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ABSTRACT Age-related maculopathy is aleading cause
of blindness in the elderly. It isamajor public health issue
of increasing importance as populations become older.
Currently considered untreatable, it is a complex disease
associated with both genetic and environment factors. As
currently reviewed, the importance of geneticsin the etiol-
ogy of age-related macular degeneration has been demon-
strated by family studies, twin studies and segregation analy-
sis. Ongoing research at the molecular level is endeavoring
to isolate genes involved in the pathogenesis of this com-
plex disease with the god of identifying those individuals
who are susceptible to impairment of visual function prior
to overt manifestation of disease. The ultimate aim of this
research is to identify molecular targets for appropriate and
early therapeutic intervention.

INTRODUCTION

Age-related maculopathy (ARM) is an im-
portant cause of severe visual impairment
(Tielsch 1995; Kleinet a. 1995). Currently, there
is no treatment to prevent visual loss for most
eyes that develop late stages of this condition.
While the natural history of ARM is beginning
to become better understood, its pathogenesis
remains largely unknown. Reduced vascular
flow, atherosclerosis, photo-oxidative damage,
inflammation, and increased growth factors are
hypothesized pathogenetic mechanismsfor this
disease (Young 1987; Vingerling et al. 1995zg;
Friedman 2000). Data from most studies of this
condition have shown a strong genetic compo-
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nent (Weekset a. 2000; Small et al. 1998, 1999;
Klein (ML) et al. 1998; Hoyng et al. 1996;
Meyers et a. 1995; Meyers 1994; Stone et al.
1992; Small et al. 1992b; Dosso and Bovet 1992;
Meyers and Zachary 1988). The purpose of this
paper is to review briefly the natural history,
pathology, and epidemiol ogy of ARM with em-
phasis on its genetic epidemiology.

NATURAL HISTORY AND
HISTOPATHOLOGY

Early ARM

Drusenvary agreat deal in appearance, merg-
ing at one end of the spectrum with the normal
fundus background and at the other end with
diffuse degeneration of the retinal pigment epi-
thelium (RPE). Typical small drusen usually
appear asindividua round, flat spotsintheplane
of the RPE. They may be apal e yellowish-white
color that contrasts sharply with the surround-
ing RPE, or only dightly more palethan the RPE
and easily overlooked. Drusen less than 63 mm
in diameter are classified as hard drusen. They
are present at al ages.

ARM is characterized by the presence of
large soft drusen, which are typically yellow-
white in color and often have visible thickness.
Some have sharp margins and a solid nodular
appearance whereas others have indistinct mar-
gins and a softer, more liquid appearance. Soft
drusen may be distributed asindividual spotsor
may appear to merge with adjacent drusen. Soft
drusen usually first appear in the 5th decade of
life. Soft drusen consist of proteinaceous mate-
ria containing, lipofusin, phopholipids, collagen
types|, I1, 1V, and V, laminin, heparan sulfate
proteoglycans, and vitronectin (Green and
Harland 1999; Hageman et al. 1999; Mullins et
al. 2000). While soft drusen usualy increase in
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size, number, and become confluent with age,
they may regress and disappear (about 20% over
a 5-year period) [Klein et a. 1997b]. The cen-
tral vision is usually unaffected or minimally
affected when retinal soft drusen are the only
manifestations of ARM (Klein et al. 1995).
Progression of ARM, in the presence of soft
drusen, ismarked by disruption of the RPE cells
in the outer layer of the retina. These changes
are characterized on ophthalmoscopy by the
appearance of grayish-blackish deposits in the
deep retina accompanied by depigmentation of
theRPE. Histopathologically, the RPE isattenu-
ated or atrophic and contains pigment clumps
(Green and Harland 1999). If the central part of
the reting, the fovea, is involved, visua acuity
may decrease and straight lines may appear dis-
torted or havemissing areas. Bruch’ smembrane,
which separates the choroid and retina, may con-
tain lipid deposits, and may be thicker than in
eyes of similar aged personswithout early signs
of ARM (Pauleikhoff et al. 1990; Curcio et al.
2000). Data from one study has suggested that
normal hydraulic flow between the choroid and
the RPE may bealtered (Mooreet al. 1995). Soft
drusen with or without pigmentary abnormali-
ties in the absence of signs of late ARM (de-
scribed below) characterize the early stages of
ARM. The choroidal blood vessels usually ap-
pear normal during the early stages of ARM.
Normally the condition involves both eyes; a
lack of symmetry may indicate a different un-
derlying cause of the drusen than aging.

