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The cellular and molecular mechanisms underlying the death of photoreceptors and other retina cells in age-
related macular degeneration (AMD) remain poorly understood. Some of the questions for which answers need to
be sought, and which are explicitly or implicitly addressed in this article include: (1) how do patterns of cell death
inAMD compare, qualitatively and quantitatively, with “normal” cell death in aging retinas, and with cell deathin
retinitis pigmentosa (RP) and its animal models; (2) is apoptosisinvolved in AMD; (3) is there any evidence that
rods are necessary for cone survival; (4) if the answer is yes, is there evidence that rods produce one or more
survival-promoting factor(s) that act directly on cones; (5) are the effects of rods upon cones exclusively mediated
by diffusiblefactors, or do they also involve contact-mediated interactions; (6) isthere any evidence that photore-
ceptors regulate the survival and/or function of RPE and Miller cells, as well as the interactions between these
cells and cones; (7) are trophic factors and their receptors in the macula different from those in other parts of the
reting; and (8) are toxic mechanisms involved in the onset and progression of cell death in AMD? Clear cut
answers to most of these (and related) questions about cell death in AMD are not yet available. The goal of this
article isto summarize discussion that should help in the formulation of suitable hypotheses, amenable to experi-
mental analysis. To provide a platform for such discussion, we present an overview of progress made in recent
yearsinthe analysis of other retina degenerations and of neuronal degenerationsin other regions of the CNS. We

conclude with an overview of concepts and speculation derived from our current research.

TRANSGENIC M ODELS OF AMYOTROPHIC L ATERAL SCLEROSIS
AND ALZHEIMER’ s DISEASE
Thehuman neurodegenerative diseases, including Alzheimer’s
disease (AD) and amyotrophic lateral sclerosis (ALS), are
adult-onset, chronic, progressive disorderswhoseclinical fea-
tures reflect the vulnerability of specific populations of neu-
rons in each disease. In ALS, weakness and atrophy reflect
dysfunction/death of motor neurons; in AD, memory loss and
dementiaare the result of neurofibrillary tangles, amyloid de-
posits, and death of neuronsin cortex and hippocampus. Sub-
sets of cases of familial ALS (FALS) and AD (FAD), often
show dominant inheritance: some cases of FALS arelinked to
mutations in the superoxide dismutase | (SOD 1) gene; and
some pedigrees with FAD exhibit mutations in genes encod-
ing either the amyloid precursor protein (APP) or the
presenilins (PS | and PS2). The biology of these mutant
transgene products has been clarified by recent in vitroand in
vivo studies. Invitro, some mutant SOD 1 transgene products
show normal enzyme activity, yet kill cells, presumably, by
the acquisition of neurotoxic properties. In vitro studies have
provided new information about the topology and processing
of APP and effects of mutations of APP and PS 1 on
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amyloidogenesis. However, the most exciting advances have
come from transgenic strategies that have been used to repro-
duce features of these human disordersin mice. In these mod-
els, investigators have begun to define the character, spatial/
temporal evolution, and mechanisms of cellular pathology as
well as the biochemical bases for the gain of toxic properties
associated with the presence of these mutant transgene prod-
ucts. Transgenic mice with SOD1 mutations develop weak-
ness and muscle atrophy associated with a variety of degen-
erative changes in motor neuronsthat result from the acquisi-
tion of toxic propertiesby mutant SOD1. Similarly, transgenic
mice that express mutant human FAD-linked genes show be-
havioral impairments and cellular abnormalities, including
senileplaques (i.e., amyloid deposits and dystrophic neurites).
The results of these studies indicate that, in mouse models of
FALS and FAD, the mutant transgene products lead to a cas-
cade of events that damage subsets of nerve cells. These
transgenic models are not only proving of great value for in-
vestigations of disease mechanisms, but they are being used
to design and test novel therapies that, if effective in model
systems, can be rapidly introduced into clinical trials.

| NTERDEPENDENCE OF PHOTORECEPTORS IN RETINAL DEGEN-
ERATIONS
Since 1990, many mutations that cause retinitis pigmentosa
(RP), amajor model of retinal degeneration, had been identi-
fied. In 1993, several groups demonstrated in different mu-
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rine models of RP that rod photoreceptors die by apoptosis.
Although apoptosis may be the final common pathway of rod
degeneration in RP [1], the mechanisms by which mutations
may |ead to apoptosis remain unknown. In spite of the scien-
tific progress made in the last decade, an effective treatment
for RPremains elusive.

