and “wet” macular
degeneration because of the possible bleeding as well as the excessive trauma to the
foveal area that can occur when entering the subretinal space.

In both diseases, the retinal transplantation studies involving both RPE and neural retina
in sheets have more potential for measurable success then transplanting either of these 
tissues alone. To determine the safety of the procedure, we started with patients with the
most severe forms of visual problems with RP. As safety was shown, patients in a less
advanced stage of the disease with better vision could be selected.

Preoperative Testing and Follow-Up

Complete assessments, ocular examinations, fluorescein angiography, ETDRS proto-
col for visual acuity testing, photopic mfERG (VERIS science software, EDI Inc., San
Mateo, CA), scanning laser ophthalmoscope (SLO), and optical coherent tomography
were performed preoperatively and postoperatively and repeated to assess potentially
corresponding physiological changes in the region of the transplant. Patients were tested
three times preoperatively and at 2 wk and 1, 6, and 12 mo postoperatively. A great deal
of consideration was given to what objective preoperative testing should be and could
be done to definitively define improvement in vision. The ETDRS visual acuity testing
was used as baseline. In addition to this, new techniques needed to be identified that
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might be able to show subtle improvements in visual acuity even though the patient
might not see any subjective improvement. 

The person measuring the ETDRS visual acuity was masked as to which eye had the
surgery. The ETDRS protocol for visual acuity testing was followed as described (75).
mfERGs and SLO testing were done at different sites in the United States, in the same
time frame. The examiners at these sites also did not know which eye had received the
transplant. To compensate for the patients’ eye movement after each measurement with
the SLO, clearly defined vascular landmarks were used.

Results to Date

As of August 2005, a total of 11 patients received cografts of retina with its RPE, ten
with RP and one with “dry” AMD. After FDA approval (BB-IND no. 8354 about clini-
cal retinal transplantation, Principal Investigator Norman D. Radtke), cografted sheets of
fetal retina together with its RPE were transplanted in five patients with RP with light
perception or no light perception (44). No adverse effects but also no vision improve-
ment were noted. After these five patients, the food and drug administration (FDA) was
satisfied with the safety of the procedure, and allowed us to proceed with transplants in
patients with vision of 20/800 or worse in one eye. So far, only patients with preopera-
tive vision in the range of 20/800 to hand motion or better have shown improvement.

The most encouraging results have been seen with a patient with RP who was trans-
planted in February 2002. The preoperative ETDRS vision was 20/800 in the left sur-
gery eye, and 20/400 in the right nonsurgery eye. One year after transplantation,
ETDRS vision in the surgery eye improved to 20/160 and remained stable at 20/200 at 2
yr and 2 mo postoperatively whereas the nonsurgery eye remained unchanged at 20/400
(21). Presently, more than 4 yr after transplantation, the vision is still stable. An inde-
pendent evaluation in another eye hospital by a SLO test showed visual improvement in
the surgery eye from 20/270 at 9 mo to 20/84 at 2 yr and 3 mo after surgery. Interestingly,
the right eye which had been 20/369 at 9 mo improved to 20/169 at 2 yr and 3 mo (21).
However, no changes were observed with mfERG. No clinical evidence of rejection was
observed although the transplant sheet lost its pigmentation by 6 mo. The patient’s quality
of life has improved so she is now able to read and handle e-mail from a computer,
using a magnification glass. She can now write checks, do some sewing, and has taken
up her hobby of ceramic painting again. She now predominantly uses her surgery eye,
whereas she previously relied on the other unoperated eye. After this patient, the FDA
allowed us to use patients with 20/400 vision. 

A second patient with RP (surgery in June 2003) showed improvement from
hand motion to 20/400. In addition, one patient with AMD (surgery in March 2004)
improved from 20/640 to 20/320 at 1.5 yr. With SLO testing at 6 mo, the fixation was
over the pigmented transplant area, which means that the patient was using the trans-
plant area. The SLO at 6 mo showed less scatter than preoperatively. Both patients
also reported subjective vision improvements. These early findings are encouraging
but confirmation from long-term follow-up studies is needed. One RP patient with
surgery in March 2003 slightly improved from light perception to hand motion.
Another RP patient with surgery February 2004 continued to worsen from 20/400 to
20/300 at 2 yr.
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What has been gained from the results to date and where should we proceed? So far,
our study has too few patients, so only tentative inferences can be made. The best recip-
ient candidates may be in the range of 20/400 to 20/800 ETDRS vision. Our patient who
exhibited the best results had autosomal dominant RP and also received oxygen therapy
for 1 wk. Postoperative oxygen treatment is now part of the protocol in all patients on a
voluntary basis. The rationale for oxygen treatment is based on studies in experimental
animals showing that oxygen reduces the glial reactivity after retinal detachment (76) and
preliminary transplantation studies that have shown a beneficial effect of oxygen (77).
Another avenue for improvement may be visual training by exposing the patient to visual
stimulation patterns, especially during the first 6 months when the grafted cells are
developing. This may enforce the use of the transplant for vision and encourage the 
formation of new appropriate connections.

ANIMAL RESEARCH WITH FETAL SHEET TRANSPLANTS

Retinal Degeneration Animal Models Used for Transplantation

The different retinal degeneration models used for retinal transplantation were exten-
sively reviewed (18,69). For the initial studies (37,38), a light damage model was used
in which albino rats were exposed to continuous moderate blue light for 2 to 4 d. This
selectively damaged the rod photoreceptors while leaving the RPE intact (78).

Since 1999, we have used three different inherited models of retinal degeneration:
albino RCS rats (11,16), and two different lines of transgenic rats with the mutant human
rhodopsin S334ter, produced by Chysalis DNX, and kindly provided by M. LaVail, UC
San Francisco: the fast degenerating line 3 (79), and the slow degenerating line 5 (80).

Morphological Repair of Damaged Retinas by Fetal Retinal Sheets 
With and Without RPE

The following sections will present the results from research performed to transplant
fetal retinal sheets with and without its RPE in animal models of retinal degeneration,
using our custom-made implantation instrument and procedure which gently places the
tissue into the subretinal space (reviewed in refs. 18,69; see Technical Challenges With
Fetal Sheet Transplantation section). 

Only 20 to 30% of fetal sheet transplant in rodents are laminated similar to a normal
retina with photoreceptor OS in contact with grafted (16) or host RPE (37,81). The rest
of the transplants will develop rosettes sometimes with parallel inner retinal layers. The
crucial problem is to insert the instrument nozzle at the correct angle to place the tissue
into the subretinal space without damaging the host RPE or Bruch’s membrane, or
placing the tissue into the vitreous. This is very delicate in rodents because the transs-
cleral approach does not allow the surgeon to see the operation area in the eye. 

There is also a “time window” for successful transplantation because the retina and
the RPE seal together in later stages of retinal degeneration, and this glial seal prevents
the insertion of anything into the subretinal space. 

The preparation of cografts poses an additional challenge: because fetal retina has not
yet developed OS, the RPE can easily detach from its retinal sheet, and it requires very
careful dissection to keep both together. An example of a human RPE cografted with retina
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to an athymic albino nude rat is shown in Fig. 1; a rat fetal cograft to a S334ter line 5 rat is
shown in Fig. 2A–D.

Connectivity

The integration of retinal aggregate transplants appears to depend on the status of
host photoreceptors (82). If the host photoreceptors are lost completely, bridging neu-
ronal fibers can be seen between transplants and hosts. Similar results can be seen with
fetal retinal sheet transplants in retinal degenerate rats. Connectivity and transplant
“integration” is also related to the reaction of glial cells. It has recently been shown that
retinal aggregate transplants integrate better in transgenic mice that lack both of the
intermediate filaments vimentin and glial fibrillary acidic protein (83).

Both the fetal retinal sheet transplant and the host have an inner nuclear layer with
various retinal interneurons. If transplant and host neurons form synaptic connections,
the wiring would be different from a normal retina. It is still unknown to what extent
the host retina and brain can extract information from light stimulation of the transplant.
However, our results indicate that the transplants have a direct effect on visual responses
(see Section Visual Function of Transplants Demonstrated by Electrophysiology), and
that transplants form synaptic connections, albeit to a limited extent, with the host
retina (see next Section Indications for Transplant-Host Connectivity).

Indications for Transplant-Host Connectivity

Sometimes, transplants are too perfect and form a glial barrier towards the host (e.g.,
Fig. 2 in ref. 69). In other cases, the transplants appear to merge with the host retina so
that it is sometimes impossible to tell where the transplant ends and where the host
retina begins. Examples for this are shown in Fig. 2. The current work is focused on

Fig. 1. Human fetal pigmented RPE cografted with its neural retina in subretinal space of
athymic albino nude rat, in contact with photoreceptor outer segments of transplant photorecep-
tors. Part of Bruch’s membrane and the choroid can be seen in the right lower corner of the
micrograph. Donor 14 wk, 8.9 mo after transplantation. Bar = 5 μm. OS, outer segment; RPE,
retinal pigment epithelial.
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Fig. 2. Examples of transplant (T)/host (H) integration without glial barriers. Note the
apparent fusion between transplant and host. (A–D) Cograft of E20 retina with RPE to S334-ter
line 5 rat, 3 mo after surgery at the age of 1 mo. (E,F) Transplant of E17 retina-only to light-
damaged rat, 6.3 mo after surgery. Magnification bars: A,B: 50 μm, C–E: 1 μm.

characterizing transplant-host synapses by using donor tissue derived from transgenic
rats expressing human alkaline phosphatase (data not shown). The donor tissue derived
from these rats can be detected on the light and electron microscopy level.

Pseudorabies Virus Tracing

To demonstrate synaptic connections between transplant and host retina, we have
performed trans-synaptic tracing from the host brain to the transplant (19) using an
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attenuated pseudorabies virus (PRV), which is specifically transferred from one neuron
to the next at synaptic contact points, and transported exclusively in the retrograde
direction (84). This tracer, PRV Bartha, has been used for outlining multisynaptic cir-
cuitry in the CNS for many years (85). The transfer of the virus between neurons
depends on the development of functional synapses (86). A somewhat confusing issue
for scientists unfamiliar with the virus properties is that the virus can infect glial cells.
Glial cells can however not produce a complete infectious virus so that no virus can
leave the cell. This prevents nonspecific contamination (84). Neuronal cells are labeled
in retinal sheet transplants after injection of PRV into the superior colliculus into an
area corresponding to the placement of the transplant in the retina (19). Examples are
shown in Fig. 3. However, Müller cells of the host retina inevitably are labeled shortly

Fig. 3. Transsynaptic virus tracing—an indication for synaptic connections. Ba Blu virus
expressing Escherichia coli β-galactosidase was injected into the visual brain center, the supe-
rior colliculus (SC), and detected by X-gal histochemistry (A–D), and electron microscopy
(E,F) in the retina. (A,B,E) Normal retina; (C,D,F) transplants. (A,B) Normal retina, 48 h (A)
and 67 h (B) after virus injection into the SC. (A) Müller cells are labeled with one ganglion
cell. (B) With longer survival times, the virus is spreading through all retinal layers and also 
laterally. (C,D) Transplant to s334ter transgenic rat, 65 h after Bablu virus injection into SC.
Arrows point to some virus-labeled cells in transplant with apparent neuronal morphology. E18
retinal transplant, 9.8 mo after transplantation. (E) Normal retina at 2 d (52 h) after virus injec-
tion: virus-labeled ganglion cell. Arrows point to enveloped virus. (F) Cograft of retina with
RPE (E20) to RCS rat, 68 h after Bablu virus injection into SC, and 4.9 mo after transplantation.
Arrowheads indicate nonenveloped virus in nucleus and cytoplasm. Arrows indicate enveloped
virus in cytoplasm. Magnification bars: A–D: 20 μm; E,F: 1 μm. H, host; T, transplant; GC,
ganglion cell layer; IP, inner plexiform layer; IN, inner nuclear layer; OP, outer plexiform layer;
ON, outer nuclear layer; OS, outer segments; PRV, pseudorabies virus.
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after label of the ganglion cells, but cannot produce infectious enveloped virus, similar
to what has been shown in the brain. 

Retinal Sheet Transplants Restore Visual Function 
Light/Dark Shift of Phototransduction Proteins in Transplant Photoreceptors

Are transplant photoreceptors capable of responding to light? 
Certain phototransduction proteins, such as arrestin (S-antigen) and rod α-transducin,

are found in different compartments of the rod photoreceptor dependent on the light/dark
cycle (87). Arrestin is in the inner segments in the dark and in the OS in the light, whereas
the distribution for rod α-transducin is reversed. The cytoskeleton is required for the
translocation of these proteins (88). The translocation of arrestin does not depend on
transducin signaling (89).

Photoreceptors in sheet transplant to light-damaged rats show translocation of
arrestin and rod α-transducin dependent on the light cycle, indicating that the photo-
transduction process takes place and that they respond to light (38). This was shown by
fixation of transplanted rat eyes either in light or dark. 

Visual Function of Transplants Demonstrated by Electrophysiology

By recording from the primary target of retinal ganglion cells in rodents, the supe-
rior colliculus (SC), we showed in several rodent models of retinal degeneration that
visually evoked multi-unit responses could be recorded in a small area of the SC corre-
sponding to the retinal placement of the transplant (11,79–81). The visual stimulus
consisted of a bright light flash that specifically stimulated cone photoreceptors. 
A common phenomenon with all responses from transplanted rats was the longer
latency (i.e., the response time) as compared with normal control rats. 

In albino RCS rats, responses were found in 19 of 29 transplanted rats. Visual
responses were also found in age-matched sham surgery rats; however, the responses
from transplanted rats had higher amplitudes and shorter latencies (11). The rats were
transplanted at the age of 37 to 69 d, when photoreceptors are already committed to
apoptosis, and it would be unlikely for transplants of RPE only to have a rescue effect
at this age on host photoreceptors as shown previously (90).

In transgenic S334ter-3 rats with rapid retinal degeneration, responses were found in
7 of 11 transplanted rats, but not in any sham surgery rats (79). In transgenic S334ter
line-5 rats with slow retinal degeneration, transplant-derived responses could be distin-
guished in 8 of 13 rats at 8 mo of age when a scotoma had developed in the transplant
area (80). In all three rat models, no rescue effect of the transplant on host cones was
seen with qualitative immunohistochemistry for S-antigen (arrestin) which labels both
rods and blue cones. The quality of responses appeared to depend on the quality of the
transplant (better laminated transplants gave better responses). If a rescue effect was
the case, disorganized transplants should also have given a response.

This was different in rd mice, where responses were found in three of seven mice
transplanted at the age of 31 to 38 d (81). The three light-responsive eyes had rosetted
or disorganized grafts, but no responses were found in eyes with well-laminated grafts.
On the other hand, the immunoreactivity for recoverin in the host retina overlying the
graft was much higher in the responsive eyes compared with untreated age-matched
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rd/rd mice, or nonresponsive grafted eyes. Thus, in rd mice, the restoration of visual
responses by retinal sheet transplants appeared to depend on a rescue of host cones. A
previous study with retinal aggregate transplants found ganglion cell responses in 3
of 10 mice transplanted at the age of 2 wk, but no responses in mice transplanted at
an older age (91). This was in contrast to the recent study which showed an effect in
mice transplanted at the age of 30–38 d (81), demonstrating the advantage of sheet
transplantation.
Transplant Effect on Visual Acuity

Optokinetic head tracking has been used to test visual acuity in pigmented rats to
show the time course of retinal degeneration in different models (92–94) and photore-
ceptor rescue after RPE or Schwann cell transplantation (92,95,96). Using an improved
design which made it possible to test each eye independently, it could be demonstrated
that the deterioration of the optokinetic response in S334ter-3 rats with rapid retinal
degeneration could be delayed by retinal sheet transplants (97).

Mechanism of Transplant Effect on Vision

Two mechanisms appear to be involved: a trophic effect by the transplanted fetal tis-
sue, resulting in rescue of host cones (in refs. 20,98 for reviews); and a direct effect
from transplant photoreceptors mediated by synaptic connections between transplant
and host (19). So far, visual responses from transplanted animals in the SC could only
be recorded at mesopic or photopic light levels where cones can be stimulated, and not
at scotopic light levels less than –3 log cd/m2. Normal rats show responses less than 
–5 log cd/m2 (99). The mechanism of visual restoration appears to be different in rd
mice (because there was no correlation between transplant organization and visual
responses) (81) and the different rat degeneration models where a correlation between
transplant organization and visual responses was found (11,79,80). Irrespective of the
mechanism involved, our results clearly show that transplants have a beneficial effect
on vision.

SUMMARY OF RESEARCH ACCOMPLISHMENTS BUILDING 
THE BASIS FOR CLINICAL TRIALS 

The research presented in this chapter has demonstrated many accomplishments indi-
cating the viability of retinal transplantation as a remedy for retinal diseases. These include:

1. Use of a gentle procedure and instrument. 
2. Maintenance of the primordial circuitry between the donor retinal neuroblastic cells by

sheet transplantation. 
3. Reconstruction of an area of a damaged retina by a laminated transplant resembling a

normal retina. 
4. Ability of transplant photoreceptors to transform light into electrical signals as normal

photoreceptors, as indicated by light/dark shift of phototransduction proteins. 
5. Synaptic connections between transplant and host retina are indicated by transsynaptic

tracing from the host brain. 
6. Light sensitivity can be restored or preserved in brain area that corresponds to the place-

ment of the transplant in the retina. 
7. Retinal degeneration rats can preserve functional vision after transplantation in a visual

acuity optokinetic test. 
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8. Many retinal diseases require the replacement of both photoreceptors and RPE. Fetal reti-
nal epithelium can be gently co-transplanted with the retina and remain as a monolayer
sheet after ten months, apparently supporting exchange of nutrition between the choroid
and the photoreceptors. 

9. The donor tissue is well tolerated in the subretinal space, can survive without immunosup-
pression, and is safe to use in patients. 

10. In several retinal degeneration models, intact-sheet transplants unequivocally have benefi-
cial effects on vision, as shown also in recent clinical trials. 

FUTURE DIRECTIONS

There are indications that synaptic connections between host and graft are involved
in the beneficial effects from retinal transplantation. Although now only limited con-
nections may be involved, the positive sign is that there might be a large margin for
improvement. The increase of appropriate graft-host connections might be helped with
several different treatments: (1) Treatment with brain-derived neurotrophic factor has
shown promising effects in preliminary studies, as well as introduction of other trophic
factors. (2) Use of a laser to shave off the superficial layer of the donor tissue may
improve integration. (3) A noninvasive treatment with “visual stimulation” of patients
in the first 6 mo after surgery when the immature graft cells are developing has a good
probability to improve results.

After many years of dedicated research, retinal transplantation appears very promising
as a viable treatment to bring hope to patients with “incurable” retinal diseases.
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INTRODUCTION

Stem cells are characterized by their potential to self renew and generate different
cell types. However, their ability to give rise to various cell types, also referred to as
phenotypic plasticity, is contingent on the source from which these cells are derived. At
present, stem cells are being isolated and expanded in vitro from early developing
embryos or specific tissues such as blood, brain, and retina. 

The advent of stem cell biology has called into question the long-held view that 
diseases of the central nervous system, particularly those involving cell loss, are effectively
untreatable. Indeed, an explicit aim of the burgeoning field of regenerative medicine is
the use of stem cells to replace dead cells in the brain, spinal cord, and retina. In this
chapter, we will focus on retinal degenerations and the potential role of stem cells in 
cell replacement strategies for these conditions. Because retinal degenerative diseases
frequently involve the loss of photoreceptors, along with the connections of these cells
to retinal interneurons, photoreceptor replacement has the potential to restore sight to
the blinded eye. 