Late ARM

Geographic atrophy, asign of late ARM, is
usually characterized by asharply defined, round
areaof dropout of the outer segments of thereti-
nal rod and cone photoreceptors, the RPE, and
the choriocapillaris (the small blood vessels in
the choroid that normally supply the outer lay-
ersof theretina), exposing larger choroidal blood
vessals. Initially, theatrophic areas may surround
the center of the fovea, the area of theretinare-
sponsible for fine vision, sparing central read-
ing vision; however, asthe condition progresses,
the atrophic areas become confluent and involve
the fovea, resulting in a loss of central vision.
The visual acuity may vary between 20/80 to 5/
200 or worse and alarge scotoma, or blind spot,

isapparent to the patient. This condition hasalso
been labeled “dry” age-related macular degen-
eration.

Another form of late ARM, labeled
neovascular or “wet” ARM, involves the new
growth of small choroidal blood vessels that
grow through Bruch’s membrane into the
subretinal space. The early stages of neovascular
age-related macular degeneration may not be
apparent if there is no other disturbance of the
retina. However, these vessels may leak, result-
ing in the detachment of the RPE and the sen-
sory retinacausing adisturbance of vision. Lipid
exudate may appear in the deep retinaand hem-
orrhage may appear in the subretinal space and
the retina. In the later stages, sheets or mounds
of white fibrous or fibrovascular tissue may ap-
pear in the central retina. This scar tissue, if it
involvesthe fovea, resultsin a profound loss of
central vision. The peripheral retina and vision
isusually spared in eyes with late ARM.

Other conditions, which may resemble ARM,
include various dystrophies such as Best’s dis-
ease, Sorsby’s, North Carolina, and pattern dys-
trophies, fundusflavimaculatus and Stargaardt’ s
disease (Gass 1987). These conditionshaveclini-
cal characteristics that usually permit them to
be distinguished from ARM. There are other
causes of neovascular macular degeneration
(e.g., myopic degeneration, choroidal rupture
due to trauma, Paget’ s disease, angioid streaks)
that must be differentiated from neovascular
ARM (Gass 1987). In epidemiological and ge-
netic studies, careful examination by a retinal
specialist along with adetailed history isimpor-
tant to avoid misclassifying neovascular macu-
lar degeneration due to these conditions as late
ARM.

Classification

Earlier clinical studies of ARM relied on
detection of thiscondition by direct and indirect
ophthalmoscopy. These approaches are not op-
timal for epidemiological studies and clinical
trials because they require uniformly trained
observers, do not provide a permanent record,
and make it difficult to compare findings from
center to center. Most epidemiological studies
now use stereoscopic color fundus photographs
of the macula, which provides an objective,



GENETICS OF AGE-RELATED MACULOPATHY

sensitive, and reproducible method for docu-
menting ARM (Klein et a. 1991a; Bird et al.
1995). Fundus photography israpid, noninvasive
and usually accepted by subjects. The photo-
graphs are graded using standardized protocols
to detect and classify the presence and severity
of ARM lesions.

Variousclassification schemesareavailable.
One such scheme has been published and has
becomewidely used. In thissystem the presence
and severity of various component lesions of
ARM (e.g., soft drusen, their size, type, area of
the retina covered, and confluence and pigmen-
tary abnormalities) are graded using a standard
sized grid to define the macula and other grids
to define the size and area of the retina covered
by the ARM lesions (Klein et al. 1991&; Bird et
al. 1995). Computer-assisted grading approaches
are being developed for quantitating ARM le-
sions from color fundus photographs (Shin and
Berger 1999).

To date, thereisno widely accepted severity
scale for ARM. Because early stages of ARM
(and even late stages of the disease, if not in-
volving thefovea) may befound in the presence
of normal visual acuity, the latter is not used to
classify the presence of this condition in epide-
miological studies.