Even without full knowledge of the pathogenic mecha-
nisms of the mutations, one might consider apoptosis as a po-
tential target of therapy. For cellsin general, itisbelieved that
some of the signals leading to apoptosis may be intimately
associated with signalsto divide. Therefore, long-terminhibi-
tion of rod photoreceptor apoptosis, even if such aninterven-
tion can be found, carries the risk of undesired cell prolifera-
tion. Thus, the value of this approach to treat RP till needsto
be established.

The “sequential model” of RP pathogenesis, which be-
gins with the cell’s specific expression of a mutant gene, re-
sulting in the presence of a defective protein (or the lack of a
normal functional protein) which in turn leads to apoptosis,
only deals with some of the underlying pathogenic mecha-
nismsleading to retinal degeneration. As shown by theresults
from experiments with chimeric mice [2,3], cell-to-cell inter-
actions play acritical rolein retinal degeneration caused by a
mutation. These results illustrated nonautonomy of gene ac-
tion and clearly demonstrated the concept that in RP, the mu-
tations act as if they trigger some retinal processes that ulti-
mately lead to degeneration of rod and cone photoreceptor as
well as other retina cells [4]. Therefore, a new conceptual
model of RP pathogenesis is needed to provide a framework
to addressthese unknown retinal processes, whichincludethe
mechani smsleading from arod-specific mutation to cone pho-
toreceptor death. Questions derived from the expanded con-
ceptual framework, regarding the potentia interdependence
of retinal cells, are particularly relevant to therapeutic research.

To provideanideal animal model for theimplementation
of this strategy, atransgenic pig model of RP was created [5-
7]. Transgenic pigs that express a mutated rhodopsin gene
(Pro347L eu) illustrate some important features of the broader
concept. Like RP patients with the same mutation, which ge-
netically is a rod-specific defect, these pigs have early and
severerod loss; however, many conessurvivetheinitial phase
of photoreceptor death; nevertheless, these cones continue to
degenerate. The persistence of functional cones in the
transgenic pigs over an extended period, more than a year,
suggests that the later phase of cone degeneration may bein-
dependent of the direct effects of theinitia disease-inducing
mutation, and thusimplicatesamore direct rolefor other reti-
nal mechanisms. Sincethere are many RP-inducing mutations
that viapotentially different mechanisms cause photoreceptor
death, the mechanisms causing degeneration of the residual
cones, therefore, may make acommon target for therapy. The
hypothesis that cones, perhaps more than rods, should be the
focus of therapeutic intervention has been suggested by sci-
entists; the Pro347L eu transgenic pigs, on the other hand, have
illustrated it.

In addition to the Pro347Leu pigs, a line of Pro347Ser
transgenic pigs has been created [8]. Compared to the
Pro347Leu pigs, the Pro347Ser pigs have a less severe phe-
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notype. In a 52 week old animal, 20% of the rods survived
and the cones remained relatively spared. The milder pheno-
type in Pro347Ser pigs may be due to the specific mutation.
Alternatively, the survival of almost all the cones may be due
to the presence of the rods. These transgenic pigs provide an
opportunity to test hypotheses regarding the gradual loss of
conesin RP.