Most retinal degenerative diseases originate in the sensory retina or adjacent support-
ing tissues, such as the retinal pigment epithelium (RPE) and choroid, and result in the
common final pathway of photoreceptor death. The initial trigger for this process can
often be traced back to specific genetic defects, primarily affecting rods, cones, or RPE
cells, ultimately resulting in photoreceptor apoptosis. Despite the commonalities, retinal
degenerative diseases exhibit a range of clinical phenotypes and progress at varying rates.
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For instance, the loss of photoreceptor cells can be limited to the macula or begin in the
periphery and eventually extend to the entire retina. The most common type of retinal
degeneration is age-related macular degeneration, which is limited to the central retina and
occurs predominantly in older individuals. Hereditary forms of central retinal degenera-
tion also exist and typically have an earlier age of onset. Some examples include
Stargardt’s Disease, Best’s Disease, cone dystrophy, pattern dystrophy, and Malattia
Leventinese. Macular degenerations are characterized by a loss of central vision and a
decreased ability to discriminate fine details. The peripheral visual field and scotopic
vision usually remain intact. Symptoms, however, vary greatly in severity between con-
ditions and from one individual to another. As a general rule, these diseases cause sig-
nificant visual impairment but rarely progress to complete blindness. 

Hereditary retinal degenerations that involve the entire retina tend to be more severe.
The most common types of these diseases are retinitis pigmentosa (RP) and Usher 
syndrome. RP is the name given to a group of retinal degenerative diseases with a grad-
ual progression of scotopic symptoms, often occurring over many years or decades. The
rods are the first cells to be affected in RP; thus, one of the earliest symptoms is night
blindness followed by a progressive loss of peripheral vision leading to “tunnel vision.”
Although the majority of patients with RP do not suffer from other neurological deficits,
hearing loss can occur in some patients. The combination of RP and congenital hearing
impairment is known as Usher syndrome. 

Whatever the subtype, retinal degenerative diseases share a common trait—they 
cannot be cured with existing therapies. In this context, the transplantation of stem cells
to the degenerating retina provides a promising strategy for replacing dead cells with
new ones, including the potential to integrate with remaining host circuitry and restore
the transmission of visual information to the brain.

RETINAL TRANSPLANTATION: FROM PAST TO PRESENT

Retinal transplantation was first performed in 1946 by Tansley who demonstrated 
features of retinal differentiation in embryonic ocular tissue when transplanted into the
brains of young rat (1). The fact that the graft was transplanted into the brain and not
the eye did not detract from the momentous discovery that embryonic ocular tissue had
the capacity to undergo retinal differentiation even in an ectopic site. Later in 1959, Royo
and Quay described the first intraocular retinal transplantation procedure which demon-
strated that fetal retina could survive in the anterior chamber of the maternal parent (2).

However, significant interest in the field of retinal transplantation was not generated
until the mid-1980s when it was shown that retinal grafts could survive when trans-
planted into various sites within the eye such as the anterior chamber (3) or the subreti-
nal space (4). It was discovered that graft survival could be enhanced by using a younger
donor (5). However, it was also shown that very young donors (early in embryogenesis)
yielded less well-organized transplants, implying that there could be a critical period for
retinal development (6). Thus, the late fetal period was suggested as the optimal age of
tissue for retinal transplantation. 

All of these earlier experiments involved transplantation of full-thickness retina.
Although transplants remained ordered and viable, they showed a limited ability to



Stem Cells and Retinal Transplantation 387

integrate with the host retina. Dissociated retinal microaggregates and retinal cell
suspensions were subsequently tried by several investigators (7–9). These microaggregate
suspensions were easily introduced into the subretinal space with minimal trauma but
were shown to form rudimentarily differentiated rosettes rather than well-organized
layers (9,10).

Following this pioneering work, intact photoreceptor sheets were proposed as a more
suitable tissue for transplantation. Photoreceptor sheets were first successfully har-
vested using a vibratome to section gelatin-embedded retinal tissue (11). Subsequently,
excimer laser ablation was used by several investigators for the preparation of photore-
ceptor sheets (12). Although the harvesting of photoreceptor sheets is technically more
challenging, it does appear to minimize the problem of rosette formation. 

The motivation for using photoreceptor grafts is that the visual pathway downstream
of the photoreceptor layer often remains functional, even in advanced retinal degenera-
tions. However, it is now clear that after photoreceptor cells are lost, the remaining outer
aspect of the retina reorganizes and eventually resembles a glial scar (13). Nonetheless,
the neural retina remains viable, the optic nerve and secondary connections to the visual
cortex remain functional, and the visual cortex too, remains intact. This suggests that
photoreceptor replacements alone might be sufficient to restore vision in the diseased
eye, at least prior to the late-occurring cellular reorganization of the retina. 

Several animal studies have suggested that transplanted retinal cells may be able to
form synapses and integrate anatomically with host retinal tissue (14–19). The func-
tional capability of the grafted tissues has also been demonstrated via ectopic electro-
physiological responses (20) and light-dependent shifts in phototransduction proteins in
photoreceptor cells (21). However, functional integration and host visual improvement
after transplantation into the eye have been less well established. 

In contrast to intraocular grafts, intracranial transplantations have proven to be 
successful in terms of functional integration with the host. McLoon et al. (1982) showed
that embryonic retinal grafts transplanted into the brain of newborn rats established 
projections to the superior colliculus, demonstrating that a degree of neural plasticity is
present in the mammalian visual system beyond the normal period of development of
the visual pathways (22). Researchers in the Lund laboratory later demonstrated that
retinal transplants were able to establish functional connectivity in the brain by driving
a pupillary reflex via the pretectum and that the magnitude of this response reflected the
strength of graft-host integration (23–25).

Although transplantation of retinal cells has shown some encouraging results in ani-
mals, it is not yet a treatment available for use in humans. In human studies, transplan-
tation of intact sheets of photoreceptor cells (26) or retinal microaggregates (27) into the
subretinal space of adults with RP has not yielded reproducible evidence of improved
visual function. Retinal cell transplantation is still in its preliminary stages of investiga-
tion in the laboratory. The good news, however, is that studies have thus far found that
when photoreceptor cells are transplanted to the retina of animals, some features of normal
photoreceptors are either maintained within the graft or develop after transplantation.
Such studies have shown that transplanted photoreceptors, either in the form of cell sus-
pensions (28) or intact retinal sheets (11,29), display good survival and morphologic
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preservation in the host. Transplants of embryonic retinal sheets showed apparent fusion
of the graft’s inner plexiform layer (which tends to lose ganglion cells) and the host’s
remnant inner nuclear layer (INL). In addition, grafted retinas are able to maintain an
organized photoreceptor layer with outer segments that contact the host RPE.
Photoreceptors of intact retinal sheets were also shown to have functional phototrans-
duction properties after transplantation into the host. Unfortunately, the grafted photore-
ceptors and retinal sheets showed limited integration with the host neural retina,
precluding downstream transmission of neural signals to the INL.

The lack of anatomical or functional integration of grafted photoreceptors with 
the host has been attributed to an inherent lack of plasticity in these “mature” donor 
neurons. Recent studies have shown that although retinal grafts derived from postnatal
mice express many markers characteristic of mature retina (e.g., rhodopsin, conven-
tional protein kinase Cα), very few of the grafted cells migrate into, or extend neurites
into, the host retina when transplanted into the eyes of mature rd mice (30). Conversely,
brain progenitor cells (BPCs) transplanted into the subretinal space of rd mice readily
migrate into, and integrate with, the host retina but showed very limited ability to 
differentiate into mature retinal neurons (30). Therefore, although mature retinal neu-
rons have the ability to potentially restore function to the diseased retina because of
their expression of retinal-specific markers, they appear to be resistant to integration
within the host. On the other hand, whereas progenitor cells possess the plasticity to
migrate and integrate with the host, they do not necessarily differentiate into retinal
neurons following transplantation. 

This dichotomy of graft-host integration exhibited by mature neurons and neural
progenitor cells (NPCs) has led to research aimed at achieving three goals:
(1) improving the integration of whole retinal grafts or photoreceptor sheets, (2) enhancing
the ability of progenitor cells to differentiate into functional mature neurons, and (3) using
progenitor cells to enhance graft-host integration. 

Although there is not yet conclusive evidence that retinal progenitor cell (RPC) trans-
plants result in long-term improved or restored vision in animals or humans with a reti-
nal degeneration, research done thus far demonstrates that the intrinsic multipotentiality
and plasticity of progenitor cells offers great potential because RPCs are proliferative,
multipotent cells that give rise to postmitotic progeny that ultimately differentiate into
the various cell types that comprise the retina, these cells may be the ideal candidates
for replacing cells lost to disease. Although NPCs from the retina or brain (RPCs or
BPCs) present a promising future approach for treating retinal degenerative diseases,
there are still a number of significant obstacles to be surmounted in the coming years. 

STEM CELL CHARACTERISTICS

Stem cells are multipotent, self-renewing cells that sit at the top of a lineage hierarchy
and proliferate to form differentiated cell types of a given tissue in vivo. In adult organ-
isms, stem cells can divide repeatedly to replenish a tissue or may be quiescent, as in
the mammalian retina. Within their niche, stem cells can divide symmetrically to
expand their numbers (self-renewing) or undergo asymmetric division to yield both
stem cells and committed precursors. 
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Not all stem cells are created equal (Fig. 1). The potential for stem cells to differentiate
into mature, specialized cells changes as an embryo develops. Stem cells can be:

• Totipotent: In the early stages after fertilization, the stem cells in a dividing zygote are 
considered totipotent. These cells can form any type of cell, and by definition must be able
to generate a complete, viable organism with placenta.

• Pluripotent: Several days after fertilization, the cells of the developing embryo lose “totipo-
tency” and are then considered pluripotent. These cells give rise to the three embryonic germ
cell layers and can form any kind of cell found in adults, but can no longer give rise to a
complete organism. 

• Multipotent: Eventually, the progeny of pluripotent stem cells become multipotent stem
cells—the type found in adults. Multipotent stem cells can no longer develop into all or most
cell types. Instead, they are limited in terms of cell lineages and can typically develop into cer-
tain cell types within a specific tissue, organ, or system. Multipotent stem cells play an impor-
tant role later in development and replenish the senescent or damaged cells in adult tissue.

Multipotent stem cells exist in many tissues and organs of the body, such as the brain,
retina, liver, muscles, cornea, and bone marrow. In recent years, these multipotent stem
cells have been isolated and cultured in vitro from different parts of the mammalian
retina (31–34). However, in most adult mammals these retinal stem cells (RSCs) remain
quiescent and do not mobilize in response to injury. Hence, significant injuries are not
repaired and functions lost through neuronal cell death are not regained. In contrast,
lower vertebrates such as amphibians, birds, and fish respond to injury by neuronal
regeneration. The cellular source for regeneration differs for each class: the RPE in
amphibians and embryonic birds, Müller glia in post-hatch birds and intrinsic stem cells
in fish as described in a recent review by Hitchcock et al. (35).

Fig. 1. Schematic of stem cell fate and differentiation.
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In mammals, multipotent stem cells are generally more restricted in their develop-
mental capacity and are largely programmed to develop into certain cell types within a
specific tissue or organ. However, recent evidence suggests that these stem cells also
have the capacity to differentiate into cell types specific for the tissue into which they
are transplanted. For example, neural stem cells (NSCs) have been shown to differenti-
ate into bone marrow derived cells when grafted into the bloodstream of irradiated
hosts (36). Conversely, bone marrow-derived stem cells have been shown to differenti-
ate into retinal cells when transplanted into injured rat retina (37). This capability to dis-
play more potential phenotypes in alternate niches could potentially allow stem cells
derived from one body part to form cells of other body parts, a quality called plasticity.
This experimental data remains controversial and it will likely be many years before the
true plasticity of stem cells is fully understood. 

Over the last few years, multipotent stem cells have been isolated from different parts
of the central nervous system (CNS) including the brain, retina, and spinal cord. These
“CNS stem cells” include NSCs that are brain derived and have the capability to gener-
ate all cells of the CNS lineage, namely neurons, astrocytes, and oligodendrocytes, as
well as RSCs that can generate retinal-specific neurons, but not oligodendrocytes, as
none are normally found within the retina. The isolation of stem/progenitor cells from
various regions of the CNS has raised the possibility of using them as a donor cell
source for retinal transplantation, where they offer great promise for repair of the
diseased retina.

The mammalian retina presents formidable challenges to medical therapeutics
because of its restricted capacity for endogenous self repair and regeneration. In addi-
tion, attempts at exogenous repair/restoration are severely constrained by its delicate
structure and cytoarchitectural complexity. The lack of retinal regeneration and the
paucity of effective strategies for repair invariably result in partial or complete visual
deficits in patients suffering from retinal degenerations. Tissue engineering using pro-
genitor cells isolated from the CNS offers a potential therapy for retinal degenerations
because CNS stem cells are not only multipotent and capable of self-renewal, but also,
more importantly, they satisfy the immunogenic requirement for CNS transplantation
by having an intrinsic immune privilege status, as will be discussed shortly. 

RETINAL TRANSPLANTATION OF CNS STEM CELLS

A major technical challenge facing attempts at intraocular grafting of fetal retina is
not so much survival or differentiation, but instead a lack of widespread functional inte-
gration of the graft with the remaining circuitry of the host retina. Thus, a fundamental
prerequisite to functional success is widespread integration of graft-derived neurons
within the mature degenerating mammalian retina. Furthermore, the grafted cells must
exhibit this capacity in the face of active retinal disease. 

These criteria were first met by hippocampal progenitor cells isolated and grown from
the brain of adult rats (38). Hippocampal progenitor cells are a type of NSC derived from
a region of active neurogenesis in adult mammals. In the first report on grafting this type
of cell to the retina, Takahashi et al. demonstrated that intravitreal injections of hip-
pocampal progenitors resulted in a spectacular degree of morphological integration
within the neural retina of neonatal rats (39). In a subsequent article, we reported that
these rat hippocampal progenitor cells were capable of widespread migration and 
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morphological integration into the degenerating retina of mature Royal College of
Surgeons rats during the phase of active retinal degeneration (40). In this case, grafted
cells differentiated into neurons based on marker expression and morphologically
showed indications of an ability to respond to the host retinal cytoarchitecture (Fig. 2).
For instance, the somata of grafted cells were located predominantly within the cellular
layers of the retina, whereas their processes extended into the plexiform layers, fre-
quently at an appropriate orientation, and with finer processes branching off within 

Fig. 2. Localization of grafted adult hippocampal progenitor cells (AHPCs) to specific retinal
layers. Cells were grafted into the vitreous of 4 (A–D), 10 (E), and 18 (F) -wk-old rats, and
examined 4 wk later. Sections were stained with antisynaptophysin/Cy3 antibody and viewed
under flouroscein isothyocyanate (FITC) and Cy3 fluorescent illumination. Arrow in A indicates
cell seen in B at higher power; arrow in C indicates cell seen in D at higher power. vit, vitreous;
gcl, ganglion cell layer; ipl, inner plexiform layer; inl, inner nuclear layer; opl, outer plexiform
layer; onl, outer nuclear layer; srs, subretinal debris and degenerating photoreceptor elements.
(Reprinted from ref. 46, with permission.)
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specific sublaminae (Fig. 2). In addition, GFP+ donor cells within the ganglion cell
layer expressed the neuronal marker NF-200, known to be expressed by retinal ganglion
cells, and extended large numbers of growth cone-tipped processes into the host optic
nerve. We have also found that xenografts of neural progenitors can integrate with the
host retina, although there may well be limits to this capacity (41).

Indeed, the factors controlling the integration of stem and progenitor cells within the
CNS are likely to be many. In the case of xenografts, basic metabolic and size considera-
tions will necessarily play a role. In addition, the degree of genetic disparity between graft
and host will, to some extent, limit the efficacy of intercellular signaling. Furthermore,
the relative plasticity of the donor cell line will influence outcome, as will the develop-
mental state of the host and any ongoing degeneration or inflammation. Finally, there is
the important factor of immune tolerance. Recent studies provide a baseline for pre-
dicting the immunological consequences of transplanting stem and progenitor cells
to various sites within the CNS, as will be discussed after further considering the
relationship between stem cell plasticity and graft-host integration.

Plasticity vs Commitment: A Stem Cell Conundrum

Plasticity, the very property that endows stem cells with the ability to engraft in the
mature CNS, also carries with it a significant burden. The more plasticity a cell pos-
sesses, the less committed it is to a specific lineage. Although the lack of commitment
of an embryonic stem (ES) cell can be exploited to generate a number of cell types from
a single cell source, it is also clear that ES cells cannot, at least at present, be induced
to differentiate into all types of cells. In those cell types that can be generated, it remains
unclear how “complete” the differentiation truly is, i.e., it may look like a specific cell,
or even express markers of that cell, but does it become a fully mature and functional
replica of that cell? The dichotomy between plasticity and commitment is perhaps the
most important issue to be addressed in the field of stem cell biology. This relationship
is especially true in the context of retinal transplantation.

Both embryonic and mature retinal tissue has been used for transplantation studies in
animals and humans for decades. Although these grafts invariably differentiate into
mature retinal tissue, they have shown a very limited capacity to integrate (e.g., migrate
or send neurites into the host retina). Our early work with hippocampal stem cells
showed the opposite result: engraftment, but only limited differentiation into retinal cell
types. We further investigated this issue in a controlled study by grafting neural stem
cells, or developing retina, into the same hosts (rd mice). Our results reinforced the
hypothesis that plasticity and commitment are in some ways mutually exclusive.
Conventional tissue grafts have the intrinsic potential to differentiate into the lineages
from which they were obtained, but lack the plasticity to fully engraft in mature hosts.
Conversely, stem cells have the intrinsic ability to engraft, but often differentiate incom-
pletely or in unpredictable ways. At present, we do not possess the tools to take the reins
of stem cell development and induce them to make the cell types we need or desire. We
describe this in terms of the experimenter lacking the tools, rather than an intrinsic lack
of developmental potential of the stem cell, because it is clear that ES cells, for exam-
ple, have the “potential” to make all cells in the body. Harnessing the power of stem
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cells for therapeutic purposes requires that we unravel the secrets of development,
thereby unleashing the potential for stem cells to repair the diseased or injured body.

Immunological Aspects of Stem Cell Transplantation

A series of in vitro and in vivo experiments have revealed mouse NPCs to be immune
privileged cells. These cells survive allografting without the need for immune suppres-
sion and are more likely to be immunologically tolerated than solid tissue grafts of brain
or retina, which contain major histocompatibility complex (MHC) class II-expressing
microglia. On a cautionary note, the immunological situation in large mammals, includ-
ing humans, may be more complex than in the mouse. For instance, we already know
that human NPCs express abundant MHC class I, although, like their murine counter-
parts, they do not express class II (42). Because NPCs appear to exhibit relative immune
privilege as a donor cell type, and because transplantation of these cells is directed
towards recipient cites that are themselves immune privileged, such as the retina, brain,
or spinal cord, it seems reasonable to conclude that transplantation of these cells will
prove to be less challenging from an immunological perspective than has been the case
with hematopoietic stem cells (that express class II MHC antigens) or solid organ trans-
plants (that contain class II-expressing passenger leukocytes). It can be hoped that 
systemic immunosuppression will not be necessary when grafting NPCs to the retina
clinically, although it remains to be seen whether this is in fact the case. 