Fluorescein angiography is an approach to
detect the presence, type, severity, and progres-
sion of choroidal new vessels in clinical trials
(Pieramici and Bresder 1999). However, angiog-
raphy has not been used in epidemiol ogical stud-
iesbecauseit isacostly invasive technique that
is associated with allergic side effects, includ-
ing anaphylaxis and death. Other angiographic
tests, such as indocyanine green, are also used
to detect subretinal new vessels in patient care
but not in epidemiological studies. Thereare no
other standardized clinical tests that character-
ize ARM.

EPIDEMIOLOGY

Prevalence and I ncidence

Data from population-based studies have
provided information on the prevalence, inci-
dence, and rates of progression of ARM (Klein
et a. 1997b; Kahn et a. 1977a, b; Klein and
Klein1982; Kleinet al. 1992; Klein et al. 19993,
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b; Schachat et al. 1995; Vingerling et al. 1995z;
Mitchell et al. 1995; Bressler et al. 1989;
Cruickshanks et al. 1997; Bressler et a. 1995;
Gibson et al. 1985; Sparrow et a. 1997). One
such study was done in alarge (n=4,926) white
(99%) largely Western European popul ation of
persons 44-86 years of age, living in Beaver
Dam, WI. (Kleinet al. 1997b; Klein et al. 1992)
The age-specific prevalence and 5-year inci-
dence of early and late ARM in the population,
as determined from 30° color stereoscopic fun-
dus photographs, are shown in Figures 1 and 2.
The prevalence of late ARM in Beaver Dam is
very similar to that found in the Rotterdam
(1.2%), Blue Mountains (1.4%), and
Framingham (1.5%) Eye Studies in personsless
than 86 years of age (Kahn et al. 1977;
Vingerling et a. 1995a; Mitchell et a. 1995;
Bressler et a. 1989).

The prevalence of early and late ARM in-
creases significantly with age in all epidemio-
logical studies. In Beaver Dam, persons 75 years
of age or older had a prevalence of late ARM of
7.8% and afive-year incidence of 5.4% (Klein
et a. 1997b; Klein et al. 1992). Over the first
five years of the Beaver Dam study, persons 75
years of age or older were six times as likely to
develop early or late ARM as persons 43 to 54
years of age at baseline.

RISK FACTORS
Sex

In Beaver Dam, women 75 years of age or
older had twice the incidence of early and more
than seven times the incidence of late ARM as
similarly aged men (Klein et a. 1997b). In the
Blue Mountains, women had consistently higher
prevalence of ARM than men although the dif-
ferenceswere not statistically significant (Smith
etal. 1997). No sex differences have been found
in other population-based studies (Kahn et al.
1977; Klein and Klein 1982; Schachat et al.
1995; Vingerling et al. 1995a).

Race

Similar frequencies of soft drusen have been
found in Mexican Americans, blacksand whites
(Klein et al. 19993, b; Schachat et al. 1995).
However, more severe stages of early ARM
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Fig. 1. The prevalence of early and late age-related maculopathy by age and sex in the Beaver Dam Eye Study
(1988-1990)
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Fig. 2. The 5-year incidence of early and late age-related maculopathy by age and sex in the Beaver Dam Eye
Study
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manifest by pigmentary abnormalities and late
ARM were found to be less frequent in
Mexican Americans and blacks compared to
whites. The reason for these differences among
racial/ethnic groups is not known. It is not ex-
plained by differencesin knownrisk factors(e.g.,
cigarette smoking, hypertension) among the ra-
cial/ethnic groups (Klein et al. 19993, b).

If pigmentation is causally associated (pro-
tective) with late stages of ARM, what might be
the mechanism? One proposed physiologic ex-
planation for a protective effect of pigment is
that melaninin the RPE and choroid protectsthe
retina from free radicals associated with photo-
oxidation and light absorption (Jampol 1992).
Other support for aprotective role of pigmenta-
tion in the pathogenesis of neovascular macular
degeneration comesfrom recent observationsin
transgenic mice (Rohan et a. 2000). Rohan et
al. (2000) reported a higher rate of iris neovas-
cularization and hyphema after implantation of
corneal pellets of bFGF in abino mice (C57BL/
6J Tyro2j and 129/SV mice) compared to their
pigmented relatives (C57BL/6J and 129/SylmJ
mice, respectively). It isalso possible that there
isno protective effect of pigment and that genes
associated with ARM are linked to those affect-
ing pigment.

