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The genetics of age-related macular degeneration
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Age-related macular degeneration (AMD) isincreasingly recognized asacomplex genetic disorder inwhich one or more
genes contribute to an individual’s susceptibility for developing the condition. Twin and family studies as well as popu-
|ation-based geneti ¢ epidemiol ogic methods have convincingly demonstrated theimportance of geneticsinAMD, though
the extent of heritability, the number of genesinvolved, and the phenotypic and genetic heterogeneity of the condition
remain unresolved. The extent to which other hereditary macular dystrophies such as Stargardts disease, familia radia
drusen (malattialeventinese), Best'sdisease, and peripherin/RDS-related dystrophy arerelated to AMD remains unclear.
Alzheimer’s disease, ancther late onset, heterogeneous degenerative disorder of the central nervous system, offers a
valuable model for identifying the issues that confront AMD genetics.

INTRODUCTION

Despite numerous references in the ophthalmic literature dat-
ing more than 80 years ago [1], the genetic basis of age-re-
lated macular degeneration (AMD) has only recently received
focused attention from both the ophthalmology and genetics
communities. Thisattention haslargely been dueto the grow-
ing awareness of the role of genetics for a number of com-
plex, late-onset medical disorders and the devel opment of new
toolsthat allow usto define the genetic loci that contribute to
disease susceptibility. In this session of theAMD Symposium,
we focused on the evidence that supports the genetic basis of
AMD, thelessons that have been learned from the genetics of
Alzheimer’s disease, the strategies and methods for identify-
ing AMD susceptibility loci, and other molecular approaches
to understand the etiologies of AMD.

| STHERE A DISTINCTIVE PHENOTYPE FORAMD?

A primary issuefor genetics studiesof AMD istheneed for an
adequate definition of thedisorder. A classification system[2]
that isuseful for epidemiologic studiesor clinical trialsof AMD
may not be ideal for genetic analyses. The grading of ocular
pathology can provide an estimate of the severity of the dis-
ease, but does not necessarily correlate with the certainty of
the diagnosis. AMD is acondition that manifests progressive
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changes as well as endstage forms that often obscure the un-
derlying abnormalities. A number of disorders have similar
endstage patterns of pigment epithelial atrophy or chorioretinal
scarring that can mimic the diagnosis of AMD. Short of
endstage disease, there is controversy asto the point at which
aperson has accumulated sufficient retinal pathology to war-
rant adiagnosis of AMD, as compared to normal aging. The
Beaver Dam study demonstrated that there is a significantly
increased risk that patients with soft drusen are likely to
progressto advanced formsof AMD, and that small hard drusen
are common and not necessarily correlated with advanced
AMD [3]. However, thereare clearly casesin which advanced
disease (either geographic atrophy or choroidal neovascular
membranes) developsin the absence of soft drusen. Do these
patients have AMD or a phenotypically distinguishable form
of macular degeneration? Do the endstage patterns of disease
(geographic atrophy or choroidal neovascular membranes)
represent different underlying etiologiesfor AMD?Are macu-
lar photographs a sufficient tool for documentation of AMD,
or does this method of documentation overlook important pe-
ripheral retinal pathology?

Lewis et al [4,5], previously demonstrated that reticular
degeneration of the pigment epithelium and extramacular
drusen are closely correlated with AMD. These peripheral
changes can often beidentified far before there are significant
macular changes and they often are found in hereditary pat-
terns within families whose older members have advanced
AMD [6]. Should these findings also be included as part of
the phenotype for some families? Should age of onset and/or
the presence of vision loss be included in the definition of
AMD?
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The problems with the phenotype of AMD are not unlike
those that confronted the investigators of Alzheimer’s disease
(AD). Similar to AMD, some AD cases have particularly ag-
gressive development of dementia and early ages of onset.
However, early work from Sweden [7] identified a typical
course of illness for late-onset, more typical forms of
Alzheimer’sdisease (AD). For 25 years, thisapproachto “ posi-
tiveidentification” waslargely ignored inthe U.S., where AD
was regarded as adiagnosis of exclusion-resulting in substan-
tial phenotypic heterogeneity in the AD category. Two things
changed this: First was the discovery in the 1970's that neu-
rotransmitter defectsin AD were specific, i.e., thatAD isnot a
generalized process of neurodegeneration but isinstead amore
specific entity, i.e., adisease. [8] Second wasthediscovery by
Marshal Folstein and John Breitner that the “ positive identifi-
cation” approach identified aform of “senile dementia of the
Alzheimer type” with considerable familia aggregation [9].
The demonstration of the familia nature of “true” AD was
facilitated by the development of survival analytic techniques.
For areview of the genetic epidemiology of Alzheimer dis-
ease, see[10,11].