TrRoPHIC FACTORS INFLUENCING CONE SURVIVAL
Several lines of evidence indicate that rod-cone interactions
are very important in cone survival. In the retinal degenera-
tion (rd) mouse mutant in which the genetic cause of the pa-
thology has been localized to rod photoreceptor cGMP phos-
phodiesterase, primary rod degeneration isfollowed by a sec-
ond wave of cone death [9]. In transgenic mice in which le-
thal transgenes aretargeted to rod photoreceptors, delayed cone
death followsthat of therods[10]. INAMD, it has been shown
that initial losses occur in the perifovea rods prior to cone
degeneration[11]. A simple hypothesisthat can be formulated
to explain this secondary cone death is that rods supply a
“trophic factor” either directly or indirectly necessary for cone
survival. We have conducted two different types of experi-
ment to address this possibility. The first exploits the lami-
nated structure of the retina and the existence of techniques
permitting clean separation of component retinal cell layers
by planar vibratome sectioning. Fragments of normal mouse
outer nuclear layers (composed of ~97% rods) were trans-
planted into the subretinal space of recipient rd miceeyesat a
time at which host rods have virtually disappeared but ~50%
cones are still present (5 weeks). Host cones, and rodsin both
host and transplanted retinas, were visualized using the cone-
specific lectin peanut agglutinin and rod-specific anti-opsin
antibodies respectively. Quantification of host cones in the
region surrounding the optic nerve head revealed highly sta-
tigtically significant increases (~30%) in their numbers com-
pared to unoperated or sham-operated controls 2 weeks after
surgery [12]. Such data indicate that rod-rich grafts promote
host cone survival, even at a distance from the graft site. To
distinguish between diffusible and contact-mediated influ-
ences, a second series of studies were undertaken using a co-
culture systeminwhich target 5 week old rd intact retinawere
maintained in chemically defined medium for one week. The
adjoining compartment, separated by a membrane alowing
passage of diffusible molecules but preventing contact, con-
tained either mixed retinal cell cultures prepared from young
normal or rd retinas (both containing rods), or explants of adult
normal (with rods) or rd(without rods) retinas. Photorecep-
tors were visualized using the immunocytochemical ap-
proaches described above, and in addition with anti-arrestin
antibody. Cones were quantified by stereological techniques
adapted from neurological anatomical studies, which permit-
ted reducing the wide standard deviations in cone humbers
recorded using other techniques (up to 2000%) to acceptable
levels (~6%). Only in co-cultures in which rods were present
in the adjoining culture chamber was there a statistically sig-
nificant increasein rd cone numbers (prevention of ~50% |oss
normally occurring between 5 and 6 weeks) compared to rd
retinas cultured aone [13]. These data support the existence
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of diffusible factors released by normal rod-containing reti-
nas necessary for continued cone survival.

Theuse of neurotrophic factorsas pharmacol ogical agents
for limiting or preventing retinal degenerationis an attractive
possibility [14], but neurotrophic factor biology is complex
and general principlesaredifficult to formulate. For example,
agiven growth factor can either stimulate or inhibit photore-
ceptor differentiation or survival depending on the species
being studied [15]. Clearly if such moleculesareto beusedin
clinical treatments, more information is required on humans
and appropriate animal models. We have shown that retinal
photoreceptors and other neuronsisolated from fully adult post-
mortem human retinas or pigs (an interesting model of human
retina) can survive, regrow neurites and display correct ion-
and voltage-gated channel activity when maintained in stan-
dard long term monolayer culture conditions [16,17]. Such
models are currently being used to analyze cell-cell interac-
tions and to screen known neurotrophic factors for photore-
ceptor survival-promoting activity, and could in addition pro-
vide a donor-independent source of transplantable material.

PHoTORECEPTOR DYSFUNCTION AND DEATH IN AGING AND
AGE-RELATED M ACULOPATHY

The human macula contains a small cone dominated fovea
surrounded by arod dominated parafovea. Each condition af-
fecting photoreceptorshasacharacteristic rate of rod and cone
degeneration. Photoreceptor statusisthe most direct bioassay
of thefunctional significanceof pathol ogic changesin the RPE/
Bruch’'s membrane complex. Recent anatomical and psycho-
physical studies have provided insight not only into how pho-
toreceptors are affected in aging and ARM but also into pos-
sible mechanisms[11,18-23].