Cardiovascular Disease and Its Risk Factors

Epidemiological data regarding atheroscle-
rosisand vascular factorsasrisk factorsfor ARM
have not been consistent except for an associa-
tion of cigarette smoking (Klein, 1998). Two
possible biological explanations for this asso-
ciation is that smoking leads to a decrease in
choroidal blood flow and depresses serum anti-
oxidant levels, both of which have been postu-
lated to cause ARM (Pauleikhoff et al. 1990;
Berman et al. 1958; Hammond et al. 1996).
Hyman et a. (1983) showed a significant asso-
ciation between cigarette smoking and ARM in
men (odds ratio (OR) 2.6, 95% confidence in-
terval (Cl) 1.15 to 5.75) but not in women (OR
1.2, 95% CI 0.80 to 1.89). In the Eye Disease
Case Control Study, smoking history was sig-
nificantly associated with the presence of exu-
dative macular degeneration (ex-smokers ver-
sus never smokers[OR 1.595% Cl 1.2 to 2.1];
current smokers versus never smokers[OR 2.2,
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95% Cl 1.4 to 3.5]) [Anonymous, 1992]. Cross-
sectional datafrom three population-based stud-
ies also show significant relationships between
smoking status and odds of late ARM (Klein et
al. 1993; Smith et al. 1996; Vingerling et al.
1996). In these studies, the OR for current smok-
ing and exudative macular degeneration varied
from 2.5 to 5.6. A prospective study of nurses
50 years of age or older showed a significant
relationship between pack-years smoked and
cumulative risk of self-reported physician-con-
firmed ARM assessed 12 years |ater (Seddon et
al. 1996). The Physicians' Health Study reported
similar findings in men (Christen et al. 1996).
In Beaver Dam, smoking at baseline was asso-
ciated with increased odds of developing early
ARM but not late ARM. The 5-year incidence
of late ARM may have been too low to deter-
mine a difference between smoking status and
late ARM in that study (Klein et al. 1998b). In
addition, persons at greatest risk for developing
late ARM (those in the oldest age group) were
least likely to be current smokers at baseline.
Smoking was not found to be associated with
increased risk of devel oping choroidal new ves-
selsinaclinical trial, the Macular Photocoagu-
lation Study (Anonymous 1997). Further stud-
iesin larger populations are necessary to deter-
mine the relation between smoking and late
ARM.

Atherosclerosis of the choroidal vasculature
has been hypothesized to result in ARM by af-
fecting choroidal blood flow (Friedman 2000;
Pauleikhoff et al. 1990). Lipid deposition in
Bruch’s membrane, associated with atheroscle-
rosis, has also been hypothesized to decrease the
hydraulic conductivity of the membrane result-
ing in RPE and outer segment dysfunction and
upregulation of vascular endothelial growth fac-
tor (Friedman 2000; Moore et al. 1995). These
changes are postulated to cause further degen-
eration of Bruch’'s membrane. However, few
atherosclerotic risk factors have consistently
been found to be associated with incident early
and late ARM (Klein 1998). High blood pres-
sure levels and uncontrolled hypertension have
been found in some but not other studies to be
associated with prevalent ARM (Klein 1998).
Datafrom Beaver Dam showed that personswith
uncontrolled hypertension (systolic blood
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pressure of 160 mm Hg or more or diastolic
blood pressure of 95 mm Hg or more while tak-
ing antihypertensive medications) had a higher
5-year incidence of RPE depigmentation (after
controlling for age and sex, OR 1.98 (95% CI
1.00t0 3.94) (Klein et a. 19974d). Higher serum
cholesterol was associated with exudative macu-
lar degeneration in the Eye Disease Case Con-
trol Study (Anonymous 1992). However, serum
total cholesterol and HDL-cholesterol have not
been found to be associated with prevaent or
incident ARM in most population-based epide-
miologica studies (Klein 1998). Contrary to
expectations, most of these studies show either
no association or a direct association of HDL-
cholesterol with early and late ARM. The rea-
son for adirect association of prevalent and in-
cident ARM with HDL-cholesterol is not
known.