Transplantation of Retinal Stem Cells

A profound degree of engraftment can be achieved through the use of brain-derived
progenitor cells for retinal transplantation. It has become apparent, however, that brain-
derived cells do not differentiate into authentic retinal neurons in the microenvironment
of the mature, diseased retina. Several possible strategies can be employed in an effort
to overcome this obstacle. For example, one could either attempt to modify a brain-
derived cell to induce transdifferentiation along a retinal lineage, or induce the differen-
tiation of a more plastic, less differentiated cell type such as an ES cell into such a fate.
We and several other groups have chosen a third strategy, namely, the isolation of pro-
genitor cells from the neural retina of the developing mammalian eye (Fig. 3) (34).
Although these studies are in the early stages, one important discovery is that these
cells, upon transplantation to the retina of adult mammals with retinal disease, possess
both the integrative plasticity that is a hallmark of CNS stem cells, as well as the abil-
ity to differentiate into retinal neurons, including photoreceptors (Fig. 4). We are hope-
ful that further studies of retinal progenitor cell grafts will point the way forward to the
development of clinical strategies aimed at restoring vision to the blinded eye.

Functional Repair of the Diseased Retina

The results of the previous studies make a strong case for the need for RSCs. If one
could isolate stem or progenitor cells from the retina, the properties of self renewal and
multipotentiality could allow for a large supply of donor cells for use in retinal repair.
Researchers have identified and isolated RSCs from both the mature ciliary marginal
zone and the developing neurosensory retina. 
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Fig. 3. Expression of phenotypic markers by GFP+ retinal progenitor cells. Cultured under
proliferation conditions, RPC neurospheres exhibit endobgenous GFP (A) and widespread
immunolabeling for Ki-67 (B) and nestin (C). (Reprinted from ref. 34, with permission.)

Fig. 4. Image of a tranasplanted RPC in the dystrophic retina of an rd mouse expressing the
retinal photoreceptor marker rhodopsin (red) and GFP (green), with co-localization of these
markers shown as yellow in the merged image. (Reprinted from ref. 34, with permission.)
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The ciliary marginal zone stem cells have an impressive ability to replicate in the
absence of proteins and have been shown to differentiate into cells expressing retinal
markers in culture. On a cautionary note, however, that same lack of growth factor
dependence, together with limited differentiation potential in the mature, diseased
retina, makes them a questionable choice for transplantation studies. 

The work of Ahmad’s group has provided a wealth of information on the intracellular
signaling pathways of RSCs derived from developing retinal tissue. We have also been
studying a variety of sources for isolation of RSCs. Neural retina from the period of late
neurogenesis (postnatal day 1 [P1] for mice) appears to be optimal for generating cells
that both expand through repeated passaging in culture and generate retinal cells upon
transplantation to the mature host. 

We recently described the utilization of this source of RSCs in detail (34). In culture,
we demonstrated that RPCs isolated from P1 GFP mice could be greatly expanded
while maintaining their multipotentiality, which included the expression of rod, bipolar,
and glial markers by distinct subsets of differentiating cells. Under proliferation condi-
tions, RPCs expressed a number of neurodevelopmental genes and surface markers.
Reverse transcriptase-polymerase chain reaction demonstrated expression of nestin and
Sox2, as well as other neurodevelopmental genes including Notch1, Hes1, Hes5, Sox2,
Prox1, Mash1, numb, and NeuroD. Analysis by flow cytometry showed surface expres-
sion of GD2 ganglioside, CD15 (LeX), and the tetraspanins CD9 and CD81. 

After grafting to the degenerating retina of mature mice, a subset of the retinal
progenitor cells developed into mature neurons, including cells expressing the photore-
ceptor markers recoverin, rhodopsin, or cone opsin. Importantly, cells could be observed
differentiating into photoreceptors that had both morphological and cytochemical hall-
marks of mature rods. When grafted into rho–/– hosts, we found rescue of host cells in
the outer nuclear layer (ONL), along with widespread integration of donor cells into the
inner retina. A subset of grafted cells expressed cone markers in this model. Moreover,
recipient mice showed improved light-mediated behavior compared to controls. Greater
thickness of the host ONL was seen in stem cell-grafted eyes, but not in sham-operated
controls and photoreceptor density was higher in the treated eye than the untreated eye.
The increase in photoreceptor density correlated with graft location. Graft-associated 
rescue likely reflects an indirect neuroprotective effect, similar to that reported previ-
ously (9,42,44). The behavioral results suggest that grafted RPCs decrease the tempo of 
luminance detection loss in dystrophic (rho–/–) mice, especially at low light levels.
Preservation of visual function was detected over a 25-wk period, extending into a period
with limited photoreceptor survival. As there are a number of technical difficulties asso-
ciated with functional assessment in mice, expanding this approach to larger animals
would be useful for accurate determination of graft efficacy, as well as development of
surgical approaches for potential clinical application of transplantation research.

Human Retinal Progenitor Cells

RPCs can also be obtained from cadaveric human retinal tissue. We have recently
reported that retinas obtained from postmortem premature infants can be enzymatically
dissociated, and viable proliferative cells obtained and grown in the presence of epithe-
lial growth factor and basic fibroblast growth factor. Such cultures grow to confluence
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repeatedly for up to 3 mo. Again, the cells can be grown as suspended spheres or adherent
monolayers, depending on how they are cultured. Cultured human RPCs (hRPCs)
express a range of markers consistent with CNS progenitor cells and similar to those
found in human BPCs (hBPCs) from the same donors, including nestin, nucleostemin,
vimentin, Sox2, and the proliferation marker Ki-67. Also expressed are the surface
markers GD2 ganglioside, CD15 (Lewis X), the tetraspanins CD9 and CD81, the CD95
“death receptor” (Fas), CD133, and MHC class I antigens, however, no MHC class II
expression was detected, nor was expression of Pou5f1 (Oct4) or Nanog (Schwartz and
Klassen, unpublished data), two genes expressed in ES cells. hRPCs, but not hBPCs,
expressed the genes for Dach1, Pax6, Six3, Six6, and recoverin. hBPCs, but not hRPCs,
expressed the genes for Dlx2, Dlx5, Gad67, and Olig2 (Schwartz and Klassen, unpub-
lished data). Minority subpopulations of both hRPCs and hBPCs expressed the pro-
toneuronal genes doublecortin and β-III tubulin, as well as the glial gene GFAP (glial
fibrillary acid protein), consistent with increased lineage restriction in subsets of cul-
tured cells. These data suggest that although immature neuroepithelial cells taken from
different regions of the immature CNS express a number of gene products common to
CNS progenitor cells, they also retain genes indicative of fate specification events
occurring in the region from which they were harvested. 

Based on these findings, it is evident that hRPCs, derived from retinal tissue obtained
postmortem from premature infants at just past mid-gestation, represent a rather heteroge-
neous population of progenitors. Estimating the neurodevelopmental age of the 7-d-old
rodent to be roughly equivalent to the newborn human, a mid-gestation human approxi-
mately corresponds to the E13 rodent. Studies of the E13 rodent retina have shown that it
contains precursors of rods, amacrine cells, cones, ganglion cells, and horizontal cells,
with little evidence of bipolar or Müller cell development (45). Our immunocytochemical
studies of progenitors from the developing human retina are entirely consistent with a 
heterogeneous population, based on morphology and marker expression, suggesting that
in vitro cultures represent to some extent the heterogeneity found in vivo. The presence
of subpopulations expressing doublecortin (DCX), recoverin, β-III tubulin, and GFAP
(Fig. 5) among the majority of cells expressing the immature markers nestin, Sox2, and
vimentin, suggests a tendency toward continuous differentiation in these cultures, even
under proliferation conditions (Fig. 5). DCX- and GFAP-expressing subpopulations were
also present in brain-derived human progenitors, however, further studies will be neces-
sary to determine whether these findings are specific to cells harvested at this particular
developmental time point or can be generalized to a wider range of CNS progenitors,
either human or from other species. Another point of considerable interest is the poten-
tial of hRPCs to integrate and differentiate into retinal neurons following transplantation,
particularly in the setting of photoreceptor loss.

CONCLUSIONS

Stem cell biology is providing new insight into the development and pathophysiology
of the mammalian retina. Retinal specificity of cell fate is now known to relate to
changes in transcription factor expression during lineage choices made by stem and 
progenitor cell populations. Furthermore, the responses of grafted stem cells to retinal
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injury cues, such as photoreceptor degeneration, provide a means of evaluating local
homeostatic mechanisms in the diseased microenvironment. Although much work
remains to be done, especially with respect to the investigation of host visual benefits
after transplantation, it is already apparent that RSC transplantation provides an impor-
tant new strategy for altering the course of retinal degenerations. 
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THE ENCAPSULATED CELL TECHNOLOGY

Encapsulated cell technology (ECT) is essentially a cell-based delivery system that
can be used to deliver therapeutic agents to the target tissue, including the central
nervous system (CNS) and the eye to treat chronic disorders. In this chapter, we focus
on its application in retinal degenerative diseases.

Advances in molecular biology over the last two decades have led to the discovery
of many protein molecules with promising therapeutic potentials, including cytokines
and neurotrophic (NT) factors. However, the value of these new molecules has not been
fully realized for clinical use, mainly due to the lack of an effective delivery system.
The blood–brain barrier or blood–retinal barrier prevent large molecules in the blood
stream from entering the brain or the retina. Circumventing these barriers is one of the
major challenges for long-term sustained delivery of proteins to the CNS and retina. 

For protein delivery to the CNS or the retina, the traditional approaches are quite 
limited. This is exemplified by the failure of a clinical trial to systemically administer
ciliary NT factor (CNTF 24 kD), a member of the interleukin (IL)-6 family of cytokines,
for amyotrophic lateral sclerosis (sponsored by Regeneron). In this trial, systemic admin-
istered CNTF (subcutaneous injection) resulted in no detectable CNTF in the CNS despite
the high doses used. Consequently, no therapeutic benefit was demonstrated. In fact, the
high peripheral CNTF levels were associated with major side effects, such as fever,
fatigue, and blood chemistry changes that are consistent with activation of the acute phase
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response (1,2). Thus, systemic administration of large molecules, such as CNTF and
other NT factors, is simply not an effective approach for CNS and ocular disorders.

There are two other options for delivering proteins to the CNS or the retina: bolus
injection of purified recombinant proteins and gene therapy. Bolus injection is clini-
cally impractical because it requires repetitive injections for long-term therapy. Gene
therapy, on the other hand, can achieve sustained expression of a given protein.
However, the doses of therapeutic protein are difficult to control due to the fact that no
reliable means is available to regulate the expression levels of the transgene.
Furthermore, it is impossible to reverse the treatment once the gene is delivered.

The ECT is a delivery system that uses live cells to secrete a therapeutic agent. This
is usually achieved by genetically engineering a specific type of cells to overexpress a
particular agent. The engineered cells are then encapsulated in semipermeable polymer
capsules. The capsule is then implanted into the target sites. There are several advan-
tages of ECT. First, it allows potentially any gene encoding for a therapeutic protein to
be engineered into the cells and therefore has a broad range of applications. Also, the
therapeutic protein is freshly synthesized and released in situ so that a relatively small
amount of the protein is needed to achieve a therapeutic effect. The long-lasting output
assures that the availability of the protein at the target site is not only continuous, but
also long-term. Furthermore, the output of an ECT implant can be controlled to achieve
the optimal dose for treatment. Finally, the treatment by ECT can be terminated if it
becomes desirable by simply retrieving the implant. Thus, ECT is a very effective means
of long-term delivery of biologically active proteins and polypeptides to the CNS and
the retina. In fact, ECT is now proven to be an excellent choice for retinal degenerative
diseases, especially considering the limited distribution volume, easy access to the eye,
and the chronic nature of the diseases.

The therapeutic efficacy of growth factors delivered by ECT has been demonstrated
in a number of animal models of neurodegenerative diseases, including CNTF in the
rodent and primate models of the Huntington’s disease (3,4), Glial cell-line derived
neurotrophic factor (GDNF) in rat model of Parkinson’s disease (5,6), and nerve growth
factor (NGF) in rodent and primate models of Alzheimer’s disease (7–9). Furthermore,
studies have shown that growth factors produced by mammalian cells, synthesized de
novo, are more potent than purified recombinant ones expressed in Escherichia coli
(10,11). And transplantation of encapsulated mammalian cells delivers therapeutic
agents to the target site in the CNS to produce therapeutic effects at lower dosage than
are required with other means of delivery (10).

An intraocular implantable device prototype of ECT has been developed by
Neurotech for long-term delivery of therapeutic agents to treat ophthalmic disorders
(Fig. 1) (12). The device consists of genetically modified cells packaged in a hollow
tube of semipermeable membrane that prevents immune molecules, e.g., antibodies and
host immune cells, from entering the device, while it allows nutrients and therapeutic
molecules to diffuse freely across the membrane. The encapsulated cells secrete thera-
peutic agents continuously, and derive nourishment from the host milieu. The device is
designed for implantation through a small incision in pars plana and a small titanium
wire loop on the device allows it to be anchored to the sclera. The current device is
about 6.0 mm in length (including the titanium loop) and approx 1 mm in diameter.
These dimensions assure that the device is outside the visual axis in the human eye.
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THERAPEUTIC EFFICACY OF THE NT-501 DEVICE 
FOR PHOTORECEPTOR PROTECTION

Ophthalmic disorders represent a rapidly growing disease area that is associated
with an increase in aging population (13–18). Patients suffering from potentially blind-
ing diseases have become one of the largest segments of the health care field with more
than 50 million patients in the United States alone. Their sight is threatened by age-
related macular degeneration (AMD) (19–21), diabetic retinopathy (22–26), glaucoma
(27–30), or retinitis pigmentosa (RP) (31–34). Apart from AMD and RP, glaucoma is
now considered to be a retinal degenerative disease because control of intraocular pres-
sure (IOP) alone does not prevent ganglion cell degeneration.

Few effective treatments for retinal degenerative disorders are available to date.
Newly discovered NT factors provide a great promise for treating these diseases.
However, without a practical delivery system, the realization of this promise would be
very difficult. The ECT device for intraocular implantation is specifically designed to
overcome this obstacle. The first such device is NT-501, an ECT-CNTF product that
consists of encapsulated cells that secrete recombinant human CNTF. NT-501 is manu-
factured to be sterile, nonpyrogenic, and retrievable. It is intended to deliver CNTF
intraocularly for treating photoreceptor degenerations. NT-501 has been tested for pre-
clinical efficacy, pharmacokinetics, and toxicology in dogs, pigs, and rabbits.

CNTF and RP

The promise of growth factors as potential therapeutics for photoreceptor degeneration
was first demonstrated in 1990 (35). Since then, many growth factors, NT factors, and
cytokines have been tested in a variety of photoreceptor degeneration models, mainly by
intravitreal injection of purified recombinant proteins in short-term experiments (35–38).
Among them, CNTF has been shown to be the most effective one in almost every
model (38). However, the chronic nature of RP (years) makes repetitive intraocular injec-
tion of purified recombinant CNTF (which is only effective for short duration) impracti-
cal. In fact, the obstacles of intraocular delivery have prevented the initiation of

Fig. 1. Schematic illustration of the ECT device. The device is constructed with a section of
semipermeable polymer membrane and supportive matrices to accommodate live cells. The two
ends of the polymer section are sealed and a titanium loop is placed on the anchoring end. The
loop allows the device to be anchored to the sclera. The total length of the device is 6 mm.
(Reproduced from ref. 12, with permission.)
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clinical trials and its further development. Other factors that have shown protective
effect in animal models of retinal degeneration include brain-derived NT factor
(BDNF), NT-4, Axokine, basic fibroblast growth factor, insulin-like growth factor II,
transforming growth factor-β2, IL-1β, tumor necrosis factor, NGF (36), pigment epithe-
lium-derived factor (PEDF) (39), GDNF (40), lens epithelium-derived growth factor
(41,42), and cardiotrophin-1 (CT-1) (43).

RP affects approx 100,000 Americans. It is a group of retinal degenerative diseases
that have a complex molecular etiology. More than 100 mutations in several genes, includ-
ing rhodopsin, peripherin, and phosphodiesterase (PDE)β, are believed to be responsible
for RP, although the genotypes of the majority of RP patients are unknown. Despite the
genetic heterogeneity, the phenotypes are very similar. Typically, a patient experiences a
decrease in night vision early in life as a result of the loss of rod photoreceptor. Although
the genetic defects affect only rods, cone photoreceptors eventually degenerate, leading to
a progressive decrease in patient’s visual field and eventually to total blindness. The sim-
ilarity in phenotypes and perhaps also in pathogenesis pathways enables medical inter-
vention with a common approach without the need to identify the genotype of a patient.

The NT-501 device has been developed for intraocular delivery of CNTF for RP.
Proof-of-principle experiments were conducted in two animal models of photoreceptor
degeneration, the S334ter-3 transgenic rat and the rcd1 mutant dog. Pharmacokinetics
studies were performed in the rabbits. The data from these studies indicate that CNTF
delivered by NT-501 is not only effective in protecting photoreceptors, but also long-
lasting. These preclinical studies of NT-501 paved the way for human clinical trial,
which is currently ongoing.

Protective Effect of NTC-201 in a Rat Model of Photoreceptor Degeneration

NTC-201 cells are genetically engineered human retinal pigment epithelial (RPE)
cells to overexpress human CNTF. In culture, these cells secret CNTF at a rate of 
100 ng/million cells/d. We first assessed the efficacy of these cells in the heterozygous
S334ter-3 rats carrying the rhodopsin mutation S334ter. Photoreceptor degeneration in
these animals begins soon after birth (postnatal day 8 [P8]) and progresses rapidly. By
P20, more than 90% photoreceptors are degenerated (44). The size of rat eyes makes it
impossible to accommodate the NT-501 device so that only unencapsulated CNTF
secreting cells were used. NTC-201 cells (approx 105 in 2 μL phosphate buffered saline
[PBS]) were injected into the left eyes intravitrealy at P9. Control animals were injected
with untransfected parental cells (NTC-200). The contralateral eyes (right eyes) were
untreated. In addition, a group of animals were treated with 1 μg of purified recombi-
nant CNTF protein (in 1 μL of PBS, intravitreal injection to the left eye at P9) for com-
parison. Eyes were collected at P20, and processed for histological evaluation.

In untreated eyes of S334ter-3 transgenic rats, severe photoreceptor degeneration
was observed by P20. The outer nuclear layer (ONL) contained only 1 row of nuclei
(Fig. 2A), reduced from 10 to 12 rows of a normal animal. The NTC-201 injected eyes
had five to six rows of nuclei in the ONL (Fig. 2C), whereas in the control eyes that
were injected with untransfected cells (NTC-200), only one to two rows of nuclei
remained (Fig. 2B). No evidence of retinal inflammation was observed in any of the
treated or control eyes. In animals treated with a single intravitreal injection of purified
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human recombinant CNTF, the ONL had two to three rows of nuclei (data not shown).
These results clearly demonstrate that continuous delivery of CNTF delivered via mam-
malian cells protected against retinal degeneration in this model.