Aging— Anatomy: In eyeswith grossly normal maculae,
the number of cones is stable through the ninth decade, but
the spatial density of rods in the parafovea is decreased by
30%. Mosaic integrity is maintained despite loss, however,
because surviving rod inner segments broaden to fill vacated
space.

Aging—Psychophysics. Older adultswith excellent macu-
lar health exhibit a scotopic sensitivity loss of 0.5 log units.
Scotopic sensitivity lossis not greater in the parafoveawhere
anatomic rod lossis maximal. Thisfinding suggeststhat other
mechanisms, such as s owed rhodopsin regeneration,may con-
tribute to decrease sensitivity. In fact, the rate of dark adapta-
tion slowsover thelifespan, especially the rod-mediated com-
ponent of the function.

ARM—Anatomy: Eyes with large drusen (>125 um) or
severe RPE changes have detectabl e photoreceptor degenera-
tion. In eyes with large drusen and thick basal deposits, the
number of foveal conesisstable. The density of both rodsand
cones decreases in the parafovea relative to age-matched
normals, but rod lossis worse.

ARM—Psychophysics: Both scotopic and photopic sen-
sitivity are decreased in ARM patients compared to control
patients. The mgjority of ARM patients exhibit more scotopic
sensitivity loss than photopic sensitivity loss. Even in ARM
patients whose scotopic sensitivity is unaffected, the kinetics
of dark adaptation are markedly slowed. ARM patients ex-
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pressed more difficulty with nighttime driving compared with
controls, and their reported difficulty varied proportionally to
their scotopic sensitivity loss.

Datafrom our multidisciplinary studiesare consistent with
the following conclusions: (1) Rods are affected earlier than
conesin both aging, and ARM. (2) Dark adaptometry isamore
sensitive test of rod dysfunction than scotopic sensitivity. (3)
The qualitative similarity of dark adaptometry in aging and
ARM suggests acommonality of mechanism. Slowing of the
rod adaptation curve implies slowed trandocation of 11-cis-
retina through the RPE/ Bruch's membrane complex. The
accumulation of Bruch's membrane debris, thought to impair
transport across this barrier, is a candidate mechanism that
could explain both aging and ARM changes. (4) Functionally
significant rod dysfunction occurswell before noticeable ana-
tomical degeneration and cell death. Intervention early in dis-
ease progression may retard or prevent photoreceptor death.

ProGRAMMED CELL DEATH AND NEUROTROPHIC FACTORS IN
RETINAL PATHOLOGY: A NOSTALGIC RE-EVALUATION OF THE
Goob OLD (SIMPLER) TIMES
The involvement of neurotrophic factors in the regulation of
developmental programmed cell death in the retina and other
neural tissues has been recognized for many years [24]. Ex-
trapolation from these developmental studies led, over a de-
cade ago, to the suggestion that trophic factors could also act
astherapeutic agentsfor retinal degenerations. After someini-
tial skepticism, enthusiasm for this concept increased dramati-
cally in the early 1990s; this was due to the discovery in sev-
eral laboratories that abnormal cell death in retinal degenera-
tions occurs through mechanisms similar to thoseinvolved in
programmed developmental neuronal death [1,25], and that
photoreceptor death in retinal degeneration animal models
could be prevented, or at least retarded, by intraocular admin-
istration of neurotrophic factors, similar to those that act on
developing cells. While much of this enthusiasm is clearly
justified, the evaluation of possible therapeutic uses of trophic
factors in patients should take into account some cautionary
notes derived from a substantial body of new information,
showing that the regulation of neuronal survival in the retina
(asin other neura organs) is much more complex than once
thought. The concept that factorsare highly cell type-specific,
for example, which was for many years a central tenet of the
neurotrophic hypothesis, is now being challenged by studies
showing that such monospecific factors are the exception,
rather than the rule [26-34]. The pleiotropic nature of most
factorsisusualy very broad, and their classification as “ neu-
rotrophic”, “growth-promoting”, “cytokines’, and the like,
frequently reflects only the sources and/or activities through
which they were discovered. This has a counterpart, on the
other hand, in the fact that most neuronal cells are capable of
responding to more than one factor. An additional, recently
discovered, source of concern is that some factors (e.g., the
neurotrophins) can induce the survival of some cells and the
death of others, with the difference depending on the type of