Clinica evidence of cardiovascular disease
(e.g., myocardial infarction or angina) isnot as-
sociated with either early or late ARM in most
studies (Klein 1998). However, markers of sub-
clinical atherosclerotic disease, such as pulse
pressure and carotid artery plaques as determined
by ultrasonography, are. Inthe Beaver Dam Eye
Study, while controlling for age and sex, higher
pulse pressure was associated with a 30% in-
creased 5-year incidence (95% CI 1.02 to 1.65
per 10 mm Hg of pulse pressure) and a25% in-
creased 5-year progression (95% Cl 1.01t01.53
per 10 mm Hg of pulse pressure) of exudative
macular degeneration in persons 65 years of age
or older (Klein et al. 1997a). Vingerling et al.
(1995b) reported that of persons younger than
85 years of age who had participated in the
Rotterdam Study, those with plaques at the ca-
rotid bifurcation were 4.7 times more likely to
have late ARM (95% CI 1.8 to 12.2) as those
without these plaques. Plaques in the carotid
artery were associated with exudative macular
degeneration in the Cardiovascular Health Study
(Klein R et al. unpublished data). Higher inci-
dence of early and late ARM in people with
strokewasfound in Beaver Dam; however these
associations failed to reach statistical signifi-
cance (Klein et al. 19974). These data suggest
that large vessel disease (e.g., carotid artery,
ophthalmic artery) may havearolein the patho-
genesis of ARM.

Environmental

While animal study data show that exposure
tointense bright sunlight or ultraviolet radiation
may result in RPE damage similar to that seen
in ARM, most data from epidemiological stud-
ies have not shown arelation of cumulative UV
exposureto ARM (Klein 1998; Y oung 1988; Tso
1973). This may reflect the difficulty in mea-
suring lifetime UV-B exposure from question-
naires. With the exception of the Chesapeake
Bay watermen and the Beaver Dam Eye Study,
most epidemiological studies have also not
shown an association of light exposure with
ARM (Klein 1998; Taylor et al. 1992;
Cruickshankset a. 1993). In the Chesapeake Bay
watermen, cumulative ocular exposure to blue
light or all wavelengths in the visible spectrum
within the 20 years before examination was as-
sociated with an increased prevalence of late
ARM (OR 1.35,95% Cl 1.00to0 1.81) [Taylor et
a. 1992]. In cross-sectiona data from Beaver
Dam, light exposure was not associated with
early ARM inwomen (Cruickshankset al. 1993).
In men, after adjusting for age, therewasarela-
tionship between the amount of | el suretime spent
outdoors in the summer and the prevalence of
increased retinal pigment (OR 1.44, 95% Cl 1.01
to 2.04 for three fourths of leisure time spent
outdoors in the summer compared with one
fourth of leisuretime spent outdoorsin the sum-
mer). Theamount of time spent outdoorsin sum-
mer was significantly associated with the pres-
ence of exudative macular degeneration (OR
2.26, 95% CI 1.06 t0 4.81). Weak relationships
of sunlight exposureto incident ARM were also
reported in Beaver Dam (Cruickshanks et al.
2001).

Ocular Factors

No ocular factor (e.g., cataract, cataract sur-
gery, iris color, and refractive error) has been
consistently found to be associated with ARM
(Klein 1998). Brown irides, hyperopia, and
nuclear sclerosis have been reported to decrease,
increase or not affect the risk of early and late
ARM invariousstudiesthat have examined these
relationships. For example, the presence of
nuclear sclerotic cataract has been found to be
inversely associated with ARM in some studies
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(Klein 1998). This has been thought to be dueto
a protective effect of the cataract for UV light.
In other studies nuclear sclerosiswas associated
with an increased risk, where it has been postu-
lated to be aresult of commonly shared genetics
or environmental factors, such as diet or light
exposure. In Beaver Dam, there were no asso-
ciations between nuclear sclerosisand the 5-year
incidence of early or late ARM or progression
of ARM (Klein et a. 1998a). However, in Bea-
ver Dam, eyes that had undergone cataract sur-
gery were more likely to have progression of
ARM (OR 2.71, 95% CI 1.69 to 4.35) and de-
velop signsof late ARM (OR 2.80, 95% CI 1.03
to 7.63) compared with phakic eyes. This asso-
ciation may be due to photic retinal injury dur-
ing the surgery, easier detection of the ARM le-
sions after surgery, inflammatory changes after
surgery, or to chance.