NT-501 Device Protects Photoreceptors in the rcd1 Dog RP Model

The efficacy of NT-501 devices was investigated in the rcd1 dog model. These dogs
carry a mutation on the PDE6B gene encoding the β-subunit of the rod cGMP PDEβ
(kindly provided by the Retinal Disease Studies Facility, Kennett Square, PA). The retinal

Fig. 2. Photoreceptor protection by CNTF secreting NTC-201 cells. Sections of retina from
transgenic rats carrying the rhodopsin mutation S334ter were examined at PD 20 by light
microscopy. (A) Untreated eye, (B) NTC-200 parental (control) cell treated eye, and (C) NTC-201
cell (CNTF secreting) treated eye. Eyes were injected with cells on P9. The ONL of untreated eye
contained only one row of photoreceptor nuclei (A). In the retina treated with control cells, the
ONL had one to two rows of nuclei, whereas in the retina treated with CNTF secreting cells,
the ONL contained five to six rows, indicating significant protection by CNTF released from those
cells. Brackets denote ONL. Plastic embedded sections stained with toland blue. (Reproduced
from ref. 12, with permission.) 
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degeneration of this model is well characterized (45,46). Photoreceptor degeneration
begins 3.5 wk after birth in these animals and continues for 1 yr, with 50% photorecep-
tor loss at 7 wk of age. NT-501 devices secreting 1 to 2 ng/d of CNTF were surgically
implanted into the left eye of each rcd1 dog at 7 wk of age, the earliest time point that
the surgical procedure can be performed without disruption of the retina (the eyes of
younger dogs would be too small to accommodate an earlier version of NT-501 of 10
mm in length). In a normal dog the ONL contains 10 to 12 layers of photoreceptor
nuclei, but in these animals at 7 wk of age, only 5 to 6 layers of nuclei in the remain.
The contralateral eye was not treated.

At the endpoint of the experiment (14 wk of age), the devices were explanted and
assayed for CNTF output and cell viability, and the eyes were collected and
processed for histological evaluation. The ONL in untreated eyes contained only
two to three rows of photoreceptor nuclei. In contrast, the ONL in the NT-501 treated
eyes still had five to six rows remaining, similar to the number of nuclei rows pres-
ent at the time when the treatment began (Fig. 3). The protection of photoreceptors
was evenly distributed throughout the retina and not localized near the implant site.
No apparent adverse effects were found in the retina. All explanted devices 
contained viable cells.

Photoreceptor Protection by NT-501 Devices is Dose Dependent

To determine the minimum effective dose and the optimal therapeutic dose of
CNTF, a dose-ranging study was conducted. Thirty-one rcd1 dogs were included in
this study. Devices that released different levels of CNTF were implanted into one eye
of an animal at 7 wk of age. The contralateral eye was not treated. The level of device
CNTF output (ng/d) was defined as follows: <0.1 (n = 4), 0.2–1 (n = 8), 1–2 (n = 7),
2–4 (n = 9), 5–15 (n = 3). The devices were explanted at 14 wk of age and assayed for
CNTF output and viability, and the eyes were processed for histological evaluation.
As shown in Fig. 4, photoreceptor protection by the NT-501 devices in the rcd1 dog
model was dose dependent. Complete protection was achieved at the highest dose
tested (5–15 ng/d of CNTF), and minimal, but statistically significant, protection was
observed at levels as low as 0.2–1 ng/d of CNTF. CNTF delivered less than 0.1 ng/d
had no protective effect. No cellular evidence of an immune reaction, inflammation or
damage to the retina was observed. Evaluation indicated that all devices contained
healthy, viable cells.

PHARMACOKINETICS OF NT-501 DELIVERED CNTF

To evaluate the pharmacokinetics of CNTF in the vitreous humor and the long-term
function in vivo, NT-501 devices were implanted into rabbit eyes and explanted at 
different time points and vitreous samples harvested. The CNTF output from the
explanted devices and CNTF levels in vitreous samples were determined by enzyme-
linked immunosorbent assay (ELISA).

As shown in Fig. 5, the explanted NT-501 devices produced a consistent amount of
CNTF up to 12 mo in vivo. CNTF was readily detectable in the vitreous. Data from
these pharmacokinetic and long-term device function studies indicate that the CNTF
secreting function of the NT-501 device last at least for one year when implanted into
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the eye. The released CNTF was throughout the vitreous, readily available for retinal
cells. The functional results are confirmed by the histological evaluation showing that
all devices contained healthy, viable cells. 

POTENTIAL APPLICATION OF ECT FOR OTHER RETINAL DISEASES

Neuroprotection in Glaucoma

Glaucoma is a leading cause of blindness worldwide and the second cause of irre-
versible blindness in the United States. Approximately 2 million people in the United
States have glaucoma, although roughly half are not even aware of it. Glaucoma is a
group of diseases characterized by abnormal IOP and progressive death of retinal ganglion

Fig. 3. Photoreceptor protection by CNTF secreting ECT device NT-501. Sections of retina
from rcd1 dog model of retinitis pigmentosa were examined by light microscopy. A device was
implanted into one eye at 7 wk of age and explanted at 14 wk of age. The contralateral eye was
not treated. (A) Treated eye, (B) untreated eye. The ONL of treated retina contained five to six
rows of nuclei. In contrast, the untreated retina had only two to three rows. Thus the NT-501
device provided significant protection to photoreceptors in the rcd1 dogs. Brackets denote ONL.
(Reproduced from ref. 12, with permission.)
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cells. The pathologic hallmark of glaucomatous optic neuropathy is the selective death
of retinal ganglion cells associated with structural changes in the optic nerve head.
Glaucoma is still considered to be a disease associated with abnormal IOP, and most
current approaches for treating glaucoma are directed toward pressure control.
However, in some cases the progress of retinal ganglion cell death continues even when

Fig. 4. Dose–response protection of photoreceptors in rcd1 dogs. Data are presented as rows
of nuclei in the ONL in ECT-CNTF treated eyes vs nontreated eyes (Mean ± SEM). The levels
of CNTF output (ng/dev/d) were: <0.1 (n = 4, p = 0.744), 0.2–1 (n = 8, p = 0.0009), 1–2 (n = 7,
p = 0.0001), 2–4 (n = 9, p = 0.0004), and 5–15 (n = 3, p = 0.043). The preservation of photore-
ceptor nuclei in the ONL depends on the amount of CNTF out put of the device. (Reproduced
from ref. 12, with permission.)

Fig. 5. Time courses of CNTF output and vitreous CNTF levels in rabbit eyes after NT-501
implantation. The NT-501 devices were implanted into rabbit eyes. At indicated time points, the
devices were explanted and vitreous samples were collected. The CNTF output of devices
(ng/device/d) and CNTF vitreous levels (ng/mL) were assayed by ELISA. Data are presented as
Mean ± SEM.
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IOP is under control, indicating IOP independent mechanisms associated with the
development of glaucomatous optic neuropathy. In fact, it is now recognized that glau-
coma is also a retinal degenerative disease. Investigators in the glaucoma research field
are actively seeking new approaches aimed at protecting retinal ganglion cells in
patients with glaucoma.

Many neurotrophic factors have been found to protect retinal ganglion cells, includ-
ing GDNF (47,48), BDNF (49,50), and CNTF (49,51–53). All these factors are deliver-
able by the intraocular ECT device. The fact that CNTF also protects retinal ganglion
cells indicates that NT-501 could be used for glaucoma as well.

Neuroprotection in AMD

AMD is the leading cause of irreversible blindness in people over the age of 50.
About 15 million people in the United States alone and 25–30 million people world-
wide are affected by AMD.

The pathogenesis of AMD is not clearly understood. The disease affects the cen-
tral region of the retina, the macular, hence the name. Cone photoreceptor and RPE
cell degeneration is evident in patients with AMD. In some cases, newly formed
blood vessels from the choroid (choroidal neovascularization [CNV]) invade the
affected retinal area. This usually results in severe complications and loss of cen-
tral vision.

Approximately 85–90% of the cases of AMD are of the “dry” form, characterized by
soft drusen, retinal pigmentary disturbance, and/or focal retinal atrophy. Vision loss is
generally not severe in patients with the dry form of AMD. Delivery of CNTF by NT-501
or other NT factors may help in photoreceptor protection in these cases.

Another form of AMD, the exudative or “wet” form, occurs in only 10–15% of all
AMD cases. The wet form is characterized by CNV as new blood vessels originating
from the choroid penetrate Bruch’s membrane to enter the retina. As a result, the nor-
mal architecture of the retina is destroyed with devastating complications, including
hemorrhage, retinal detachment, disciform scar formation, and loss of central vision.

Currently, there are two Food and Drug Administration-approved therapies (Visudyne®

and Macugen) for CNV in wet AMD aimed at inhibiting neovascularization. Visudyne
(Novatis) is a photosensitizer used in photodynamic therapy to block new blood vessels
with a laser beam. The other approved therapy, Macugen (Eyetech) is an aptamer that
binds and inhibits vascular endothelial growth factor. Although the most important goal
for treating wet AMD is to inhibit neovascularization, photoreceptor degeneration is still
a problem that needs to be addressed. Again, ECT delivery of NT factors could be help-
ful in protecting the visual function for patients with wet AMD.

ECT Delivery of Antiangiogenic Factors for Ocular Neovascularization

There are two major neovascular diseases that affect the retina, exudates AMD and dia-
betic retinopathy. As mentioned previously, the existence of CNV is a characteristic of
exudates AMD. CNV originates from choriocapillaris and invades the retina, causing
blinding complications. In diabetic retinopathy, neovascularization in the retinal vascula-
ture leads to hemorrhage and other complications, leading to blindness. 

Neovascularization research, pioneered by Dr. Jodah Fokman of Harvard University,
has lead to the discovery of many polypeptide anti-angiogenic factors, including
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endostatin, angiostatin, and PEDF. These factors could be delivered by ECT. In addi-
tion, these anti-angiogenic factors could be combined with neurotrophic factors in a
single device.

ECT-Based Delivery of Anti-Inflammatory Factors in Uveitis 

Uveitis is inflammation of the uvea. Approximately 80% of the cases in humans are
autoimmune related and chronic, whereas the remaining 20% are caused by infectious
processes. Topical and systemic corticosteroids and immunomodulators are the current
standard of care. Studies have demonstrated the possible use of anti-inflammatory
cytokines for treating uveitis. For example, IL-10, a 35-kD homodimeric cytokine 
synthesized by monocytes, B cells, and Th2 lymphocytes, induces mainly immunosup-
pressive effects through the down regulation of macrophage functions and the inhibi-
tion of the synthesis of pro-inflammatory cytokines, such as IL-1β, IL-6, IL-8,
interferon-γ, and granulocyte/macrophage colony-stimulating factors, produced by Th1
lymphocytes or monocytes. Because of its short half-life, daily injections of recombi-
nant IL-10 are required to produce therapeutic effects. Repetitive injections of IL-10
inhibit experimental autoimmune uveoretinitis (EAU) (54) and endotoxin-induced
uveitis (55). Inhibition of EAU by systemic and subconjunctival adenovirus-mediated
transfer of the IL-10 gene has been reported (56), indicating sustained availability of
IL-10 would be beneficial. Obviously, ECT would be a good choice for intraocular
delivery of IL-10 for uveitis. 

SUMMARY

Preclinical development of ECT has demonstrated the therapeutic efficacy, long-
term delivery, and relative safety in the animal eyes. Based on this data, a clinical phase
I safety study of NT-501 has been initiated at the National Eye Institute to treat RP. If
safety and consistent delivery are demonstrated in clinical trials, ECT could potentially
serve as a delivery system not only for RP, but also for a number of ophthalmic diseases
for which no effective therapies are currently available.
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INTRODUCTION

Mutations in the human retinal pigment epithelial (RPE)65 gene underlie some forms
of early childhood blindness, including a form of Leber’s congenital amaurosis (LCA),
early-onset severe retinal dystrophy, and juvenile retinitis pigmentosa (RP) (1–4). LCA
is an autosomal recessively inherited disease (5), although a few families with autosomal
dominant inheritance have also been reported (6). In general, LCA is diagnosed when
there is marked visual impairment from birth, whereas the disease is considered juvenile
RP if vision is lost during the first 2 yr of life. Mutations in several genes other than
RPE65 have also been identified in other ocular phenotypes designated as LCA (7).

The disease is characterized by profound visual loss or total blindness, searching
nystagmus, and hyperopia, usually recognized the first few months of life. Fundus
appearance is usually normal in young patients, but with increasing age vascular atten-
uation and rarefaction are seen, and later in life heterogeneous retinal changes appear,
such as whitish specks and/or pigmentation of the fundus. Electroretinograms (ERGs)
are usually nonrecordable or severely reduced from infancy (8). In cases deficient of
RPE65, histological studies of human fetuses have confirmed the hypothesis of prenatal
onset of the disease as well as the presence of lipid and vesicular inclusions in the RPE
(9,10). The incidence of LCA is low, about 1.9% of all retinal dystrophies in one
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University Hospital (Zurich, Switzerland) (11). Currently, there is no effective treat-
ment for this congenital and further progressive blinding disease. 

RPE65 is a 61-kDa microsomal protein expressed almost exclusively in the RPE
(12,13). The gene spans 20 kb and is divided into 14 exons (14) and is localized to
chromosome 1p31 (14,15). The transcript consists of about 0.1% of the total messenger
RNA isolated from the RPE and is approx 2.9 kb. The 533-amino acid protein is highly
conserved between various species. RPE65 is associated with the smooth endoplasmic
reticulum and is necessary for the synthesis of the 11-cis-retinal chromophore of the
photoreceptor cell visual pigments (16). In an RPE65 knockout mouse, 11-cis-retinoids
cannot be generated and there is an accumulation of all-trans-retinyl esters in the RPE,
forming lipoid inclusion bodies (16).

LCA-Like Disease of Dogs

The Briard dog is affected by a hereditary retinal dystrophy (17) and has been shown
to be a very suitable animal model for LCA (18,19). The molecular defect that underlies
this canine disorder is a 4-bp deletion in the RPE65 gene (20,21). Dogs homozygous for
the RPE65 null mutation are congenitally night blind, and show severe visual deficits in
daylight. Most, but not all, cases show a fast-quivering nystagmus. Their resting pupil-
lary size is slightly larger than in normal dogs in accordance with their reduced sensi-
tivity to light (22). ERG studies are already diagnostic at the age of 5 wk (19). There are
no, or barely recordable, scotopic responses, and photopic ERGs are usually of low
amplitudes, most clearly observed in 30 Hz flicker recordings. Ophthalmoscopic exami-
nation reveals normal fundus appearance until about 3 yr of age, then there is a general-
ized vascular attenuation and a slight paling of the fundus. In most affected older animals,
grayish to white spots, mainly in the central tapetal and nontapetal fundus, appear. These
spots increase slowly with age and spread peripherally with time (Fig. 1). Thus, the 
disease is slowly progressive clinically. Large lipoid-like inclusions accumulate prima-
rily in the RPE of the central fundus, but they become more generalized at later ages.
There is also disorganization of photoreceptor outer segments (OS) at an early age,
followed by degenerative changes and later by rod, and then cone loss, with a gradient
going from the peripheral retina to the central parts with increasing age (18,23). There
are obviously close similarities between the clinical characteristics of the diseases resulting
from RPE65 gene mutations in dogs and in humans (24).

Retinal Gene Therapy

Gene therapy is a promising technology for the treatment of inherited genetic disor-
ders in which the genetic defect is known. The retina is an especially good target for
gene therapy because it is easily accessible and because it is an immunoprivileged site.
The gene therapy vector can be injected either into the vitreous or the subretinal space
that lies between the neuroretina and RPE with only minimal local side effects.
Additionally, in the advent of an unexpected adverse reaction to the therapy, the eye
can be removed surgically.

Immune rejection of the transgene is a potential problem in gene replacement ther-
apy, because many patients express a truncated form of the protein. Therefore, the new
transgene may contain epitopes that are recognized as foreign by the patient’s immune
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system. However, like other internal structures in the eye, the subretinal space displays
two important immune privilege features: (1) it will tolerate tissue grafts without
immune rejection, and (2) it promotes the acquisition of systemic immune deviation to
antigens placed within it (25). Therefore, long-term transgene expression is possible in
the retina without clearance of transduced cells by the immune system.

Viruses are naturally occurring gene therapy vectors and can be highly efficient in
delivering their DNA or RNA to the target cells. Vectors based on a parvovirus called
adeno-associated virus (AAV) have been highly successful for transduction of the retina
(26). AAV virions are comprised of 60 protein molecules surrounding a 4.7-kb single-
stranded DNA. Of this, approx 4.4 kb can be used to express the transgene. The only
AAV DNA in the recombinant AAV is the 145-bp terminal repeats located at each end.
These terminal repeats contain the AAV origin of replication and the packaging signals.
When AAV infects a cell, the single-stranded DNA becomes converted to double-
stranded DNA and the transgene is then expressed. AAV vector DNA can persist for
many years in cells as either long concatemers or circular intermediates. Vector DNA
can also integrate randomly over time and can potentially express the transgene over
the lifetime of the patient. Expression of therapeutic levels of RPE65 has been observed
in treated animals for over 3 yr.

Epithelial cells such as in the RPE are excellent targets for AAV vectors. By injecting
the recombinant AAV into the subretinal space it is possible to place the virus in close
contact with the potential target. This allows for extremely efficient transduction of the
RPE layer within the bleb. AAV vectors can also transduce the RPE layer when injected
into the vitreous. This suggests that the vector can migrate through the neural retina and
reach the RPE. Currently, eight different serotypes of AAV have been used for gene ther-
apy (AAV1-8). We have used the most widely studied strain, AAV2, in all experiments
described here. AAV4 and AAV6 vectors appear to transduce the RPE more specifically
than AAV2 (27,28). The AAV6 result is somewhat surprising because AAV1 vectors
transduce ganglion cells and photoreceptors in addition to RPE cells (29). AAV6 derives

Fig. 1. (A) Minor ophthalmoscopic signs of the RPE65 null mutation are illustrated in this
3.5-yr-old affected dog, treated by subretinal gene transfer 1 yr previously (area of injection not
shown in this fundus photograph). Some grayish spots are seen in the fundus and there is a
slight generalized vascular attenuation. (B) Shows the fundus in the same dog 3 yr later. The
aberrant spots have increased markedly as well as the vascular attenuation.
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from a recombination of AAV2 and AAV1 such that the capsid proteins of AAV1 and
AAV6 are highly homologous.

Because the effects of loss of RPE65 function appear to be restricted to the retina,
localized gene therapy appears to be a promising approach to treat LCA. Acland et al.
(30) observed a significant improvement in vision in three 4-mo-old dogs treated with
the AAV vector that expressed RPE65 from the β-actin promoter. In-depth experi-
ments to assess the efficacy of AAV-mediated gene therapy in reversing the effects of
the RPE65 mutation in RPE65–/– dogs were conducted in our laboratories (31–34).
A canine RPE65 complementary DNA (cDNA) was cloned into a recombinant AAV2
vector. We have used a strong, constitutive promoter from cytomegalovirus (CMV) to
drive RPE65 expression. Ancestors of the group of dogs used in these experiments
were originally discovered in Sweden and transported to the University of Missouri
where gene transfer surgeries were initiated in 2001. During the past 4 yr, 20 RPE65–/–
dogs have undergone intraocular gene therapy. Treated animals have been studied
using various clinical and experimental techniques. Some of the affected animals 
have been followed for more than 3 yr postoperatively with some very dramatic and
exciting results.