DOES CLINICAL HETEROGENEITY CORRELATE WITH GENETIC
HETEROGENEITY?

A second issue is whether or not the different clinical mani-
festations of AM D based on the presence or absence of drusen,
thetype of drusen, ancillary findings, the devel opment of geo-
graphic atrophy and/or choroidal neovascular membranes can
be used to distinguish different genetic formsof AMD. At least
two hereditary macular dystrophies, Stargardt’s disease [12-
14] and peripherin/RDS-related disorders[15-18], are known
to manifest several forms within families. Best’s disease can
have reduced penetrance and variable expressivity within fami-
lies. Monozygotic twin studies of AMD have shown impres-
sive concordance of clinical features of AMD, suggesting that
within families there may be specific phenotypes [19-21].
However de laPaz and Seddon [22] have documented awide
range of AMD phenotypes in several moderate- and larger-
sized AMD families. For a complex genetic disorder such as
AMD, it is possible that a single altered gene may be prima-
rily responsible for disease susceptibility, and yet other genes
may modify the age of onset or phenotypic features. Thusthere
is little support for using clinical phenotypes at this time to
subclassify AMD families, though this may be possible when
one or more causative genes are identified. Just as important
is the unresolved question as to the number of genetic loci
that may contribute to an individual developing AMD aswell
as the overall genetic heterogeneity of the condition.

WHAT 1S THE EVIDENCE FOR AM D AS A GENETIC DISORDER?

The cumulative evidence from twin studies, popul ation-based
segregation analyses such as from Beaver Dam [23] and
Framingham studies[24] and familial aggregation studiessuch
as that undertaken in the Rotterdam Eye Study [25] and in
Boston [26] are compelling argumentsfor therole of genetics
in AMD. However they provide only approximate estimates
asto the complexity and extent of the geneticsof AMD. There
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are relatively few series of monozygotic and dizygotic twin
studies of AMD [21,27] with confirmed zygosity by genetic
testing. Meyers [27] reported concordance of AMD in 23 of
23 monozygotic and 2 of 8 dizygotic volunteer, twin pairs;
thisincluded one dizygotic pair which was discordant for basal
laminar drusen. Klein et a [21] noted that eight of the nine
monozygotic twin pairs had similar fundus appearances and
severities of visual impairment. Inthe ninth pair, onetwin had
advanced exudative AMD with vision loss in one eye, while
the other had large, confluent drusen and good visual function
in both eyes. Unlike Alzheimer’s disease, there have been no
systematic population-based surveys of twinsfor AMD in or-
der to estimate the degree of heritability. However such atwin
study is currently underway in an effort to avoid the potential
biasesin small, volunteer-based samples and to provide a bet-
ter estimate of the heritability of AMD and the role of envi-
ronmental factors[28,29]. There have been four such studies
for AD [30-33]. Three studies included subjects of all ages,
specificaly including those that are most typical for AD on-
set; one was in a restricted population of younger men. The
former three suggested that 60-75% of the population vari-
ability in AD susceptibility can be attributed to genes. The
last found amuch lower heritability. In interpreting these find-
ings, one should remember that “ heritability” isaproportion,
not an absolute quantity. In populations of subjects who are
developing adisease like AD “ahead of schedule”, itislikely
that thereis substantial environmental provocation to account
for the acceleration of onset. Given a constant degree of ge-
netic input, heritability will then belower. These observations
suggest that the premise that an earlier onset of AMD ismore
likely to be genetic than aform of AMD with amore typical
age of onset may beinvalid [34].