Familial Aggregation in Macular Degenera-
tion

As described earlier, ARM is quite preva-
lent in older populations and is associated with
anumber of risk factors. However, these factors
do not sufficiently account for the high preva-
lence of ARM and several studies suggest that
genetic determinants play arolein the develop-
ment of ARM. In an early report of familial ag-
gregation, Streiff and Babel (1963) documented
ARM in an 80 year-old mother and her 50 year-
old affected daughter and suggested that, because
of the late onset of the disease, adominant form
of inheritance was most likely. Meyers and
Zachary (1988) subsequently reported on apair
of 85 year-old female concordant monozygotic
twin sisters and suggested that genetic factors
are important in some cases of ARM (Table 1).
These twins lost central vision in both eyes
within three years of each other. They also con-
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firmed that two of three deceased affected sib-
lings had ARM with both disciform degenera
tion and atrophic maculopathy prior to death,
but five additional siblingsfailed to display any
signs of the disease. Nine offspring of the af-
fected twins, whose ages ranged from 51 to 62
years, failed to show symptoms of the disease
but may not have reached the age-at-onset. Like-
wise, Dosso and Bovet (1992) reported on the
development of severe ARM in monozygotic
twin brothers, who exhibited similar symptoms
(Table 1). Over three to four years, both devel-
oped aneovascular membraneintheleft eyeand
later in the right eye. Interestingly, the location
of the neovascular membrane was identical in
both brothers.

A twin study carried out by Meyers (1994)
on 83 monozygotic pairs, 28 dizygotic pairs, and
one triplet set suggested a genetic predisposi-
tionto ARM (Table 1). A follow-up study ana-
lyzed 134 twin pairs and two triplet sets and
found a statistically significant higher concor-
dance of ARM in monozygotic thanin dizygotic
twin pairs, which again suggested theimportance
of geneticfactors(Table 1) [Meyerset a. 1995].
In areport of familia clustering, Seddon et al.
(1997) examined 119 cases and 72 controls and
reported that the occurrence of ARM was greater
among first-degree relatives of patients with
ARM than among first-degree rel atives without
ARM. De La Paz (1997) concluded that the
phenotypic appearance of the macula in fami-
lieswith multiple affected individualsis hetero-
geneous and characteristic of macular findings
typically associated with ARM.

Other Typesof Macular Degeneration

An early report of familial aggregation was
described by Best in 1905 (Best 1905). A study
performed by Small et al. (1992a) reported on

Table 1: Concordance rates found in significant twin-based maculopathy studies

Twin Pairs ARM Affected Twin Pairs Concordance Rates (%) Reference

1 Monozygotic (Sisters) *1 Monozygotic (Sisters) 100 Meyersand Zachary, 1988
1 Monozygotic (Brothers) *1 Monozygotic (Brothers) 100 Dosso and Bovet, 1992
83 Monozygotic 23 Monozygotic 100 Meyers, 1994

28 Dizygotic 8 Dizygotic 25

1 Triplet Set

134 Twin 25 Monozygotic 100 Meyers et al., 1995

2 Triplet Sets 12 Dizygotic P 42

*Exhibited similar ophthalmological characteristics
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an autosomal dominant form of macular dystro-
phy known as North Carolina Macular Dystro-
phy (NCMD). By examining courthouse and
census records, these researchers were able to
trace all known affected individuals with this
disease to three founding brothers who lived in
Spartanburg, South Carolina, in 1790 and mi-
grated into North Carolina during the 1820's.
Their efforts resulted in a family pedigree for
NCMD consisting of more than 2000 individu-
als. To characterize the genetic component for
another type of macular degeneration, Edwards
et al. (1999) characterized the phenotypes of two
families that spanned 10 generations with an
autosomal dominant form of Stargardt’ s disease
linked to chromosome 6q14 and determined that
they shared a common ancestry.