receptors expressed by each cell.
In the case of thereting, literally dozens of different fac-
tors have been identified [35-37]; the factors and their recep-
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tors are distributed in topographically specific patterns, and
their expression is dynamic and can change during develop-
ment as well asin response to pathological conditions. Asin
other neural organs and tissues, many of these factors can act
within the retina on various neurona and non-neurona cell
types, and the cellsin turn have receptorsfor, and can respond
to several different factors. It would appear, therefore, that the
survival and maintenance of retinal cells may be regulated by
a homeostatic network of factors, which could be atered in
still unpredictable fashion by intraocular factor injections.
Therefore, while neurotrophic factors and related molecular
agents obviously remain strong candidates as possible phar-
macological agents for the treatment of retinal degeneration,
additional information appears necessary to increase the effi-
cacy and safety of these putative therapeutic strategies

SOME CONCEPTS AND SPECULATION

While there are significant and obvious differences between
AMD and CNS degenerations such as Alzheimer’s disease
(AD), therearea soimportant similarities between themwhich
suggest that some of the principles emerging from researchiin
onefield could potentially berelevant to the other. While most
cases of macular degenerationand AD havealateonsetinlife
and lack clear patterns of inheritance, for example, there are
alsofamilial diseasesinwhich similar (if not necessarily iden-
tical) degenerations are triggered earlier in life, have Mende-
lian patterns of inheritance, and are caused by genetic muta-
tions that have already been identified. A considerable vol-
ume of information has been generated in the study of famil-
ial forms of AD and amyotrophic lateral sclerosis (ALS); in
vivo and in vitro studies of transgenic mice expressing mu-
tated forms of superoxide dismutase (for ALS), or of amyloid
precursor protein or the presenilins (for AD) haveled to much
progress in understanding mechanisms through which muta-
tions lead to characteristic pathological changesin the famil-
ial forms of the corresponding diseases. The similarities be-
tween those abnormalities and the pathology observed in pa-
tients with the late onset, non-familial forms of the diseases,
moreover, represents a substantial step forward towards the
formulation of testabl e hypotheses about their possible patho-
genesis. By analogy, it would appear reasonable to propose
that a similar strategy should be aggressively followed in the
case of AMD, by creating transgenic animal s expressing mu-
tations associated with familial forms of macular degenera-
tion because, even if the mutations are not involved in AMD,
analysis of the transgenic animals could produce significant
insights into the mechanisms leading to the complex patho-
logical changes associated with this disease.

Growing evidence showsthat mutations expressed in one
particular retinal cell type can affect not only cells of that type,
but also other retina cellsin which the mutations are not ex-
pressed. Clear evidence for such “non-cell autonomous’ ef-
fects are rod mutations causing human retinitis pigmentosa
and similar disordersin experimental animals. While the sec-
ondary degeneration of conesasaresult of rod-specific muta-
tions has attracted much attention, changesin other cellsaso
occur in those cases; studies from Fulton Wong's [2] and
Gabriel Travis [3] laboratories have shown that even wild
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type rods degenerate when they share the same microenviron-
ment with rods that express a mutation, and non-cell autono-
mous effects of rod mutations have also been described inreti-
nal pigment epithelium, in glial cells of Mller, and in vascu-
lar cells. The mechanisms underlying these non-cell autono-
mous mutation effects remain unknown; they could in prin-
cipleinvolveeither trophic or toxic interactions, whichinturn
could be mediated either by diffusible factors or by contact-
mediated cell interactions. Evidence[12,13] that suggestsvery
strongly that rods may be a source of survival-promoting
(“trophic”) factorsfor cone photoreceptors; thisisamost prom-
ising area of research, which should include not only investi-
gation of theidentity of such hypothetical factorsbut also their
mechanisms of action, their effects on other retina cells, and
their changes in abnormal retinas. The possible role of
apoptosi s-inducing mechanismswas not discussed at the sym-
posium due to time constraints, but it appears obvious that
they also deserve to be studied.