The Beaver Dam population provided strong evidence for
amajor genelocusfor AMD [23]. A later study by Seddon et
al [26] evaluated first degree relatives of 119 AMD cases and
first degree relatives of 72 control individuals without AMD.
The mgjority of therelatives were siblings, though living par-
ents and children over age 40 were also included. The preva-
lence of AMD was significantly higher among first-degree
relatives of AMD case probands (23.7%) compared with that
observed for first-degreerel atives of control probands (11.6%).
The overall age- and sex-adjusted odds ratio was 2.4 (95%
Cl: 1.2-4.7), p=0.13. For the subset of cases with choroidal
neovascular membranes, the oddsratio was 3.1 (95% Cl:1.5-
6.7). Dr. Klaver and Dr. de Jong conducted a similar study
using 101 cases with end-stage AMD and 154 randomly se-
lected subjects without evidence of AMD. They found that
the siblings of cases had an odds ratio of early AMD of 4.8
(95% CI 1.8-12.2) and an odds ratio for end-stage AMD of
19.8 (95% CI 3.1-126). The children of cases had an odds
ratio of 6.6 (95% Cl 1.4-31.8) for early AMD changes. Not
surprisingly, none of the children of AMD cases were found
to have endstageAMD. Overall, they attributed the occurrence
of the disease to a genetic component for 76% of the subjects
with afamily history of AMD and that 23% of all of the end-
stage AMD could be due to agenetic basis. [25]

Recently apolipoprotein E has been shown to be associ-
ated with AMD based upon the reduced prevalence of the €4



Molecular Vision 1999; 5:29 <http://www.molvis.org/molvis/v5/p29>

allele in patients with exudative AMD as compared to a con-
trol sample[35]. Klaver et al [36] have reported similar find-
ings as well as evidence of the ApoE protein within AMD-
associated depositsin the macula. This association may bethe
exact opposite of the situation in AD in which the genotype at
the polymorphic locus APOE (which encodes the protein
apolipoprotein E) strongly predicts the age at which suscep-
tibleindividualswill develop AD [37-39]. In particular, thee4
allele (one of three normal variants) appearsto accelerate the
onset of AD. This acceleration results in higher age-specific
prevalence and incidence of AD in those who have an €4 al-
lele, and especially in €4 homozygotes. Thus, in epidemio-
logic studies, the €4 alele of APOE initially appeared as a
deterministic factor for AD, though now the consensusis that
itisamodifying gene. It isimportant to note that the relation-
ship of APOE to AD was established by nonparametric link-
ageanalysis, thus showing that this approach can successfully
identify causative aswell as modifier genesrelated to a com-
plex genetic disorder.

WHAT 1S THE RELATIONSHIP OF OTHER HEREDITARY MACULAR
DYSTROPHIESWITH AMD?
Studies of the tissue inhibitor of metall oproteinase-3 (TIMP-
3) which has been implicated in Sorsby’s fundus dystrophy
have failed to indicate an association with AMD [40]. Simi-
larly, peripherin mutations are well-described to cause macu-
lar dystrophiesin anumber of families[15,18,41], but consti-
tute avery small percentage of AMD cases. The recent map-
ping of the genetic loci for malattia leventinese [42], North
Carolinamacular dystrophy [43], and several moderately-sized
AMD families [44; unpublished data] provide additional op-
portunitiesto investigate these regions of the genome for can-
didate genesand their broader relationship with common forms
of AMD. As discussed in another session of this symposium,
therole of the ABCR gene associated with Stargardt’s disease
with AMD has been proposed [12] and contested [45].
While many investigators have looked upon the heredi-
tary macular dystrophies as specific modelsof AMD, itismore
likely that they represent fairly rare genetic events along a
common pathway that leads to retinal/RPE degeneration.
Again, Alzheimer’s disease has proven to be a useful para-
digm for understanding the relationship of rare familial forms
of seniledementiawith AD. The cloning of the genefor the 3-
amyloid precursor protein (APP) and the eventual identifica-
tion of disease-producing mutations in APP proved that AD
could be provoked by genes. Furthermore, sinceall those with
functional mutationsin these geneseventually developed AD,
it was clear that genes could be sufficient, as well as neces-
sary to provoke the AD phenotype. Later discoveries of other
rare mutations on other chromosomes made it clear that the
AD phenotype was a “fina common pathway” that could be
provoked by several different genes. The relevance of 3-amy-
loid to AD pathogenesis has emphasized that each of these
mutations alters 3-amyloid’s metabolism in someway. Clearly
the investigation of monogenic macular dystrophieswill play
akey role in the study of AMD, athough it will take coordi-
nated effort with other approaches to establish the extent to
which they account for the common forms of AMD.
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How poes oNE EXPLORE AM D AS A COMPLEX GENETIC
DISORDER?