Segregation Analyses For Age-Related
Maculopathy

Segregation analysis is the statistical meth-
odology used to determine from family datathe
mode of inheritance of a particular phenotype,
especially with aview to elucidating single gene
effects (Elston 1981). Heiba et al. (1994) per-
formed complex segregation analysis, using
Bonney’ s(1984) regressive models, to determine
if a quantitative measure for ARM showed evi-
dence for major gene segregation in sibships
from the Beaver Dam Eye Study. The quantita-
tivetrait was measured using astandardized pro-
tocol, the Wisconsin Age-Related Macul opathy
Grading scheme (Klein et a. 1991a, b, 1992)
that was adjusted for age and sex. Heiba et al.
examined four modes of transmission, param-
eterized by the transmission probabilitiest,, the
probabilitiesthat aparent of type u, for u=AA,
AB or BB, transmits a factor A to offspring.
These modes of transmission correspond to: (1)
no parent-offspring transmission, with homoge-
neity of thetrait distribution across generations
and alowing the presence of a major random
environmental effect; (2) mendelian inheritance,
inwhich case A isan alele; (3) arbitrary trans-
mission of amgjor effect froman AB individual,
which correspondstot,, =1, 0£t,z £ 1, tz5=0;
(4) the arbitrary transmission of a major effect
with al threet’ sfreely estimated between 0 and
1. The results were consistent with a major ef-
fect accounting for 62% and 59%, in the right

and |eft eyes, respectively, of the determination
of age-related maculopathy when using the t's
free model. Under an assumption of Mendelian
inheritance, about 55% and 57% of thetotal vari-
ability, in the right and left eyes, respectively,
could be attributed to single gene segregation.
Thus, Mendelian inheritance accounted for 89%
and 97% of the variability due to the major ef-
fect for theright and left eyes, respectively. The
maximum likelihood parameter estimates (gene
frequency, genotype-specific means and vari-
ances) for both eyes were very similar. While
other evidence is available demonstrating that
early-onset forms of ARM are heritable, this
study was the first to establish that a single ma-
jor gene could account for ARM inheritancein
the general population. Following up on evi-
dence from this segregation analysis, we are
currently performing a genomewide-linkage
scan on a sample from the Beaver Dam Eye
Study to identify predisposing loci for ARM,
which should enable usto further understand the
etiology of ARM.

Linkage and Candidate Gene Studies for
Macular Degener ation

Linkage studies have been conducted on
families that demonstrate autosomal dominant
or recessive modes of inheritance, compatible
with asingle major gene, for macular degenera-
tion. For example, Small et a. (1992b) local-
ized North CarolinaMacular Dystrophy (NCMD
or MCRD1) to three microsatellites located in
the 6013-g21 region of chromosome 6. Follow-
ing the original report of linkage on 6qg, Small
(1998, 1999) examined 13 morefamilies of vari-
ous ethnic and geographic origins with NCMD
for linkage with markers on chromosome 6q.
Multipoint linkage anaysis and hapl otype analy-
sis indicated the MCRD1 geneisinal.1 cM
region between markers D6S249 and D6S1671
(maximum lod score = 40.03; Table 2). Simi-
larly, Stone et al. (1992) mapped Best's
vitelliform dystrophy, an early-onset, autosomal
dominant form of macular degeneration, to chro-
mosome 1113 (Table 2) in a five-generation
family comprising 57 members. Multipoint
analysis generated a maximum lod score of 9.3
in the interval between markers INT2 and
D11S871. Thisgenewas cloned by Petrukhin et
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Table 2: Candidate gene regions implicated in ARM
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Disease Phenotype Chromosome (Marker) P-Value* Reference
ARM Senile 1g25-g31 1.07 x 104 Klein (ML) et al. 1998
Autosomal (D1S466-D15413)
Dominant
ARM Senile 10 Weeks et al. 2000
Autosomal (D10s1236)
Recessive Model A 7.83x 103
Model C 5.30x 10
5
(D5S51480)
Model C 8.46 x 10°°
Best's Disease Infantile 11g13 3.06 x 1011 Stone et al. 1992
Autosomal (INT2-D11S871)
Dominant
NCMD Senile 6q13-g21 Small et a. 1992b
Autosomal Marshfield
Dominant markers:
131 7.52 x 106
171 243 x 100
97 3.20 x 10’6
6SQ16 <5.50 x 107 Small et al. 1998, 1999
(D6S249-D6S1671)
Stargardt’s Juvenile & 1p21-p13
Disease Senile (D1406-D1S236) 438 x 10° Hoyng et al. 1996
(ABCR) Autosomal
Recessive