The notion that rod photoreceptors are necessary for the
survival and well being of cones (and perhaps other retinal
cells) appears very relevant for the interpretation of observa-
tions, which show that thereisasignificant loss of rod photo-
receptor cells, without concomitant cone cell loss, during “ nor-
mal aging”, while rod losses appear to be more extensive and
are accompanied by cone dropout in patients affected by age-
related maculopathy. It could be hypothesized that thereisa
threshold number of rod photoreceptors needed to support
cones, and that factors that precipitate AMD could do so by
exacerbating rod loss in the macular region of the retina until
they reach numbers below that threshold. This could happen
as a consequence of mutations in rod proteins (such as those
described in familial forms of macular degeneration) or as a
consequence of abnormalitiesin other cell types (such asthe
RPE).

Related to the preceding considerationsis the notion that
AMD and other macular degenerations may represent “cell
communication disorders’, in which an initial lesion affect-
ing one cell type leads to abnormal modifications of the reti-
nal microenvironment, which in turn triggers changes and the
eventual degeneration of other cells. Although it would be
tempting to view such microenvironmental aterationsinterms
of the loss of individual factors, the situation is likely to be
much more complicated because, thereisagrowing literature
[35,36,38] indicating the presence of avery large number of
members of several different growth factorsin theretina, and
retinal cells express receptors for several of them. The origi-
nal tenet of the neurotrophic hypothesis, namely, that each
cell requires one specific factor, and that each factor was spe-
cific for one or at most a very few cell types, is now being
extensively revised; factors appear to be much more pleiotro-
pic and promiscuous than once thought, and there are also
many interactions between members of different families of
growth factors. It is therefore likely that there is a complex
“growth factor homeostasis’ in the retina, and that its alter-
ations could lead to the many changes observed in AMD and
other retinal degenerations. This concept, moreover, raises a
concern regarding therapeutic approaches based on the in-
traocular administration of individual factors because, even if
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they are beneficial for one cell type in the short-term, they
may have undesired consegquences through the disruption of
the homeostatic balance within the retina. Clearly, much re-
search is needed to elucidate mechanisms of cell interactions
intheretina.
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The section on “ Transgenic Models of Amyotrophic L at-
eral Sclerosisand Alzheimer’s Disease” is based on a presen-
tation by Donald Price; the section on “Interdependence of
Photoreceptorsin Retinal Degenerations” is based on the ab-
stract of apresentation by Fulton\Wong; the section on“ Trophic
Factorsnfluencing Cone Survival” isbased on the abstract of
a presentation by David Hicks, co-authored by Saddek
Mohand-Said, Thierry Léveillard, Henri Dreyfus and José
Sahel; the section on “Photoreceptor Dysfunction and Death
in Aging and Age-related Maculopathy” is based on the ab-
stract of a presentation by Christine Curcio, co-authored by
Gregory Jackson and Cynthia Owsley; the section on “Pro-
grammed Cell Death and Neurotrophic Factorsin Retinal Pa-
thology: aNostalgic Re-evaluation of the Good Old (Simpler)
Times’ is based on the abstract of a presentation by Ruben
Adler.

REFERENCES

1. Chang GQ, Hao Y, Wong F. Apoptosis: final common pathway of
photoreceptor death in rd, rds, and rhodopsin mutant mice. Neu-
ron 1993; 11:595-605.

2. Huang PC, Gaitan AE, Hao Y, Petters RM, Wong F. Cellular inter-
actions implicated in the mechanism of photoreceptor degen-
eration in transgenic mice expressing amutant rhodopsin gene.
Proc Natl Acad Sci U SA 1993; 90:8484-8.