In complex, age-dependent disorders, genes can act (either
aone or in concert with environmental factors) in any of sev-
eral ways. It isimportant to examine population datathat can
clarify whether genes are effect modifiersor fundamental sus-
ceptibility factors. Those who would “ go for thegold” in seek-
ing to explain disease susceptibility or pathogenesis may wish
to investigate the latter.

In order to test candidate genes and genetic loci associ-
ated with classical macular dystrophies as well as search for
any genetic loci that may contribute to AMD susceptibility,
several groupsarerelying upon the use of nonparametric link-
age studies using large numbers of relatively small AMD fami-
lies (two or more affected individuals, generally siblings). The
nonparametric approach allows the investigation of the po-
tential of association of a genetic locus with AMD without
specifying amodel of inheritance (dominant or recessive) and
without confoundment by genetic heterogeneity. The concept
isrelatively simple. If two members (for example, siblings or
cousins) both have AMD, then it is likely that the genes that
contribute to AMD susceptibility are among those shared by
thoseindividuals. If we examine many such families, the shared
regions that specifically contribute to AMD will be preferen-
tially observed, rising above random chance. With asufficient
number of families, even arelatively minor genetic locus that
contributes to AMD (either in a small percentage of families
or because it exerts a relatively minor influence) can be ob-
served. The number of familiesthat must be analyzed isdeter-
mined by the complexity of the genetics of the condition it-
self. While we can do simulations to predict the ability to de-
tect linkage of AMD with a major locus [6,46], we don't re-
aly know how many families have to be studied until the sta-
tistical testsfor linkage are evaluated.

In theory, even if many genes play arole in AMD, the
contribution of a specific locus can be assessed if one evalu-
ates a sufficient number of families. If alocus containsagene
that contributes to only a small percentage of AMD cases, it
can be easily overlooked unless one analyzes an enormous
number of families. An example of this issue can be seen in
Dr. Stone’s efforts to detect linkage of the GLCA1 locuswith
adult open angle glaucoma. Nonparametric analyses of his
glaucomafamiliesfailed to detect linkage with thislocus and
yet he has convincingly shown that mutationsin the GLCA1-
related gene are responsible for approximately 4% of open
angle glaucoma cases [47; personal communication, Edwin
Stone, 5 August 1993].

Gorin et a. conducted a 20 cM autosomal, genome-wide
scan for AMD susceptibility genes using 120 AMD families.
The diagnosis of AMD was made by a combination of photo-
graphsand eyecarerecordswith agrading system that assessed
the severity of macular alterations and the likelihood that the
underlying condition isAMD versus other causes of macular
degeneration. Because of the method of ascertainment prima-
rily from ophthalmology and vitreoretinal practices, approxi-
mately 65% of the patients had choroidal neovascular mem-
branes asafeature of their disorder. No evidence of linkageto
any of the known macular or retinal dystrophy loci wasfound,
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suggesting that no single hereditary macular dystrophy ap-
pearsto be responsible for amajor proportion of AMD cases.
Despite the initial identification of several AMD susceptibil-
ity loci from the first genome-wide scan and a second, 10 cM
genome-wide scan using 240 families, confirmatory analyses
with additional families and markers have failed to support
strong evidence for linkage at a single locus. Thus, this ap-
proach, while continuing to offer the promise of identifying
AMD-related laci, has not yet produced results. Thismay bea
reflection of the genetic heterogeneity of this group of disor-
ders in which any given gene contributes to less than 5-10%
of the familial AMD population. This limitation may eventu-
ally be overcome by evaluating many more families or work-
ing with populations with less genetic diversity.