MATERIALS AND METHODS

Preparation of the Gene Construct

Development of our gene construct has been described (31) and, in short, was
performed as follows: Normal RPE65 dog cDNA was cloned into a pCl vector
(Promega, Madison, WI) carrying the human CMV promoter and the late SV40
polyadenylation signal (poly A). Following transfection into Cos-7 cells (ATCC,
Rockville, MD), the expression of RPE65 protein was analyzed by Western blot-
ting. Subsequently, the RPE65 expression cassette was cloned into pSSV9 (35) in
between the AAV2 terminal repeats. A control vector with green fluorescent 
protein (GFP) cDNA in place of the RPE65 cDNA was also constructed. Human
embryonic kidney (HEK 293) cells (ATCC, Rockville, MD) were transfected with
pAAV.CMV.GFP or pAAV.CMV.RPE65 and assessed for the expression of the trans-
genes by fluorescence microscopy and Western blot analysis, respectively. The 
excision and replication of the rAAV.RPE65 was assessed by Hirt analysis (36).
Large-scale production of recombinant viruses was done at the Vector Core Facility
of the University of North Carolina Gene Therapy Center (Chapel Hill, NC) (37).
AAV vectors are typically assessed for their ability to transduce target cells (e.g.,
HeLa) and for the number of DNA-containing virions by quantitative polymerase
chain reaction (PCR). The titer of the rAAV.GFP preparations were approx 2 × 1010

transducing units per milliliter and ranged from 5.5 × 1011 to 8.6 × 1011 single-
stranded vector genomes per milliliter. The four rAAV.RPE65 preparations were
approx 1012 vector genomes per milliliter. Purity of the virus preparations were eval-
uated by silver-staining sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis gels. Unfortunately, two out of four rAAV.RPE65 preparations were
contaminated with nonvector proteins, which resulted in an inflammatory reaction
in some treated animals (see Immediate Postoperative Results section). The purity
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of more recent batches was approx 95% and we have not observed any inflamma-
tory reactions using these batches.

Methods for Dog Experiments

A majority of dogs that underwent gene transfer were treated surgically at the age of
4 mo, whereas two of the RPE65–/– dogs were 2.5 and 4 yr old, respectively, at the
time of gene transfer. From age 5 to 7, wk baseline clinical studies were performed.
Initially, their visual behavior was tested by merely watching the dogs walk in unknown
surroundings in the dark and in daylight conditions. Their ability to follow a strong
beam of light in both lighting conditions and see falling cotton balls was also studied.
Direct and indirect pupillary light reflexes were tested in both conditions and indirect
ophthalmoscopy, slit-lamp biomicroscopy, and fundus photography were performed
regularly (31). Baseline ERGs were obtained at least twice before surgery (31,32,34).
Follow-up studies after surgery were performed in similar ways, but extended with
maze testing for objective visual behavior (34), multifocal ERG (mfERG) studies
(38,39), and imaging of the treated and untreated fundi using Fluorescein (FL) and
Indocyanine Green (ICG) angiography. Fundus images were obtained by confocal
scanning laser ophthalmoscopy (SLO; Heidelberg, Engineering Retina Angiograph,
Heidelberg, Germany), equipped with an argon blue laser (488 nm), a green laser (514 nm),
and an infrared laser (835 nm) for visualization of fluorescence and fundus during the
angiography. All electrophysiological studies were performed under general anesthesia
using propofol (Diprivan, 1%, Astra Zeneca Pharmaceutical LP, Wilmington, DE, 6
mg/kg iv) and isoflurane (Isoflurande USP, Abbott Laboratories, North Chicago, IL).
Imaging studies were performed in deep sedation using medetomidine (Domitor vet.,
Vetpharma, Lund, Sweden, 0.01 mg/kg IM) and ketamine (Ketalar, Park-Davies, Morris
Plains, NJ, 2.5 mg/kg IM). 

Gene transfer was performed under microscopic visualization using routine aseptic
methods by two trained vitreo-retinal surgeons. In most cases, both eyes were treated
with subretinal injections: one eye with rAAV.RPE65 and the contralateral eye with
rAAV.GFP (31). One hundred microliters of each construct was injected subretinally in
most of the dogs. 

A lateral canthotomy was performed and conjunctiva and Tenon’s capsule were dis-
sected so that access to the sclera was obtained. Two sclerotomies were performed in
the temporal sclera about 4 mm apart and 6–8 mm from the limbus. A fiberoptic light
was inserted into the vitreous cavity through one sclerotomy and a custom-made glass
micropipet through the other opening and guided toward the fundus, under direct 
visualization through an operating microscope and a Machemer flat lens (Ocular
Instruments, Bellevue, WA) on the cornea. For subretinal injections, the inferior-nasal
central part of the neuroretina was perforated and a bleb was obtained with the injec-
tion of one of the constructs. The neuro-retinal detachment encompassed approxi-
mately 30% of the total fundus area. After the subretinal deposition, the micropipette
and light guide were withdrawn and the sclerotomies sutured using 7/0 Vicryl. The
conjunctiva, Tenon’s capsule and subcutaneous tissues were sutured in a routine man-
ner. A subconjunctival injection in each eye of decadrone phosphate (Dexamethasone,
Butler, Columbus, OH, 1 mg in 0.25 mL) was given postoperatively.
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RESULTS

Immediate Postoperative Results

Approximately 85% of the surgeries were completely successful (in a total of 38 eyes),
with the construct injected clearly subretinally without complications. Otherwise, the
most common complication observed was slight hemorrhage from a sclerotomy site in
conjunction with surgery. However, the bleeding did not affect the final outcome of the
surgery in any of the treated dogs. Further, in several cases the subretinal bleb did not
form perfectly well, and most of the gene construct leaked out into the vitreous. The
most serious immediate complication to the subretinal injection was a large partial 
retinal detachment that occurred in one case.

In nine of the treated dogs, postoperative intraocular inflammatory reactions (uveitis)
were found to develop on the 2nd to 6th day in the rAAV.RPE65 treated eyes only
(31,40,41). All were low grade except one, which was complicated with choroiretinitis
and vitritis, refractory to treatment. The other eight cases of uveitis subsided after 4–12 wk
of systemic and/or topical anti-inflammatory treatment. 

Further investigation of the uveitis showed that these were most probably due to
contaminating proteins in two of the four different batches of the rAAV.RPE65 gene
construct used. Testing of the AAV showed that purity was approx 95% as estimated
from both high-performance liquid chromatograms and silver-staining SDS polyacry-
lamide gels. Owing to problems with uveitis, batches used lately have been further
tested using SDS-polyacrylamide gels and silver staining. Also filtering has been per-
formed through a 0.45-μm polyethersulfane (PES) membrane as well as screening for
numerous viral and microbial contaminants by PCR. Because these rigorous measures
have been taken, no further development of aberrant reactions following the gene trans-
fer has occurred. 

Early Postoperative Results
Clinical Findings and Visual Behavior

All dogs were systemically healthy postoperatively. Excellent functional improve-
ment in visual behavior could be demonstrated as early as 4 wk following surgery in
the previously blind affected dogs. The behavioral studies showed definite improve-
ment of both day and night vision in dogs treated with subretinal injections of the
rAAV.RPE65 gene construct. Vision appeared better in daylight than under dim light
conditions. Preferential looking was observed from the side of the AAV.RPE65 treated
eye only. Approximately 10 wk following the subretinal treatment with rAAV.RPE65,
the nystagmus disappeared in both eyes in all affected dogs treated by unilateral
subretinal gene transfer (31).

Early ERG Findings 

Dark-adapted low- and high-intensity ERGs were mainly nonrecordable prior to treat-
ment in the RPE65–/– dogs. Only a few of the affected dogs showed recordable scotopic
low amplitude b-wave responses at the high intensity stimulus. In the light-adapted state,
however, small amplitude responses, including single flash b-wave and 30 Hz flicker
responses were obtained in many of the affected dogs. Fifty Hz flicker recordings were,
however, not recorded in any of the affected dogs prior to the gene transfer treatment. 
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In all rAAV.RPE65 eyes treated with subretinal injections, the ERG amplitude
responses improved 4–6 wk following surgery and statistically significant differences
between AAV.RPE65 treated eyes and the contralateral control eyes were found. Also,
ERG b-wave thresholds were close to normal in the treated dogs (42). ERG responses
from low- and high-intensity scotopic light stimuli were obtained in treated dogs and
photopic single flash, 30 and 50 Hz flicker responses were recorded in all gene transfer
treated dogs performed successfully. The dark-adapted b-wave amplitudes had recov-
ered to an average of 25% of normal, and the light adapted b-wave amplitudes to 20%
of normal. 

mf ERGs were performed in seven of the gene transfer treated RPE65–/– dogs 3–6 mo
after surgery with continuous monitoring of the retinal position of the stimulus (38), to
show the topographical restoration of visual function. A marked difference in response
amplitudes in treated and untreated areas of eyes that had undergone gene transfer were
found. An area of increased responses could be clearly correlated to the treatment area
(Fig. 2). It was possible to obtain a focal response-intensity series in treated eyes,
whereas the untreated eyes did not show such an increase in response amplitudes with
increasing stimulus intensity at this time after surgery (3 mo) (Fig. 3). Although
response amplitudes were greatest in the treated region, ERG responses were also
detected when areas of the retina outside of the treated region was stimulated. This is
consistent with a spreading of the treatment effect extending beyond the borders of the
injection site. 

Fig. 2. (A) mfERG in progress with the dog under general anesthesia and mechanically ven-
tilated (for maximum relaxation and no muscular movement). A SLO is used, equipped with an
infrared laser for fundus visualization. (B) Fundus image with mfERG recordings from the left,
nontreated eye and (C) similar recordings from the gene transfer treated eye. The mfERG stim-
ulator is a prototype developed by Dr. Eric Sutter.
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Long-Term Postoperative Results
Visual Behavior 

Six of the treated dogs were used for long-term follow-up. Using a maze test and
observers blinded to the study up to 2 yr following gene transfer, objective visual test-
ing was performed which demonstrated that the treated dogs had significantly improved
vision over presurgical observations (34). Bright light vision was better than dim light
vision, as evidenced by a significantly greater number of collisions with objects occur-
ring under dim light conditions. Vision in control dogs (RPE65+/+) was not signifi-
cantly different in dim- and bright-light conditions. Further, although a significantly
higher number of collisions were noted in the treated affected dogs than in normal
control animals in dim light conditions, in bright light conditions the affected dogs
that had undergone gene therapy performed as well as normal control dogs. Although
vision in treated dogs was not completely normal, especially in dim light, these results
represent a potentially dramatic improvement in the general quality of life as a result
of the gene therapy. 

ERG

The maximum improvement of rod ERG responses was found at 3 mo after gene
transfer. The dark-adapted b-wave maximum amplitudes recovered to an average of
28% of normal, and the light-adapted b-wave maximum amplitudes to 47% of normal
(31,32). After 3 mo, there was a slight reduction in rod responses over time, and at 18 mo
postsurgery, scotopic high-intensity b-wave amplitudes, photopic single-flash and 30 Hz
flicker b-wave amplitudes were still significantly increased above baseline values. For
the cone system, there was a slow, long-term improvement, which was either sustained
or continued to increase up to 18 mo following the gene transfer treatment. By 21 to 24
mo following treatment, rod responses and maximum b-wave amplitude values in the
treated eye had declined further, and continued to decrease in amplitudes at 24 and 33

Fig. 3. The topography of functional rescue was evaluated using bilateral mfERGs. An inten-
sity series was performed in both eyes of unilaterally treated RPE65−/− dogs. This showed wave
forms of increasing amplitudes in relation to increase in light intensity in the area of the gene
transfer treatment in the right eye, depicted in the lower row of mf ERG responses.
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mo after surgery. Cone responses, indicated by photopic single-flash b-wave responses
were still significantly elevated over preoperative values up to 30 mo following sur-
gery. At 33 mo following surgery, however, no significant differences were found for
either rod or cone response amplitudes in comparison to preoperative ERG recordings
(43) (Fig. 4).

An Unexpected But Positive Finding

An unexpected finding was encountered at long-term follow-up in five of the dogs
used for long-term studies: there was a surprising appearance of low-amplitude ERG
responses (at high-intensity scotopic and photopic recordings) also in the fellow eyes
starting approx 6–9 mo after surgery. This contralateral eye effect was sustained (for
30 Hz flicker responses) up to 27–30 mo after treatment. Although these positive ERG
responses were of low amplitude in the fellow eyes, there was a definite qualitative
improvement of these responses compared to preoperative responses, most of which
were nonrecordable.

Through careful control studies of the contralateral eye effect we can conclude that
the positive ERG responses seen on the contralateral (control) eye at long-term follow-
up was real and not an artifact, and appears as a result of the gene transfer treatment.
These results could indicate transmission of RPE65 protein, of the gene transfer con-
struct, or most likely, of 11-cis-retinal to the fellow eye, and suggest that cells outside
of the treated area may also benefit from the rAAV.RPE65 gene therapy. This is of par-
ticular importance in adapting this therapeutic approach to humans because the most

Fig. 4. The actual ERG recordings from a normal control dog, far left, and an affected gene
transfer treated littermate before surgery (pre) and at 1, 9, 15, 21, and 27 mo postoperatively.
The affected dog was injected with the gene construct (rAAV.RPE65) subretinally into the right
eye and, in a similar way, with rAAV.GFP into the left eye. The latter construct was used in the
right eye (only) of the control dog. Upper recording in each set of two traces are ERG responses
from the right eye and lower recording from the left eye. The simultaneous bilateral full-field
ERG responses from each animal were obtained using scotopic low-light intensity stimuli
(–2 log cd⋅s/m2); 1st row of responses, and scotopic high-light stimuli levels (4 cd⋅s/m2); 2nd
row. After 10 min of light adaptation photopic single-flash stimulation was used (5 Hz) at 
1 cd⋅s/m2; 3rd row, then flicker stimulation at 30 and 50 Hz, using 1cd⋅s/m2 of light stimulation;
4th and 5th rows, respectively. 
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important region of the retina in which to restore function is the macula. However, it
would be detrimental to inject the construct in the macular area owing to the risk of
causing permanent damage from the temporary retinal detachment. If the treatment
effect can be detected in the untreated eye, surely it would extend beyond the injection
site in the treated eye. Thus, it is likely that a subretinal injection using a gene therapy
construct peripheral to the macula would also restore macular function. 

Wide Time Window for Surgery

Subretinal gene transfer treatments were given to two older dogs, the oldest being 
4 yr old at the time of surgery, without complications. Both dogs showed a markedly
improved visual behavior 4–6 wk postoperatively and increased ERG sensitivity and
amplitudes as previously described (42). There was no obvious difference in visual
behavior upon follow-up of these older dogs (now 39 and 7 mo after surgery, respec-
tively), compared to younger treated animals. It appears that components of the photo-
transduction cascade and the retinal circuitry remain functional, despite the absence of
normal photoreceptor activity for several years in untreated dogs. As has been shown
for Rpe65–/– mice, injections of 11-cis-retinal result in regeneration of rhodopsin and
improved photoreceptor function—irrespective of age (44). Thus, there is a wide time
window for surgery in conjunction with the RPE65 null mutation, a fact that has posi-
tive implications, also for human patients. 

Effect of Subretinal Gene Therapy on In Vivo Retinal Morphology

In order to determine the magnitude and distribution of GFP transduced retinal cells
(Fig. 5) retinal fluorescence was examined in vivo and detailed fundus images obtained
using the SLO, 2 yr following the subretinal injection. Transduction was still obvious
in the left eye, as observed by the GFP fluorescence in the area of the subretinal (con-
trol) injection. Further, retinal morphology following gene transfer studies were per-
formed in treated eyes using the SLO and FL and ICG angiography, 2 to 2.5 yr after
treatment. Surprisingly, good SLO images were obtained with no major alterations
observed in the injection area in five long-term studied dogs. However, when using FL
and ICG angiography, there were marked changes. Specifically at the injection site, in
a region smaller than the original bleb area, there was a distinct part with successively
increasing hyperfluorescence, possibly indicating leakage from retinal vessels and/or
atrophic focal changes in the RPE (Fig. 5). These observations are potentially of major
significance for application of this treatment to human subjects. Damage to the retina at
the injection site would indicate that injecting the construct too near the macula should
be avoided. The fact that abnormalities were restricted to the injection site indicates
that there is no geographic spreading of this negative effect, however. 

Light and Electron Microscopy of Treated Dogs

So far six RPE65–/– dogs given subretinal injections of the AAV-RPE65 gene ther-
apy vector have been analyzed for the effects of treatment on retinal morphology. The
first dog was euthanized 3 mo after the gene therapy treatment. Modest recovery of
visual sensitivity was observed in this dog in the treated eye, as measured with ERG
(31). The dog had severe uveitis in the AAV-RPE65 treated eye that did not respond to
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intensive topical and systemic anti-inflammatory medication. The clinically observed
uveitis was accompanied by lymphocytic infiltration along the inner retinal surface. In
the AAV-RPE65-treated eye, RPE65 immunolabeling indicated that RPE65 protein was
being produced by the RPE only in the treated region of the eye (31,33). In the fellow
eye, GFP expression was pronounced in the RPE throughout the region where the sub-
retinal bleb had been made. Electron microscopic analysis demonstrated that in the
fellow eye the RPE contained numerous large lipid droplets in both injected and 
un-injected regions of the retina. In the eye treated with the AAV-RPE65 vector, the
lipid droplets had almost completely disappeared from the RPE in the treated region.
However, outside of the treated region, the RPE still contained large numbers of inclu-
sions (31). Despite reversal of the RPE lipid droplet accumulation in the treated region,
there was no apparent recovery of photoreceptor OS morphology 3 mo after surgery.
Thus, the observed functional recovery, measured by ERG, must have been mediated
by the remaining OS fragments in the treated region or by photoreceptor cells outside
of the treated region. 

A littermate to the first dog was euthanized 6 mo after gene transfer surgery and a
third dog was euthanized 5 mo after the treatment. None of the eyes of these dogs had
been affected by uveitis. The eyes of the latter dog were used primarily for immuno-
cytochemistry studies (performed this time at the Wallenberg Retina Center at the
University of Lund, Sweden). At 5 mo postsurgery, a significant amount of RPE65
immunolabeling was observed in the RPE of the treated eye, but none in the contralat-
eral eye (33). There was also a marked reduction of lipoid inclusions in the RPE in the
treated eye, and further, an obvious difference between the structure of cone OS in the

Fig. 5. SLO images of a gene transfer treated dog 2 yr after rAAV.RPE65 into the right eye
and rAAV.GFP into the left eye, both injections given subretinally. (A) Transduction is still
obvious in the left eye, as observed by AAV.GFP fluorescence in an area close to the optic disc,
although significantly less than at 3 mo following surgery (for 3-mo follow-up, see ref. 31). (B) In
the subretinal rAAVRPE65 bleb area (inferior-nasal to the disc) in the right eye, 2 yr after treat-
ment, there are only minor changes and severe scarring was not observed. (C) Fluorescein
angiography, however, in this gene transfer treated eye shows a late hyperfluorescence in the
neuroretinal bleb area, indicating distinct morphologic changes specifically at the injection site.
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treated eye compared to those of the untreated eye. In the gene transfer treated eye,
the cones seemed to be aligned more orderly and appeared more robust than in the
contralateral, untouched eye. 

Morphological analysis was performed also on the eyes of two RPE65–/– littermates
that were euthanized 10 mo after administration of the AAV vectors into one of the
dogs. The untreated littermate was used as a control. The dog that had undergone gene
transfer had shown a low-grade, transient uveitis in the AAV-RPE65 treated eye. Long-
term follow-up ERG studies showed restoration of photoreceptor function, not only in
the treated eye, but also slight recovery of photopic responses in the contralateral
untreated eye, starting 6 mo postsurgery. Ultrastructural studies were undertaken to
determine whether there were morphological changes that correlated with the func-
tional recovery of the eyes. In the rAAV.RPE65 treated eye, almost no RPE lipoid inclu-
sions characteristic of the RPE65 null mutation were observed within the treated region
(45). In the opposite, untreated eye, the numbers and sizes of lipid droplets were dimin-
ished relative to those present in the eyes of the untreated littermate. Rod and cone OS
morphology appeared orderly and elongated in the treated eye compared to that of the
untreated dog and the fellow eye (Fig. 6). These preliminary results for the gene ther-
apy treated eye establish a basis for the functional recovery of scotopic and photopic
ERG responses obtained upon clinical follow-up in the gene transfer treated eye. 