3. Kedzierski W, Bok D, Travis GH. Non-cell-autonomous photore-
ceptor degeneration in rds mutant mice mosaic for expression
of arescue transgene. JNeurosci 1998; 18:4076-82.

4. Wong F. Visua pigments, blue cone monochromasy, and retinitis
pigmentosa. Arch Ophthalmol 1990; 108:935-6.

5. Petters RM, Alexander CA, Wells KD, Collins EB, Sommer JR,
Blanton MR, Rojas G, Hao Y, FlowersWL, Bannin E, Cideciyan
AV, Jacobson SG, Wong F. Genetically engineered large animal
model for studying cone photoreceptor survival and degenera-
tion in retinitis pigmentosa. Nat Biotechnol 1997; 15:965-70.

6. Tso MO, Li WW, Zhang C, Lam TT, Hao Y, Petters RM, Wong F.
A pathologic study of degeneration of the rod and cone popula-
tions of the rhodopsin Pro347Leu transgenic pigs. Trans Am
Ophthalmol Soc 1997; 95:467-83.

7.Li ZY, Wong F, Chang JH, Possin DE, Hao Y, Petters RM, Milam
AH. Rhodopsin transgenic pigs as a model for human retinitis
pigmentosa. Invest Ophthalmol Vis Sci 1998; 39:806-19.

© Molecular Vision

8. Moon SJ, Hao Y, Petters RM, Wong F. Photoreceptor degenera-
tioninrhodopsin P347Stransgenic pigs. Invest Ophthalmol Vis
Sci 1998; 39:S880.

9. Carter-Dawson LD, LaVail MM, Sidman RL. Differential effect
of the rd mutation on rods and cones in the mouse retina. Invest
Ophthalmol Vis Sci 1978; 17:489-98.

10. McCall MA, Gregg RG, Merriman K, Goto Y, Peachey NS,
Stanford LR. Morphological and physiological consequences
of the selective elimination of rod photoreceptors in transgenic
mice. Exp Eye Res 1996; 63:35-50.

11. Curcio CA, Millican CL, Allen KA, Kalina RE. Aging of the
human photoreceptor mosaic: evidence for selective vulnerabil -
ity of rods in central retina. Invest Ophthalmol Vis Sci 1993;
34:3278-96.

12. Mohand-Said S, Hicks D, Simonutti M, Tran-Minh D, Deudon-
Combe A, Dreyfus H, Silverman MS, Ogilvie JM, TenkovaT,
Sahel J. Photoreceptor transplants increase host cone survival
in the retinal degeneration (rd) mouse. Ophthalmic Res 1997;
29:290-7.

13. Mohand-Said S, Deudon-CombeA, Hicks D, Simonuitti M, Forster
V, Fintz AC, Leveillard T, Dreyfus H, Sahel JA. Normal retina
releases a diffusible factor stimulating cone survival in the reti-
nal degeneration mouse. Proc Natl Acad Sci U S A 1998;
95:8357-62.

14. LaVail MM, Yasumura D, Matthes M T, Lau-Villacorta C, Unoki
K, Sung CH, Steinberg RH. Protection of mouse photorecep-
tors by survival factors in retinal degenerations. Invest
Ophthalmol Vis Sci 1998; 39:592-602.

15. Fuhrmann S, Kirsch M, Hofmann HD. Ciliary neurotrophic fac-
tor promotes chick photoreceptor development in vitro. Devel-
opment 1995; 121:2695-706.

16. Gaudin C, Forster V, Sahel J, Dreyfus H, Hicks D. Survival and
regeneration of adult human and other mammalian photorecep-
torsin culture. Invest Ophthalmol Vis Sci 1996; 37:2258-68.

17. Hicks D, Forster V, Dreyfus H, Sahel J. Survival and regenera-
tion of adult human photoreceptors in vitro. Brain Res 1994;
643:302-5.

18. Curcio CA, Medeiros NE, Millican CL. Photoreceptor loss in
age-related macular degeneration. Invest Ophthalmol Vis Sci
1996; 37:1236-49.