WHAT IS THE ROLE OF ENVIRONMENTAL FACTORSIFAMD isA

COMPLEX GENETIC DISORDER?
It isacommon misperception, that acondition that hasastrong
genetic basis must occur independently of environmental fac-
tors. Genetic susceptibility isfrequently confused with genetic
determinism. For example, there is epidemiologic evidence
that smoking isasignificant risk factor for AMD [48-52] and
other dietary factors have been implicated [53,54]. Again,
Alzheimer’s disease offers a opportunity to consider environ-
mental factors that may modify the age of onset or likelihood
of developing disease. At least four environmental influences
(smoking, use of nonsteroidal anti-inflammatory medications,
hormone replacement therapy, and antioxidant vitamins) may
modify the genetically determined risk for AD. Among the
most dramatic demonstration of these effects have been stud-
ies conducted in identical twin pairs or siblings [31]. Here,
the control on genes offers obvious advantages in the “case-
control” design, since such studieslargely avoid confounding
with genes. They also allow for studies of environmental fac-
torsthat act specifically to modify onset (not otherwiseto al-
ter risk).

The co-twin control and sib designs offer substantial prom-
ise for the discovery of risk factors for AMD and other com-
plex disorders [55]. Once relevant genes are discovered, one
can conduct incidence (or even careful prevalence) studiesthat
show the influence of these genes at the population level. As
more genes are identified, there is the possibility of correlat-
ing specific phenotypes (clinical features, age of onset, likeli-
hood of progressionto either atrophy or choroidal neovascular
membranes) with underlying genetic variants. In AD, it now
seems that APOE polymorphism influences the onset of AD,
but does not otherwise influence susceptibility. [39] A num-
ber of authors have (mistakenly, in our opinion) characterized
APOE asa“major susceptibility locusfor AD”. Infact, APOE
influences onset, and thus age-specific risk, but not suscepti-
bility in the most specific sense of the word.

FUNCTIONAL GENOMIC APPROACHESTO AMD
Functional genomics is a relatively new term that describes
the evaluation of changes in transcript expression in one or
more specific cells or tissues in relation to an underlying al-
teration in biology. That alteration may be the result of trans-
formation of a cell type to a malignancy, the response to a
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pharmacologic agent, alterations in cell expression during
development, or the response of atissueto agenetic alteration
such as seen in agenetic disorder, gene manipulation or infec-
tion. New technologies such as cDNA arrays on glass slides
[56], oligonuclectide arrays on chips [57,58], seria analysis
of gene expression (SAGE) [59-61] and differential display
[62,63] offer new opportunitiesto investigate the cellular and
tissue responses to AMD. Rather than relying on the linkage
of one or more genomic regions with AMD in single or mul-
tiple families, this approach focuses on patterns of transcript
expression in normal and AMD affected tissues to determine
the cascade of molecular events involved in various stages
and phenotypes of AMD. Some of these methods employ ar-
rays of known transcripts (such asthe cDNA and oligonucle-
otide arrays), while other approaches (such as SAGE and dif-
ferential display) providethe capability to discover new genes
within theretina, pigment epithelium, and choroid. Kuehn and
Hageman have applied differential display [64] and gene ar-
raystoidentify avariety of differentially expressed molecules
in the RPE derived from donors with AMD as compared to
the expression patterns observed in the RPE from healthy eyes
[unpublished data].

Such strategies offer the potential of expanding the set of
genesthat areinvolved in the pathogenesis of AMD aswell as
the normal function of the retinaand RPE/choroidal interface,
but they cannot by themselves establish causality. As aluded
to above, it islikely that AMD represents a common pathway
of degeneration, much like that proposed for Alzheimer’sdis-
ease. Such studies can establish the interrelationship of the
different genesand proteinsthat contribute to this pathway, so
that as one or more genes for AMD are identified, we can
begin to assembl e the compl ex piecesthat comprisethe puzzle
of AMD pathogenesis. In combination with other genetic ap-
proaches, functional genomic methods offer aninval uabletool
for eventually understanding the interactions of the many cel-
lular processes that maintain the eye and contribute to AMD.

CoNcLUSIONS

The elucidation of the genetic bases of AMD is one of the
great challenges of ophthalmic research within the next de-
cade. The combination of multiple genetic approaches offers
the best opportunity to establish the role of one or more genes
in the pathogenesis of this disorder. The goals are: to achieve
the means of identifying individuals who have an increased
risk for developing AMD beforethey are symptomatic or have
serious pathol ogy, to understand the pathogenesis of AMD at
amolecular level so that new therapies can be devel oped and
tested, and to offer a therapeutic approach that combines en-
vironmental, dietary and pharmacologic modalities that will
minimize the impact of genetic susceptibility and preserve
sight.
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