These results were further verified when another dog used for long-term follow-up
was euthanized 2.5 yr following the gene transfer (46). This dog had exceptionally high-
amplitude ERG responses in the gene transfer treated eye, as well as increased mainly
photopic ERG responses in the fellow eye. Following light and electron microscopic

Fig. 6. Ultrastructural studies showed large lipoid inclusions (L) in the RPE of an untreated
RPE65–/– dog (left image), littermate of a treated dog (right image) that had undergone gene
transfer 10 mo earlier. In the latter dog there was a lack of lipoid inclusions in the area of the
gene construct injection. Note also the normal appearing photoreceptor outer segments in this
dog in comparison to those of the untreated littermate. Courtesy of Dr. Martin Natz.
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studies of the retina, several exciting results were obtained: the photoreceptor outer and
inner segments were orderly aligned in areas of the retina peripheral to the immediate
injection site. The latter area was, however, morphologically disrupted. Outside of the
immediate injection area the outer segments were normally elongated toward the RPE,
and contained stacks of normally oriented lamellar discs. Lipoid inclusions were abol-
ished in the former bleb area although still prevalent in more peripheral regions. Further
studies are in progress with morphometric analysis of tissue from both eyes in order to
evaluate the spatial distribution of treatment effects. 

DISCUSSION AND CONCLUSION

Gene therapy in dogs affected with a hereditary retinal dystrophy caused by the RPE65
null mutation resulted in a remarkable improvement in visually mediated behavior and in
retinal function as assessed by ERG. Rescue of visual function was observed in all dogs
in which the vector was successfully delivered subretinally. Immunocytochemical analy-
sis detected RPE65 expression only in the area of the RPE where the gene vector was
applied and it was in this specific area that the lipoid inclusions were markedly dimin-
ished after treatment. The immediate injection site showed several alterations in retinal
morphology as visualized at long-term follow-up by FL and ICG angiography. On the
other hand, photoreceptor OS morphology appeared normalized by the gene transfer both
within and outside of the treated region. The only adverse effects in the gene therapy
treatment observed were transient inflammatory responses in the eyes of some of the
injected animals as a result of impurities in the gene therapy vector preparations. 

The therapeutic expression of RPE65 from an rAAV vector injected subretinally in
RPE65–/– dogs was effectively achieved up to approx 30 mo following gene therapy.
The effect of treatment was successively reduced to levels where ERG amplitudes were
insignificantly increased in comparison to preoperatively. The reason for this dimin-
ished functional effect is not clear, but may be because of several factors such as pro-
moter shut-off or transgene silencing (47–50). Another reason for the reduced effect
could be the loss of transgene expressing cells since long-term follow-up studies have
clearly shown that there is a progression of clinical disease in the 3 yr following the
initial gene transfer treatments (Fig. 1).

The contralateral eye effect shows up as a low-grade qualitative improvement of the
ERG responses observed additionally in the fellow eyes of gene transfer treated dogs.
The phenomenon appears to be most prominent on cone function and the effect is tran-
sient. The precise mechanism for this effect in the presently treated group of RPE65–/–
dogs has not been elucidated, but there may be several possible explanations. It has
been shown that unilateral cell injury causes multiple cellular responses in the con-
tralateral eye (51). Further, unilateral pseudorabies virus injections with GFP into the
vitreous of one eye in hamsters infected the intergeniculate leaflet of the thalamus. It
was later found that the retinal ganglion cells in the contralateral eye also expressed
GFP, becoming infected after transsynaptic uptake and retrograde transport through
infected retinorecipient neurons (52). Our findings and those of others, thus clearly
indicate that the contralateral or fellow eye, even if untreated, should not be used as a
“control” eye. Gene transfer in the presently described unilaterally treated dogs resulted
in the production of 11-cis-retinal, which long-term could be disseminated to the
contralateral eye in small amounts, the mechanism of which is still obscure. 
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AAV-mediated gene therapy is an effective means of rescuing visual function in
inherited diseases that result in retinal dysfunction. Modification of the gene construct
may be necessary to achieve more long-term results of the treatment. However, the sub-
retinal approach of treating outer retinal disease appears safe as long as the vector
preparations are of high purity and are not given directly into the macular region. 
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INTRODUCTION

Mammalian neurons are postmitotic and, in general, are nonrenewable, so an individ-
ual cell must be capable of surviving a wide range of environmental conditions for many
decades, if not a lifetime. Retinal neurons are isolated to some extent from fluctuations
in levels of many circulating molecules by a specific blood–retinal barrier, a structure
analogous to the blood–brain barrier elsewhere in the central nervous system (CNS).
This barrier provides protection to the retina by selectively transporting those molecules
required for normal metabolism and filtering out components that could be detrimental
to the health of the tissue.

Alterations in nutrient level and composition, light levels, synaptic activity, and physical
stresses can all fluctuate in the eye around a mean or normal level and a variety of endoge-
nous homeostatic mechanisms compensate for most of these variations from this mean.
However, if the transient stress goes outside the boundaries of the homeostatic capability
of the cell, it is likely to result in death of the neuron, an event seen in most retinal degen-
erative diseases. For example, if the level of oxygen gets too low, the level of light too high,
or the level of intraocular pressure too great then intrinsic safeguard mechanisms can no
longer maintain normal cell function and a cascade of cell death signals is initiated.
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If we were able to extend the homeostatic capacity of retinal cells then it would be 
possible to substantially reduce cell death and lessen the risk of blindness in many retinal
degenerative diseases. Two ways of doing so are to identify and potentiate the inherent
neuroprotective mechanisms in the eye and/or to use factors that will allow the cells to
withstand larger extremes of transient stress.

In this chapter, we will consider several classes of neuroprotective molecules that are
strong candidates to increase the capacity of the retina to tolerate stress. These include
neurotransmitters, steroids, fatty acids and their derivatives, and polypeptide neurotrophic
(NT) factors, which can exert neuroprotective actions on a range of different target mole-
cules. For example, some neurotransmitters and polypeptides activate membrane recep-
tors, which can in turn trigger intracellular neuroprotective signals, whereas fatty acids
and Co-enzyme Q can activate mitochondrial uncoupling proteins to alter abnormal
amounts of reactive oxygen produced within a cell.

USING NEUROTRANSMITTERS AND THEIR RECEPTORS 
TO PROTECT RETINAL GANGLION CELLS 
FROM GLAUCOMA-ASSOCIATED DEGENERATION

Neurotransmitters are molecules whose primary function is to facilitate the transmis-
sion of signals between neurons or from neurons to a target tissue. In some cases, how-
ever, excessive activity in neuronal tissues can lead to dangerously toxic concentrations
of a specific neurotransmitter. This phenomenon was first reported in 1957 by Lucas
and Newhouse, who showed that increased amounts of glutamate, above physiological
levels, are toxic to the mammalian eye (1). The term “excitotoxicity” was coined from
the observation that systemic injection of glutamate into neonatal mice led to destruc-
tion of the inner retinal layers, most notably the retinal ganglion cell (RGC) layer, which
was evident by ultrastructural examination (2). Later, it was determined that glutamate
caused depolarization of RGCs and that glutamate toxicity was associated with pro-
longed cation influx (3–6). Cation influxes are known to activate many intracellular
pathways including excess transport of calcium into the mitochondria, with subsequent
induction of permeability pores, release of cytochrome c, and initiation of an apoptotic
cascade (7), as well as the production of nitric oxide and peroxide, both of which are
highly toxic to cells (8,9). In addition, many intracellular signal transduction cascades
are under the control of glutamate-induced cation influxes. Some of these, for example
activation of p38 and ERK (extracellular-signal-regulated kinase) MAPKs, have been
directly linked to the initiation of cell death signals (10–12).

Attempts to protect retinal ganglion cells from excitotoxicity by blocking glutamate
receptors with specific antagonists has generated much interest. The problem with this
approach, however, is that although general blocking of glutamate receptors may pre-
vent cell death, it also prevents normal cell function including the transmission of visual
signals through the ganglion cells. As an alternative to using strong glutamate receptor
antagonists, several groups have explored the use of the weaker compound meman-
tine, an N-methyl-D-aspartate (NMDA) receptor noncompetitive antagonist (13,14).
Memantine blocks excessive activation of the NMDA receptor but does not block normal
signaling. It is sufficiently antagonistic that it reduces calcium influx through the
NMDA receptor to levels that are not toxic. The success of this approach in a variety 
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of model systems has led to clinical trials of memantine as a therapeutic agent for glau-
coma, and its widespread use is awaiting Food and Drug Administration approval (15).

There is, however, clear evidence that some neurotransmitters can function as neuro-
protective agents in the retina and other parts of the CNS. This is especially true for
acetylcholine (ACh) where activation of the α-7 nicotinic ACh receptor (α-7 nAChR)
by ACh has been linked to protection against glutamate-induced excitotoxicity in the
brain (16–19). A similar effect has been found in the retina where ACh protects ganglion
cells from high concentrations of glutamate (20). One possible mechanism by which it
protects these cells is through activation of the α-7 nAChR followed by a calcium-
dependent activation of its intracellular signaling partners that are associated with the
PI3-kinase and MAPK pathways (21,22).

Norepinephrine is another neurotransmitter linked to neuroprotection throughout the
CNS (23,24). Many of the protective effects of this transmitter appear to be mediated by
the α-2-adrenergic receptor (25,26). Activation of α-2-adrenergic receptors, which are
expressed on RGCs and other cells in the inner nuclear layer, has been associated with
neuroprotective outcomes in the retina (27). When the norepinephrine agonist, brimoni-
dine, engages with the α-2-adrenergic receptors, it induces strong protection of RGCs in
many models of glaucoma and in ischemia-reperfusion models of general retinal damage
(28,29). Brimonidine is effective at preserving retinal ganglion cells after optic nerve
crush when given either at the time of or 14 h before injury. Pharmacologically active
concentrations of brimonidine can be achieved in the retina (>2 nM) when this compound
is applied to the ocular surface. One response of the retina to brimonidine is increased
expression of the brain-derived NT factor (BDNF) by RGCs (30). Because brimonidine
also reduces intraocular pressure, it is being studied as a potentially useful agent to treat
glaucoma.

The approach of modulating the actions of specific neurotransmitters or the actions of
their cognate receptors for neuroprotective ends is less appropriate for macular degener-
ation and other photoreceptor-associated retinal degenerations because these cells are
primary sensory neurons that do not receive synaptic input. There are other classes of
factors, however, that can promote survival of photoreceptors, which are more relevant
for these conditions.

STEROIDS AND LIPIDS AS NEUROPROTECTIVE FACTORS 
FOR RETINAL DEGENERATIONS

Two steroid hormones most typically associated with reproductive function are estro-
gen and progesterone. Estrogen affects differentiation and neurite outgrowth of neurons
and is protective against several toxic insults including oxidative stress, glutamate exci-
totoxicity, hypoglycemia, and ischemia (31–37). In addition, an observed increase in
risk for degenerative eye diseases in postmenopausal women is reduced with estrogen
treatment (38). The classical method by which estrogen works upon entry into a cell is
that it binds to its cognate receptor, this receptor–ligand complex then dimerizes,
translocates to the nucleus, and interacts with an estrogen receptor binding motif on the
promoter regions of many genes to activate gene expression. One mechanism by which
estrogen may exert neuroprotective effects in the retina is by promoting expression of
antiapoptotic and neuroprotective molecules, such as BCL-2 and thioredoxin (39,40).
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Estrogen may also act upstream at the level of the plasma membrane to induce activa-
tion of cell survival signals associated with the ERK/MAPK and PI3 kinase/Akt
cascades (41,42).

Although progesterone can also reduce the death of retinal neurons resulting from
global ischemia and glutamate excitotoxicity, there is less extensive evidence for the
molecular mechanisms of the neuroprotective actions of this hormone (43). Larger scale
studies to elucidate the effects of these hormones on eye diseases have been limited by
the use of synthetic steroids. For example, hormone replacement therapies using syn-
thetic progestins have complicated the studies because these molecules are not neuro-
protective and may even be toxic (44).

There is now mounting evidence that fatty acids may also contribute to the survival of
neurons in conditions of stress. This is not entirely surprising because omega-3 fatty
acids are natural body constituents and found in high concentrations in the retina, partic-
ularly in photoreceptors. Two of the most common polyunsaturated fatty acids in the
retina are arachidonic acid (AA) and docosahexanoic acid (DHA) (45). These molecules
serve as building blocks for the synthesis of eicosanoids and docosanoids respectively,
when released from phospholipids by the action of phospholipases (46). AA protects
RGCs from cell death induced by high levels of glutamate but can be toxic when used
above concentrations of 10 μM (47). Whether AA itself is the active neuroprotective
compound or whether it needs to be converted into prostaglandins or leukotrienes for
activity is still being determined.

This neuroprotective compound NPD1 (10,17S-docosatriene) is formed from DHA by
the action of a 15-lipoxygenase-like enzyme (46,48). NPD1 is neuroprotective in a wide
range of in vivo and in vitro systems including ischemia-reperfusion or chemically induced
oxidative stress. In patients suffering from Alzheimer’s disease, the concentration of NPD1
is significantly reduced in brain regions undergoing degeneration suggesting that it may
play a role in augmenting neurodegenerative processes (49). NPD1 triggers increased
expression of a number of key anti-apoptotic molecules including Bcl-2, Bcl-xl, and Bfl-
1(A1). It also reduces the expression of pro-inflammatory molecules suggesting that its
neuroprotective role may be mediated by these actions (50). Therefore, strategies that can
modulate in vivo levels of NPD1 has the potential to be effective in reducing neuronal
degeneration although, so far, it has been difficult to regulate ocular levels of its precursor,
DHA, by dietary supplementation.

ANTIOXIDANTS OFFER PROTECTION TO PHOTORECEPTORS:
MITOCHONDRIAL UNCOUPLING PROTEINS

Elevated levels of reactive oxygen species (ROS) are toxic and their accumulation in
a tissue causes damage to membranes, proteins, and DNA eventually leading to death
of the cell (51,52). The retina is particularly sensitive to the increased ROS generated
through the high metabolic activity of photoreceptors and RGCs (53). In accord with
this, there is evidence that antioxidants provide protection for photoreceptors by reduc-
ing intracellular levels of ROS generated by oxidative stress (54).

Intracellular generation of reactive oxygen species is a natural function of mitochondria
because the proton gradient that drives production of adenosine triphosphate (ATP) pro-
duces reactive oxygen species as a byproduct. The greater the rate at which mitochondria
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produce ATP, the greater is the endogenous production of ROS. Increased intracellular
levels of ROS can lessen the ability of a cell to tolerate additional ROS generated extra-
cellularly in tissues exposed to oxidative stress.

The intracellular levels of ROS however, can be reduced by uncoupling proteins
(UCPs), located in the inner membrane of the mitochondria, which serve as intracellu-
lar antioxidants (Fig. 1). The primary function of these proteins is to allow hydrogen
ions to leak from the intermembrane space into the matrix of the mitochondria and in
this way dissipate the energy in the form of heat (55–60). By decreasing the driving
force of ATP synthase, the enzyme that catalyzes ATP synthesis, UCPs reduce the
amount of ATP and ROS produced (61,62).

The most well-characterized UCP, is UCP1, which is expressed solely in brown adi-
pose tissue and is mainly responsible for thermogenesis in small rodents (55,63). Brown
adipose tissue is virtually insignificant for normal physiology in primates and, until
recently, little attention was paid to the action of uncoupling proteins in other tissues of
the body. In the last few years, however, several other members of the UCP family have
been identified and found to promote partial uncoupling of oxidation from phosphory-
lation in vitro. The five putative UCPs differ greatly in tissue distribution and regulation
and may have distinct physiological roles. UCP2, UCP4, and BMCP1 are predomi-
nantly expressed in the central nervous system, including the retina, but are also
detected in muscle, spleen, and adipose tissue. UCP1 and UCP3 are expressed only in
peripheral tissues (56–60).

The relevance of these uncoupling proteins to neurodegenerative processes has been
shown in studies that linked increased activity of UCP2 with protection of cells from

Fig. 1. Schematic illustration of ATP synthase functioning in the absence of UCP2 activity
(A), and in the presence of active UCP2 (B). The proton gradient drives ATP synthase and ATP
production. If the proton gradient decreases as a result of the UCP2 activity, ATP production
decreases, energy is dissipated in the form of heat (thermogenesis), superoxide (O2) production
is decreased, and calcium efflux is increased. However, despite decreased ATP production by
individual mitochondria, overall the neurons will have more ATP available, because uncoupling
is accompanied by mitochondrial proliferation. (Adapted from ref. 66.)
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seizure-induced excitotoxicity or injury induced by MPTP (1-methyl-4-phenyl-1,2,5,6
tetrahydropyridine) in several models of neurodegenerative diseases (64,65). Further
support for a role of UCPs in cell death is that UCP2 overexpressing mice show an
increased number of RGCs owing to decreased programmed cell death in the early post-
natal stages of development (66).

UCPs can be regulated by a number of factors, most importantly by their co-factors
co-enzyme Q (CoQ) and fatty acids. Although studies have not yet separated the gen-
eral antioxidant function of CoQ from its specific effects on mitochondrial UCPs there
is a general view that most antioxidants including the CoQ offer some protection for
photoreceptors.

POLYPEPTIDES THAT PROMOTE SURVIVAL
OF NEURONS IN THE CNS

The other major class of factors that promote survival of neurons in the CNS is a
group of polypeptides that also have trophic influence and other functions during nor-
mal development. Four of these are currently considered to have the most impact on
neurons in the eye. These are BDNF, ciliary NT factor (CNTF), glial-derived NT factor
(GDNF), and pigment epithelium-derived factor (PEDF).

All four polypeptides are produced at multiple sites in the brain and in other non-
neural tissues. All four are also expressed in the normal retina, though by different cell
types. Immunocytochemical studies show that BDNF is localized to ganglion cells and
other cells of the inner retina (67). CNTF, on the other hand, is found primarily in
Müller glia and astrocytes (68). Similarly, the major sites of synthesis of GDNF in the
retina are glial cells (69,70). PEDF is synthesized in the retinal pigment epithelial
(RPE), Müller glia, and ganglion cells of the retina, as well as cells in the ciliary body (71).
These patterns of expression have been defined in the normal retina and may differ in
conditions of retinal injury or disease where all four polypeptides are upregulated as
part of a homeostatic response. As discussed later in this chapter, expression of these
factors by various retinal cell types including microglia and vascular endothelial cells in
injury may be an important component in limiting damage to the retina.

All four polypeptides have been tested extensively for their neuroprotective properties in
a wide range of in vitro and in vivo models. Some of these, such as the axotomy model of
neurodegeneration, have been studied extensively but are outside the scope of this chapter.
Here we will only review the actions of these polypeptides on RGCs injured by the excito-
toxin glutamate, to all retinal neurons damaged by oxidative stress, and to photoreceptors
induced to degenerate by mutations or by excessive light exposure.

Neuroprotective Polypeptides Impede Glutamate Excitotoxicity

As discussed in a previous section, excessive amounts of glutamate in the nervous
system can kill neurons. Cell death is proportional to the concentration of the excito-
toxin present as is clearly shown in studies in which dissociated cultures of neurons are
treated with micromolar concentrations of glutamate (72).