19. Curcio CA, Medeiros NE, Millican CL. The Alabama Age-Re-
lated Macular Degeneration Grading System for donor eyes.
Invest Ophthalmol Vis Sci 1998; 39:1085-96.

20. Jackson GR, Owsley C, Cideciyan AV, Huang Y, Lolley V,
Jacobson SG. Rod vs. cone sensitivity lossin age-related macu-
lar degeneration. Invest Ophthalmol Vis Sci 1997; 38:S354.

21. Jackson GR, Owsley C, Cordle EP, Finley CD. Aging and sc-
otopic sensitivity. Vision Res 1998; 38:3655-62.

22. Jackson GR, Owsley C. Aging-related changes in dark adapta-
tionin healthy eyes. Invest Ophthalmol Vis Sci 1998; 39:S1091.

23. Lamb TD, Pugh EN, Cideciyan AV, Jacobson SG. A conceptual
framework for analysis of dark adaptation kinetics in normal
subjects and in patients with retinal disease. Invest Ophthalmol
Vis Sci 1997; 38:S1121.

24. Adler R. Trophic interactions in retina development and in reti-
nal degenerations: in vivo and in vitro studies. In: R. Adler R,
Farber D, editors. The Retina: A Model for Cell Biology. Vol I.
Orlando: Academic Press; 1986. p. 112-50.

25. Portera-Cailliau C, Sung CH, Nathans J, Adler R. Apoptotic pho-
toreceptor cell death in mouse models of retinitis pigmentosa.
Proc Natl Acad Sci U SA 1994; 91:974-8.

26. Carter BD, Lewin GR. Neurotrophinsliveor let die: doesp75NTR
decide? Neuron 1997; 18:187-90.



Molecular Vision 1999; 5:31 <http://www.molvis.org/molvis/v5/p31>

27. Davies AM. The neurotrophic hypothesis: where does it stand?
Philos Trans R Soc Lond B Biol Sci 1996; 351:389-94.

28. Hanisch UK, Quirion R. Interleukin-2 as a neuroregulatory
cytokine. Brain Res Brain Res Rev 1995; 21:246-84.

29. Levi-Montalcini R, Skaper SD, Dal Toso R, Petrelli L, Leon A.
Nerve growth factor: from neurotrophin to neurokine. Trends
Neurosci 1996; 19:514-20.

30. Merrill JE, Benveniste EN. Cytokines in inflammatory brain le-
sions: helpful and harmful. Trends Neurosci 1996; 19:331-8.

31. Murphy M, Dutton R, Kablar S, Cheema S, Bartlett P. Cytokines
which signal through the LIF receptor and their actions in the
nervous system. Prog Neurobiol 1997; 52:355-78.

32. Patterson PH. Leukemiainhibitory factor, acytokine at the inter-
face between neurobiology and immunology. Proc Natl Acad
Sci U SA 1994; 91:7833-5.

33. Snider WD. Functions of the neurotrophins during nervous sys-

© Molecular Vision

tem devel opment: what the knockouts areteaching us. Cell 1994;
77:627-38.

34. Tolkovsky A. Neurotrophic factorsin action—new dogs and new
tricks. Trends Neurosci 1997; 20:1-3.

35. Schoen TJ, Chader J. Insulin-like growth factors and their blind-
ing proteins in the developing eye. Prog Retin Eye Res 1997;
16:479-507.

36. Tanihara H, Inatani M, Honda Y. Growth factors and their recep-
torsin the retina and pigment epithelium. Prog Retin Eye Res
1997; 271-301.

37. Belecky-Adams TL, Scheurer D, Adler R. Activin family mem-
bersin the devel oping chick retina: expression patterns, protein
distribution, and in vitro effects. Dev Biol 1999; 210:107-23.

38. Adler R. Mechanisms of photoreceptor death in retinal degenera-
tions. From the cell biology of the 1990s to the ophthalmology
of the 21st century? Arch Ophthalmol 1996; 114:79-83.