Both BDNF and GDNF counteract glutamate excitotoxicity by reducing NMDA-
receptor-mediated Ca2+ influx through an ERK-dependent pathway, as shown in a number
of different culture models (73,74). GDNF has additional autocrine actions in the retina



Neuroprotective Factors and Retinal Degenerations 439

where it increases expression of the GLAST glutamate transporter in glia and in so
doing may help reduce glutamate levels and glutamate excitotoxity (75). A number of
studies have shown that nanomolar concentrations of PEDF allow cells to withstand the
toxic influence of glutamate, which would otherwise induce apoptotic cell death in
many neurons. (reviewed in ref. 71.)

Neuroprotective Polypeptides Reduce Oxidative Stress-Related Damage

As we have already discussed, one of the most common causes of neuronal death and
a possible contributing factor to many forms of retinal degeneration is oxidative stress.
One way of experimentally inducing oxidative stress to test the neuroprotective efficacy
of a compound is to treat cells with low concentrations of hydrogen peroxide, a naturally
occurring toxic byproduct of visual transduction. Many of the NT polypeptides that
reduce the death of neurons that are challenged with toxic levels of glutamate also shield
against oxidative stress (Fig. 2). In one study, we observed that when retinal neurons were
pretreated with PEDF, they develop resistance to moderate concentrations of hydrogen
peroxide (76). It is important to note that protection only occurred when cells were 
pretreated for at least an hour with PEDF and even after pretreatment, high concentrations
of hydrogen peroxide were still toxic.

Similarly, others have shown that BDNF offers protection to photoreceptors and
RGCs from oxidative stress (77–79). It has been suggested that BDNF does so by reduc-
ing endogenous production of ROS, possibly by its actions at the level of the mitochon-
dria (80,81). It is interesting to speculate that uncoupling proteins may be direct or
indirect targets for BDNF actions in reducing oxidative damage. Both GDNF and CNTF
can prevent neuronal injury caused by oxidative stress as shown in many models of CNS
injury (76,82,83). Such findings support the idea that the damage caused by oxidative
stress can be reduced by the endogenous neuroprotective mechanisms controlled by
these four polypeptides.

Fig. 2. Neuroprotective polypeptides protect RPE cells from H2O2-induced cell death. In each
histogram, combinations of two neuroprotective factors were used for each point. The increased
survival given by increasing doses of PEDF is show from left to right. The increased survival
induced by BDNF (A) or CNTF (B) is shown from front to back. Even at saturating doses of one
factor, additional protection can be given by the addition of a second factor.
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Neuroprotective Polypeptides Block Light-Induced 
and Genetic Forms of Retinal Degeneration

The efficacy of polypeptide factors in promoting the survival of retinal neurons has
been established in genetic models of retinal degenerations and experimental models in
which damage is induced by exposing animals to constant bright light. Fibroblast growth
factor 2 (FGF2) was one of the first factors to be tested for neuroprotective actions in
such an in vivo model. FGF2 showed a significant delay in photoreceptor degeneration
following intravitreal or subretinal injections of the soluble, purified protein, in the Royal
College of Surgeons strain of rats carrying an inherited retinal dystrophy (84). Later, it
was shown that PEDF can also slow the progression of photoreceptor degeneration in rd
mutant mice and reduce apoptosis in photoreceptor cells in rds mutant mice (85), two
mouse models that have human counterparts in forms of retinitis pigmentosa (RP).
Similarly, GDNF increases survival of rod photoreceptors in both rd/rd mouse mutants
and the TgN S334ter-4 rhodopsin line of transgenic rats (86,87).

The effects of FGF2 on the survival of neurons were also observed in rat photorecep-
tors in a constant light damage model of retinal degeneration (88). However, further
interest was diminished in the use of this polypeptide as a suitable candidate for retinal
degenerations because the risks outweighed the potential benefits. FGF2 causes an
increase in the number of retinal microglia, promotes the formation of cataracts, induces
angiogenesis, and is a potent mitogen for RPE and Müller glia cells. Nevertheless, these
observations were some of the earliest to provide support for the idea that neuroprotec-
tive factors can reduce the effects of injurious insults to photoreceptors.

Several other endogenous polypeptides had similar biological actions on photorecep-
tors that are exposed to constant bright light. In a larger study, intravitreal injections of
FGF1, FGF2, BDNF, CNTF, and interleukin (IL)-1b, 2 d before rats were exposed for 
1 wk to constant bright light, were able to block the damage to photoreceptors under this
condition (89). Like FGF, IL-1b had undesirable side effects. After IL-1b treatment, a
large increase in the infiltration of macrophages and the induction of folds and rosettes
were seen in the retina. BDNF and CNTF, on the other hand, showed promise as good
candidates to protect photoreceptor without the side effects observed for FGF and IL-1b.
In separate experiments, it was also found that PEDF, like the other polypeptides, was as
effective in reducing the degeneration of rat photoreceptors that have been exposed to
constant light (Fig. 3) (90).

The trials conducted with CNTF, although successful in promoting survival of photore-
ceptors, resulted in diminished general cellular activity in the retina, although this effect
was dependent on the concentration of CNTF used (91). In addition, the narrow range of
effective dose of CNTF and changes in body weight after administration of the protein 
systemically are still some concerns that need to be addressed (92).

The data, so far, obtained from studies using neuroprotective polypeptides to slow
down retinal degenerations are encouraging and suggest that the normal retina contains
more than one factor that engage in keeping neurons alive in the presence of hazardous
conditions and that exogenous application of these molecules can also reduce patho-
logical damage to the cells. Multiple treatments of single factors, application of a
neuroprotective cocktail of these factors, and delivery of the polypeptides using
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Fig. 3. Rescue of photoreceptors by PEDF as a function of constant light-exposure. Animals
were injected intravitreally with PEDF or PBS 2 d before light exposure. PEDF-injected eyes
exposed to constant light for (A) 3, (B) 10, and (C) 14 d. PBS-injected eyes exposed to constant
light for (D) 3, (E) 10, and (F) 14 d. GCL, ganglion cell layer; INL, inner nuclear layer. (Adapted
from ref. 76.)

intraocular sustained release systems, could maximize protection in the retina over a
longer time frame. This subject is discussed more fully in the section on delivery of
neuroprotective factors.

NON-NEURONAL RETINAL TARGETS 
FOR NEUROPROTECTIVE FACTORS 

The in vitro studies described earlier suggest that the bioactive polypeptides act directly
on neurons to regulate molecular pathways essential to promote cell survival. This assump-
tion is generally accepted; however, there is evidence that in vivo, their actions could be
mediated, in part, through other adjacent non-neuronal cells. Support for this hypothesis
comes from the finding that receptors for BDNF are not detected on normal rod photore-
ceptors yet rods are protected from toxic damage by BDNF (93). Similarly, CNTF protects
rod photoreceptors and may be involved in their early differentiation although there is con-
troversy over the presence of receptors and signaling cascades for CNTF in rods (94,95).
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On the other hand, there is clear evidence that receptors for both BDNF and CNTF
are found on Müller cells and that CNTF activates both MAP kinase and STAT3 intra-
cellular transduction pathways in these cells (93,96,97). Therefore, the possibility exists
that the primary effects of these polypeptides are on Müller cells and that they, in turn,
release molecules that control survival of photoreceptors.

There is less information available about the direct target cells, signaling mecha-
nisms, and receptor expression for PEDF and GDNF. PEDF acts on several types of
cells including neurons and glia, its receptor has not yet been identified and character-
ized, and it is expressed by many cells in the eye including the RPE on which it has
autocrine actions (98). We still do not know what the primary cell target for GDNF are
in the retina although, because its receptors have been found on Müller glial cells and
other neuronal cell types, there may very well be multiple cell types in the retina that
respond to this factor (99–101).

In addition to Müller cells, other targets in the retina for neuroprotective factors
include RPE, vascular endothelial cells, and microglia. The responses of these cells to
various pathological insults may be an important component of a number of retinal
degenerative diseases including macular degeneration and diabetic retinopathy in which
activation of vascular endothelial cells is the cornerstone for neovascularization in the
eye. This hypothesis is partially supported by the observations that BDNF is mitogenic
for more than one microglial cell line and its receptors are found on these cells in brain
tissue sections (102,103) suggesting that its actions on neurons may be mediated
through the microglia. Of course, we cannot rule out the possibility that such factors
may have pleiotropic effects and that their actions on adjacent non-neural cells are unre-
lated to neuronal cell survival.

Another example of possible non-neuronal cell intervention that ultimately results in
neuroprotection is evident in studies showing that RPE cells, which are closely juxta-
posed to photoreceptors and exert trophic influence on these cells, express both PEDF
and BDNF as well as its cognate receptor, TrkB. Both factors have been shown to pro-
mote differentiation, survival, and function of RPE cells obtained from several species.
In vivo, this action could possibly occur by BDNF and PEDF autocrine feedback loops
in the RPE or by a paracrine pathway (104–106). On the other hand, endothelial cells
not only synthesize PEDF, but also respond to exogenous PEDF to decrease their cell
proliferation activity. There is general agreement that endothelial cells also secrete
BDNF and express BDNF receptors as well, but there is disagreement about whether
this factor can regulate endothelial cell function (107,108).

A similar situation exists for CNTF. This polypeptide is produced by RPE and
microglial cells although there is no clear demonstration of its actions on these cells, or
on endothelial cells in the retina or choroid. In contrast, GDNF is synthesized by
microglial cells and can enhance their survival as well as regulate the permeability of
endothelial cell junctions (109,110).

We have already mentioned that many types of retinal cells contribute to the pathogen-
esis of macular degeneration and other retinal degenerations. There is evidence that one
of the later identified NT factors, PEDF is intimately involved in the pathophysiology of
these cells. PEDF is not only synthesized and secreted by RPE and vascular endothelial
cells, but also it can alter the morphology and properties of these cells, as well as Müller



Neuroprotective Factors and Retinal Degenerations 443

glia. It also causes the production of other factors by microglial cells and has multiple
inhibitory effects on endothelial cells during neovascularization (111,112).

As is true for any neuron, the health of the photoreceptors is tightly linked to the nor-
mal function of supporting cells. These findings are important because they imply that
the survival of the neural retina is governed by more than one cell type and more than
one endogenous factor. This generates a broader range of therapeutic targets that can be
scrutinized for developing retinal degeneration treatments. Consequently, although it is
prudent to focus on developing exogeneous strategies that influence the survival of pho-
toreceptors, it may also be worthwhile to promote endogenous neuroprotective mecha-
nisms and augment normal function of supporting cells to optimize treatment for retinal
pathologies associated with photoreceptor cell death.

DELIVERY OF NEUROPROTECTIVE FACTORS

Systemic Delivery

It is one thing to show that neuroprotective factors are effective inhibitors of photore-
ceptor cell death; it is quite another to translate this finding into therapeutics for retinal
degenerative diseases. The indications from experimental models used so far suggest
that the amounts of neuroprotective factors required for activity are relatively small—
they work well in the low nanomolar to picomolar ranges.

The simplest way to provide a neuroprotective factor to the retina is by systemic
delivery. There is some evidence that this route will allow therapeutic doses of some
factors to reach the retina. For example, in a mouse model of ischemia-induced
retinopathy, daily systemic injections of microgram quantities of PEDF can prevent reti-
nal neovascularization (113). Systemic injections of 5 to 11 μg/d were sufficient to gen-
erate a therapeutic response in the eye. Despite the restriction of PEDF movement by
the blood–retinal barrier, the binding of PEDF to other sites in the body and the possi-
ble degradation of PEDF, it is clear that sufficient PEDF reaches the eye to be of thera-
peutic value.

There may also be less rapid degradation of PEDF in systemic routes because this
protein is secreted by the liver, and significant amounts of it is found in circulating
plasma (114,115). Thus systemic injections of PEDF and other NT molecules normally
found in circulating plasma could be an effective way of treating degenerative diseases
if the blood–retina barrier would permit, or could be manipulated to allow, their access
to the retina in nanomolar doses. Although this is a practical approach, a major concern
that arises is that of unwanted side effects in other organs with systemic injections of
therapeutic molecules. Two such examples of side effects were observed in the clinical
trials of CNTF as a therapy for amyotrophic lateral sclerosis and GDNF for Parkinson’s
disease where there was substantial weight loss among participants (92,116).

Site-Targeted Delivery

A more effective and direct approach to deliver neuroprotective factors is to inject
them at the target site of action. This strategy is somewhat more invasive but shows
promising results in several animal models. Injection of 1 μL of a 1 μg/μL solution of
BDNF, CNTF, or PEDF into the vitreous of the superior hemisphere of rat eyes provides
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protection to photoreceptors against the damaging effects of 1 wk of continuous light
exposure to the eye (90). Although a number of diseases routinely require patients to
carry out multiple systemic injections at home, intraocular injections will require more
careful administration by highly skilled personnel and will most likely have greater
risks of retinal damage and ocular infections.

Slow Release Polymers

A variation of this strategy currently under investigation is the use of safe and effec-
tive long-term slow release polymers that contain neuroprotective factors. Biodegradable
polymers such as poly(lactide-co-glycolide) have been used to encapsulate proteins and
peptides and can release therapeutic doses of the molecules for extended periods
(117,118). Encapsulated NT factors have already been shown to augment the survival of
transplants in the brain (119,120). Although not eliminating the need for intraocular
injections, such an approach would lessen the frequency of injections and possibly make
it a more acceptable form of therapy.

Eyedrop Formulations

Finally, we should not exclude the application of NT molecules to the ocular surface
to target the retina. For many years, eyedrops containing drugs at pharmacologically
active doses that diffused to the ciliary epithelium were used in the medical management
of glaucoma. There is some evidence that drugs applied in this way can affect retinal
physiology. Likewise, therapies for retinal degenerations could be formulated for topical
application. It may even be possible to have factors diffuse through the sclera overlying
the retina. Experimental measurements of molecular diffusion across the sclera have
shown that the rate of diffusion is inversely proportional to size of the molecule. Proteins
and nucleic acids large enough to be therapeutic agents can be induced to cross the sclera
by application of a mild electric current (121). Although such methods have not yet been
tried in animal models of retinal degeneration, it is easy to see how such treatments could
be self administered or provided during simple office visits.

Unfortunately, the diffusion of large neuroprotective polypeptides poses a problem
for such delivery because they are slower to cross the cornea or sclera than the small
molecules currently used in eyedrops. Therefore, it is less likely that therapeutic doses
of such factors could reach the retina by this route. One way of circumventing this
problem would be to find small peptide fragments that are biologically active and that
are able to diffuse more easily through to the retina. So far, only one such fragment,
a 44 amino acid region of PEDF, shows neuroprotective actions consistent with those of
the parent protein (122,123). As we have shown, phylogenetic analysis of the NT
polypeptides is a useful method to identify highly conserved surface epitopes that are
unique to a protein and which may contain the biological activity (123). Such studies
may identify small peptides from BDNF, CNTF and GDNF that have neuroprotective
activity and are more likely to diffuse rapidly through the cornea and sclera.

Biological Vectors

The other two methods of delivering neuroprotective polypeptides to the retina rely
on the use of biological vectors to carry the factor or engineering stem cells and
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mammalian cells to secrete the therapeutic protein of interest. Adenovirus and, more
recently, adeno-associated viral vectors have been used to deliver therapeutic genes to
localized target tissues. In the eye, virally delivered CNTF improves the survival of
RGCs and rod photoreceptors, as indicated by physiological and anatomical measure-
ments (124–128) and virally vectored PEDF into the vitreous or subretinal compartment
can block retinal neovascularization and protect photoreceptor from further degenera-
tion (129–133). These studies, though preliminary, show that viral mediated delivery of
NT factors is effective in attenuating cell death and blood vessel growth.

There are also some problems and risks to patients encountered when using current
DNA-mediated gene-transfer technologies. These include (1) obtaining clinically effec-
tive viral titers, (2) toxicity and immunogenicity as a result of the expression of viral
genes, (3) stable transgene expression in individuals requiring long-term treatment, and
(4) insertional mutagenesis by random viral integration into the host genome. These
concerns are being addressed and whether they prevent future development of this
approach for retinal degenerations remains to be seen.

However, in efforts to side step some of the current difficulties associated with gene
transfer using viral vectors, mammalian cells engineered to produce neuroprotective
factors have been generated. Engineered iris epithelial cells represent a good example
of such a technology. These are usually obtained from the patients needing treatment,
grown in culture, and then manipulated to produce high levels of the specific neuro-
protective factors. This would provide autologous transplants of cells to repopulate the
diseased eyes, avoiding issues of tissue rejection and thereby decreasing side effects.
Whether or not there is appropriate integration into the target tissue and secretion of
therapeutic amounts of the protein over the period necessary to prevent degeneration are
questions still being addressed.

Success of the strategy, however, was shown in a rat model, in which autologous iris
epithelial cells, stably transfected to produce high levels of PEDF, were transplanted
subretinally in the eye (134). The transplanted cells secreted PEDF, blocked blood ves-
sel growth in models of retinal neovacularization, and delayed photoreceptor death in a
model of retinal degeneration. In both cases, higher levels of PEDF were expressed in
the retina. It is possible that other types of cells, such as RPE cells from fetal or donor
eye tissues, could also be exploited for this form of neuroprotective strategy in which
autologous cells are not readily available. Such an approach may not only generate ele-
vated levels of the neuroprotective factors but may also provide functional RPE cells
that would correct some of the pathologies resulting from the defective RPE cells asso-
ciated with both macular degeneration and RP.

An approach, still in its infancy, is the use of stem cells genetically engineered to pro-
duce a target neuroprotective factor. The use of stem cells to prevent additional loss of
photoreceptors is also a good alternate approach to autologous iris pigment epithelial
transfer and is currently under investigation for macular degeneration therapy. In theory
at least, after transplantation in the subretinal space, these cells would have the additional
advantage of being given the appropriate retinal cues to undergo controlled differentia-
tion and integration into the retina to replace lost photoreceptors. Stem cells altered to
produce specific neuroprotective factors are less susceptible to the microenvironment
that led to loss of the photoreceptors in the first place. These cells may provide
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implantable reservoirs of neuroprotective factors and are not restricted to autologous
cells. Engineered stem cell populations could also be encapsulated to lessen the proba-
bility that they will disperse from the site of injection or mount an immune response.
Such an approach would correct the visual deficits caused by macular degeneration or
RP, while, at the same time, allows adequate amounts of neuroprotective factor to
become available to prevent more cells from dying.

SUMMARY AND PROSPECTS

At the beginning of this chapter, we suggested that in many forms of degenerative
diseases retinal neurons die because transient stresses overwhelm the cellular homeo-
static mechanisms. As we learn more about the wide range of molecules that can 
protect retinal neurons in experimental models of neurodegenerative diseases, we can
look ahead to the day when most can be prevented, or their progress at least dramat-
ically slowed down. To reach this goal we first need better diagnostic tools and ear-
lier diagnosis. Although much is known about the genetics of many forms of RP, there
is still a dearth of genetic markers for these disorders; although we can now account
for much of the genetic risk for macular degeneration, we still need a better under-
standing of the environmental triggers for the disease. We also need to define the
molecular pathways by which the various environmental and genetic insults lead to
retinal degeneration.

What we now know emphasizes three important concepts when considering the use of
neuroprotective molecules to treat some forms of retinal degenerations: (1) protection by
these factors is finite, (2) strong toxic insults will still cause death in the presence of NT
molecules, and (3) neuroprotective pathways must be activated before a rapidly acting
toxic insults like hydrogen peroxide or glutamate can trigger cell death cascades.

What we do not know is precisely how these factors work and whether there are syn-
ergistic actions among them and the intracellular pathways they control. There is clearly
cross talk between these signaling pathways as shown diagramatically in Fig. 4. We
have discussed the possibility that common degenerative signals and common neuro-
protective pathways may be regulated by multiple factors in the retina. However, what
need to be explored more carefully are the questions of whether different types of insult
trigger a common degenerative cascade in all neurons or whether initial damage caused
by a specific injury is unique to that insult but converges on a key set of downstream
molecules that execute final degenerative decisions.

For therapeutic purposes, it is essential to determine if these factors act at the initial
stages of the disease or only on the downstream common pathways, or whether they all
activate the same intracellular signaling mechanisms. If the factors work on different
pathways and have synergistic actions, then we need to consider using a cocktail of
these agents to achieve maximum therapeutic efficacy.

Finally, we discussed the need for safer and convenient mechanisms of drug delivery.
Experimental models using single injections show only transient protection, probably
resulting from clearance of the molecule. Frequent intraocular injections carry risks and
are not convenient for the patient. We proposed that injections of drug formulations that
have long-term effectiveness would be clinically more attractive alternatives. An even
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better approach would be to develop therapeutic small molecules that can cross the
sclera or are effective after application to the cornea.

With the increasing pace of work in each of these areas, we are confident that effec-
tive long-term therapies for retinal degenerative diseases will soon become a reality.
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INTRODUCTION

Of the 14 loci so far associated with autosomal dominant retinitis pigmentosa (RP),
the most recently cloned gene is the one responsible for RP17 which occurs in six
South African families comprising 187 individuals. Of these, 60 individuals are cur-
rently affected with RP and 16 are at risk by virtue of their relatedness to a known
mutation carrier. The gene responsible for RP17 is carbonic anhydrase IV (CA4), one
of a family of carbonic anhydrases which are involved in the interconversion of carbon
dioxide and carbonic acid (1). The proposed mechanism of disease suggests that a
drug-based treatment may be possible.

DISCUSSION

Of the six South African families linked to the RP17 focus genealogical studies have
revealed the links between five of these families, whereas the sixth family cannot be linked
at present. The average age of onset of RP in the affected individuals is 25 yr, and the aver-
age age of all affected individuals in the cohort is 49 yr.

Ophthalmological findings in RP17 individuals demonstrate the same high degree of
variability usually associated with retinal degenerative disorders. On average though,
the following description will fit most patients:
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• Electroretinogram: Nonrecordable.
• Dilated fundal examination: Typical changes of RP, including waxy pallor of the optic

nerve heads, attenuated retinal vasculature, marked depigmentation, and choroidal atrophy
in the macular area and peripheral fundus.

Bone spicule pigmentary deposits were distributed through all four segments of the
retinas. No cataracts were present, but marked cellularity of the vitreous was observed.

The macular showed cystoid changes with marked retinal epithelial thinning.
The RP17 locus was initially mapped to the 17q22 chromosomal region by Bardien

et al. in 1995 (2). This region was refined and a number of candidate genes were
excluded by Bardien et al. in 1997 (3). The locus was fine mapped into a 1-cM region
by Bardien-Kruger in 1999 (4), whereafter the intensive hunt for a candidate gene in
the region was started. Also in 1999, den Hollander et al. (5) published mapping results
based on a Dutch family which mapped into the RP17 region. Because the original
South African family was of Dutch extraction, it was assumed that the Dutch family
and the South African families were related, albeit only by the RP17 mutation. 

The hunt for the RP17 gene after 1999 was assisted by intensive bioinformatic effort
to characterize candidates in the region and to construct sequence-based maps across
the candidate region. Initially sequence-based maps were limited by the paucity of
completed sequence in the region, although this situation quickly changed and it was
possible to create a physical map to compare to the linkage map that had formed the
backbone of the gene hunting effort up until that time.

In order to focus the effort of gene screening by DNA sequencing, which was at that
time a time-limiting step, we needed to further refine the candidate region and this was
performed by creating new STS markers based on the published sequence in the region.
A number of steps allowed us to reduce the region from 3 Mb to a much more manage-
able 410 kb. Within this region, a number of genes were screened by sequencing in a cou-
ple of affected South African RP17 individuals from each of the families. Finally, a
previously undescribed sequence change was detected in exon 1 of the CA4 gene. The
change is at base 40 of the complementary DNA sequence has been detected in all affected
individuals; this change has not been detected in 36 unaffected relatives and 100 unre-
lated individuals from the same population. The C to T transition mutation leads to a
change from an arginine to a tryptophan in the signal sequence at position –5 relative to
the signal peptidase cleavage site (R14W). This signal sequence variant is predicted not
to alter the sequence of the mature CA4. The R14W mutation creates an MscI restriction
endonuclease site which was used to screen for the mutation in the extended family. 

The gene, CA4, is a member of the carbonic anhydrase family of genes the products
of which catalyse the reversible reaction between carbon dioxide and carbonic acid,
according to the following reaction:

H2O + CO2 ↔ HCO−
3 + H+.

The CAIV enzyme is membrane bound and functions in the transport of CO2 across
membranes and into, or out of, solution in various tissues of the body. CA4 is expressed
in the luminal surfaces of vessels in a number of tissues including; the proximal renal
tubules (6), the lungs (7), and the choriocapillaris of the eye (8). Hageman et al. (8)
demonstrated expression of CA4 in only two tissues in the eye, namely the vessels of
the choriocapillaris, and in the lens.
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Functional studies on the R14W CA4, and comparisons with wild-type CA4 in Cos7
cells have shown that the R14W mutant leads to upregulation of markers of the unfolded
protein response (UPR), namely, upregulation of the Endoplasmic Reticulum (ER)
chaperone BiP, upregulation and activation of the ER kinase, PERK, and induction of
CHOP (GADD153) (1). Secondarily, the cells expressing the mutant CA4 have been
shown to induce apoptosis as measured by TUNEL staining and annexin V binding.

This evidence leads us to speculate that the R14W mutation is leading to cell death
by the UPR and apoptosis. This will, in turn, lead to defective CO2 and HCO3 transport
and eventual retinal destruction.

Subsequent work by Bonapace et al. (9) demonstrated in cell models that a number of
nonspecific chemical chaperones influence the processing of the mutant (R14W) CAIV
enzyme, and reduce the level of apoptotic loss associated with the mutation. Interestingly,
other proteins that bind to the defective molecule also assist with rescuing the biological
defect/process. In this respect, Bonapace et al. (9) investigated various carbonic anhydrase
inhibitors, which bind to carbonic anhydrase. These drugs/reagents are a proven treatment
for glaucoma. Bonapace et al. (9) showed that immunohistochemical staining for BiP,
PERK, and CHOP were positive in 82.5, 69.0, and 85.7% of the R14W mutant-expressing
cells, respectively, (these markers were detected in fewer than 5% of cells expressing wild-
type CA4). Expression of each of these markers in R14W expressing cells was reduced to
around 20% by 10 μM acetazolamide. Similarly, the markers of apoptosis, TUNEL stain-
ing, and annexin V binding were reduced from 65 and 85% of R14W expressing cells
respectively to 25 and 20%, respectively, in the presence of acetazolamide.

This work demonstrates that, at least in vitro, the phenotype of the R14W CA4
mutant may be rescued to a large degree. Before these results an be applied in a possi-
ble treatment trial in R14W mutant RP sufferers, three issues remain to be addressed:

1. Route of administration.
2. Dosage.
3. Duration of treatment.

Route of Administration

Clearly, the best approach will be to try to evaluate the treatment that enables the
lowest dose of active ingredient to be used. This limits the choice of carbonic anhy-
drase inhibitors because acetazolamide is systemically administered, and dorzolamide
and brinzolamide are topically delivered, thereby requiring much lower doses.

Dosage

The concentration of active ingredient evaluated by Bonapace et al. (9) was 10
μM and the only evidence for tissue concentration post treatment is available for
dorzolamide in which Sugrue examined the tissue layers in rabbit eyes after 14 ds of
twice daily administration and showed that the concentration of dorzolamide in the
various layers were: retina, – approx 3.6 μM; choroid, approx 4.0 μM; and Sclera,
approx 3.6 μM (10). These concentrations are less that half the desired 10 μM and
clinical efficacy, on this evidence alone, would be unsure. When this reservation was
communicated to W. Sly (the group leader who carried out the work reported in the
Bonapace et al. article [9]), they performed a second analysis using Dorzolamide at
different concentrations and measuring the percentage of TUNEL positive cells.
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This work showed that at concentrations from 0.1 μM and up, the percentage of
TUNEL positive cells was 5% or less. This is strongly suggestive, assuming that
rabbit and human eyes behave similarly, that treatment with dorzolamide drops will
deliver an effective dose of active ingredient to the cell in the choriocapillaris.

Duration of Treatment

An equally important aspect of the design of a potential trial is that the metrics used
in the assessment of vision will be able to yield detectable changes that may then be
attributed to the treatment. In order to evaluate this we are in the process of starting a 2-yr
evaluation of our patient cohort to determine the baseline values for measures of vision,
and to determine the rate of change in these parameters over time.

CONCLUSION

It is obvious that the most trustworthy drug-response experiments will be derived
from work on an animal model of the disease, and this is in progress. We are working
to set the stage so that when the animal work has been concluded we will be in a posi-
tion to move to a treatment trial without further delay. Thereby, we are fulfilling our
promise to our subjects, and the implicit promise of molecular genetics as a whole, to
use the genetic discoveries to bring some meaningful change to the lives of sufferers.
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Macular Degeneration—An Addendum

Colin J. Barnstable and Joyce Tombran-Tink

In the last decade there has been an increasing focus on developing new treatments
for age-related macular degeneration because of the burgeoning aging population in the
Western world. Many attempts have been made to find genes important to the onset of
macular degeneration in the hope that we will understand the biological mechanisms
and pathways that trigger the disease so that we can develop the most effective inter-
vention strategies. Linkage and candidate gene studies have indicated that macular
degeneration is a multigenic disease. In chapter 2, Wang et al. describe the evidence for
a possible role of the ABCA-4, a retina-specific ATP-binding cassette transporter pro-
tein and the Apo-E gene, which encodes for a lipoprotein that maintains normal levels
of cholesterol, as two genes that are risk factors for AMDR when they are dysfunc-
tional. A recent review provides more details of the linkage studies that suggest a role
for these genes and lists others that have been proposed (1). ABCA-4 is clearly involved
in the early onset Stargardt’s disease but has a less clearly defined role in adult AMD.
Different alleles of Apo-E can confer risk for or protection from AMD but the effect is
relatively minor. Hemicentin-1, a gene on chromosome 1 encoding an extracellular
matrix protein, was previously thought to be important in AMD but is now viewed as a
marker for real AMD risk genes in the same region of chromosome 1. The linkage and
candidate gene studies have resulted in our understanding of how the dysfunction of
some genes may be risk factors for the pathogenesis of AMD. However, these do not
account for a significant number of the diseased cases or provide a clear indication of
the causes of AMD.

Recently, a new generation of high-density genetic analysis tools to exploit SNP
genotyping has been applied to AMD studies. SNPs are single-nucleotide polymor-
phisms that are scattered throughout the genome and have been used widely as poly-
morphic markers for over two decades to study point mutations in cancers and
congenital disease. Previously, the laborious gel-based analyses of single-stranded con-
formational polymorphisms (SSCP) have been the method for these genetic studies of
polygenic traits in a given population. However, a worldwide-based effort to identify
SNPs has now resulted in the identification of millions of these markers in public data-
bases with precisely matched chromosomal localization using information from the
human genome project. The overwhelming number of SNPs to screen for genetic dis-
eases has therefore resulted in the generation of arrays of 100,000 or more SNPs spaced
evenly along the genome, a much more efficient method to test an association of any
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disease or trait with a specific gene. Although the analysis and interpretation of these
whole genome studies are very complex, a number of studies of AMD have resulted in
important new information.

We have the spent the last year trying to put together this volume to include cutting
edge research and therapies for retinal degenerations and feel it is important to include
this brief essay as an update of the recent exciting findings of two other genes reported
to be associated with macular degeneration. The first report was based on a whole-
genome case-control association study for genes involved in the dry form of AMD
carried out by Klein et al. in 2005 (2). To maximize the chance of success, this group
chose clearly defined phenotypes for disease cases and controls. Case individuals all
exhibited at least some large drusen, the most prominent phenotypic marker for AMD,
combined with evidence of sight-threatening AMD (geographic atrophy or neovascular
AMD). Control individuals had either no or only a few small drusen. Data were ana-
lyzed using a statistically conservative approach to correct for the large number of
SNPs tested, thereby guaranteeing that the probability of a false positive was no greater
than the reported p values. The study used a subset of individuals who participated in
the Age-Related Eye Disease Study (AREDS) sponsored by the National Eye Institute.
Among the 116,204 single-nucleotide polymorphisms genotyped, an intronic and com-
mon variant in the complement factor H gene (CFH), a gene associated with comple-
ment inactivation, was strongly associated with AMD (nominal p value <10−7). In
individuals homozygous for the risk allele, the likelihood of AMD was increased by a
factor of 7.4 (95% confidence interval 2.9–19). In subsequent studies, polymorphism in
linkage disequilibrium with the risk allele representing a tyrosine–histidine change at
amino acid 402 was identified. This polymorphism is in a region of CFH that binds
heparin and C-reactive protein. The CFH gene is located on chromosome 1 in a region
that has repeatedly been linked to AMD in family-based studies. These findings were
confirmed and reported at the same time by two other groups (3,4) and by numerous
later studies of AMD patient populations (5–9). Some of these reports have shown that
other polymorphisms in the factor H gene are less prevalent in AMD and may play a
protective role in this disease (10,11).

The significance of the association of factor H and AMD is still being investigated;
however, we know that the function of this protein is to shut off complement activation.
It is therefore possible that the amino acid change at position 402 alters the efficacy of
this action, leading to enhanced inflammation that in turn leads to AMD. It is unclear
whether factor H polymorphisms are causative for AMD but it is likely that they gov-
ern the response to events triggered by other genes or environmental factors. The strong
association between factor H and AMD has rekindled interest in the idea that this dis-
ease has an important inflammatory component (12) and in the future we may see
increasing attempts to slow down the progression or block AMD by a number of anti-
inflammatory approaches in susceptible individuals.

There is also new evidence that complement component, factor B, is associated in
populations with the dry form of AMD (13). Factor B acts upstream of factor H in the
alternate complement pathway and solidifies the important role of this pathway in AMD.

While the factor H polymorphism is associated with a significant percentage of
AMD patients, it still represents a genetic risk factor for only a portion of the AMD
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population. A more recent pair of studies presented evidence for a gene that confers
substantial risk for the wet form of the disease (14,15). This study focused on an Asian
population where the wet form of the disease is more prevalent and the factor H poly-
morphism is less common. After examining almost 100,000 SNPs, only one showed a
significant association with the patient group. This SNP was located on chromosome
10q26, a region previously associated with AMD by linkage studies. More detailed
analysis suggests that the polymorphism associated with AMD resides in the promoter
region of the HTRA1 gene, a gene encoding a heat-shock serine protease. The predic-
tion from this study is that AMD patients transcribe this gene at a different rate than
controls. In support of this is the finding that in AMD patients, the levels of HTRA1
RNA and protein are elevated (15). Whether the HTRA1 enzyme is responsible for pro-
moting the vessel growth that is a hallmark of the wet form of AMD is not known.
These genetic investigations have, however, allowed the formulation of specific
hypotheses about the role of this protein.

The findings of very different genes as major risk factors for the dry and wet forms
of AMD imply that these are two distinct diseases, a hypothesis which is also supported
by the clinical presentation of the disorders. Such a conclusion, however, may be pre-
mature because immunocytochemical studies indicate elevated levels of HTRA1 in
drusen, the hallmark of the dry form of AMD (15), suggesting that HTRA1 could play
a role in the pathogenesis of both forms of the disease.

We have clearly moved into a new era of studying AMD and ongoing genetic studies
are almost certain to define more genes conferring significant risk for the disease. 

If the products of these genes interact with each other, then we may be able to iden-
tify a set of polymorphisms, or a haplotype, strong enough to be used as a diagnostic
predictor of AMD. From the biological point of view, the genetic findings are telling us
how the pathology of AMD develops. A better understanding of these pathways is a
necessary prerequisite to developing the next generation of therapies to combat this
prevalent and devastating disease.
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Retinal degeneration 2 (RdsRd2), 151
Retinal degeneration 3 (rd3), 152
Retinal degeneration 4 (rd4), 152
Retinal degeneration 5 (rd5), 245
Retinal degeneration 5 (Tubtub), 153
Retinal degeneration 6 (Mfrprd6), 153
Retinal degeneration 7 (Nr2e3rd7) , 154
Retinal degeneration 8 (Crb1rd8), 155
Retinal degeneration 9 (rd9), 155
Retinal degeneration 10 (Pde6brd10), 155
Retinal degeneration 11 (rd11), 155
Retinal degeneration 12 (Rpe65rd12), 156
Retinal degeneration 13 (rd13), 156
Retinal degeneration 14 (rd14), 156
Retinal degeneration 15 (rd15), 156
Retinal degeneration 16 (rd16), 157
Retinal hyperpigmentation, 24
Retinal stem cells (RSCs), 387
Retinitis pigmentosa, 61
Retinoschisin, 123, 126
Retinoschisis, 63
Reykjavik Eye Study, 25
RhuFab, 99
Rod-derived cone viability factor (RdCVF),

303
Rotterdam Study, 24
RP (RP9), 241
RP17, 453
RP2 gene, 262
RP51, 111
RPE, 173
RPE65, 75, 112, 242
RPGR, 257, 259
RPGRIP1, 79, 259
RS1-specific sequence, 123

S
Saldino-Mainzer syndrome, 64
Salisbury Eye Evaluation (SEE) project, 24
Schwann cells, 329
Scotoma, 122
Senescence, 332
Senior-Loken syndrome, 64
Sex Hormones, 35
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Shaker1, 139
Skin Color, 34
Smoking, 31
Sorsby fundus dystrophy (SFD), 241
Spherule, 271
Squalamine, 101
Stargardt disease (STGD), 29, 105, 226
STAT3, 440
Statins, 187
Stem cells, 331, 366, 383
Streptozotocin, 168
Stromal cell-derived factor (SDF)-1, 175
Sunlight Exposure, 34
Superior colliculus, 321
Synaptic protein SV-2, 283
Synaptophysin, 273

T
Thioredoxin, 301
Thrombocytopenia, 249
Tie-2, 171
Tissue inhibitors of metaloproteinases, 92
Totipotent, 387
TULPS, 245
Tumor necrosis factor receptor 1 (TNFR1),

297
Type 1 sigma receptor (σR1), 171

U
USH1C, 139
USH2A, 139,

Usher syndrome, 137, 139
Usherin, 139

V
Vascular permeability factor (VPF), 94
Vasculogenesis, 96
Vasodilation, 94
VEGF, 94
Vimentin, 371
Visual Impairment Project, 24
Visudyne, 407
Vitelliform macular dystrophy

(VMD; Best disease), 226
Vitiligo (Mitfmi-vit), 153
VLGR1, 139

W
Waltzer mouse, 139
Wisconsin Age-Related

Maculopathy (ARM)
Grading System, 23

X
X-linked juvenile retinoschisis (RS), 119
X-linked Norrie syndrome (NS), 122
X-linked RP (XLRP), 258

Z
Zeaxanthin, 33
Zellweger disease, 62, 64
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