*P-Value = (P-Value for cz(df:l)

al. (1998), isretina-specific and was designated
VMD2. While mutations in this gene have been
identified in Best disease families, examination
of two large series of patients with ARM sug-
gests that VM D2 does not play a major role in
this common disorder (Kramer et al. 1999;
Allikmets et al. 1999). However, Lotery et al.
(2000) have suggested that a small fraction of
patients diagnosed with ARM may actually have
alate-onset variant of Best disease. Gorinetal.
(1995) screened three families affected with an
autosomal dominant form of peripheral and
macular degeneration that included extensive
geographic atrophy, pigment epithelial changes,
and drusen. This group discovered a proline to
arginine mutation in codon 210 of peripherin/
RDS in affected family members but not in the
non-affected family members. A broad variation
in expression was noted in the largest family
included inthisstudy. The authors suggested that
photoreceptor genes should be considered po-
tential factors in the etiology of ARM. Kaplan
et al. (1993) mapped the disease gene for
Stargardt’s disease (STGD), ajuvenile form of
ARM, to 1p21-p13 (Table 2). Linkage studies

) / 2, where ¢c2 = 4.6 x (lod score), assuming an asymptotic one-sided chi-square distribution

revealed that STGD was allelic to fundus
flavimacul atus, despite differencesin age at on-
set, clinical course and severity (Gerber et al.
1995). The gene for STGD was cloned by
Allikmets et al. (1997b) and encoded a retina-
specific ATP-binding cassette transporter
(ABCR).

Following up on the results of the linkage
analysis conducted by Hoyng et al. (1996),
Allikmetset a. (19973, b) examined the hypoth-
esis that mutations in the ABCR gene are asso-
ciated with an increased risk of ARM in acase
control study. However, these data are contro-
versia (Dryjaet al. 1998) and several subsequent
studies performed by other researchershave been
unable to replicate the association observed by
Allikmets (Stone et al. 1998; De la Paz et al.
1999). The major cause of controversy in this
study concerns inappropriate matching of cases
and controls (Dryjaet al. 1998). Almost al the
variants reported by Allikmets are missense
changesthat are not known to cause Stargardt’s
disease and most of these variants arerare alle-
lesthat were found only in one individual each.
Further, by screening only 15 of 51 exonsin the
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control group, Allikmets did not evaluate this
group equally with the case group and hence
biased the study. De la Paz et al. (1999) was
unable to replicate the results of the Allikmets
study and advised that the ABCR geneis not a
major genetic risk factor for ARM even though
its involvement in some cases of ARM could
not be ruled out. Reasons for the discrepancies
between the two studies may be that De La Paz
did not consider patientswith only small drusen
or peripheral drusen to be affected, in contrast
to the patients included in the Allikmets study.
De LaPaz studied a white population from the
southeastern United Stateswhile Allikmets used
data sets from Utah and Boston that were pri-
marily western European in origin. Maugeri et
al. (1999), however, screened the ABCR gene
in western European patients affected with
Stargardt’s disease and proposed the existence
of ardatively large pool of mild ABCR variants
in the general population that may confer anin-
creased risk of developing ARM. Inalater study,
Allikmets et al. (2000) presented new data sug-
gesting that the ABCR gene is a susceptibility
locus for ARM. This study reports that two se-
guence changes, G1961E and D2177N, were
foundin oneallele of the ABCR gene. Souied et
al. (2000) examined 52 unrelated cases of ARM
and observed that only two (4%) demonstrated
segregation of the ABCR gene mutations with
familial cases of ARM. The controversy con-
cerning ABCR mutations and ARM may bedif-
ficult to resolve, given the high rate of polymor-
phisms in the ABCR gene, the high incidence
rate of ARM (Souied et al. 1999), and the fact
that all these studies tested for association and
not linkage.

A primary characteristic of ARM is its di-
rect relationship with chronological age. Mainly,
itisadisease of thelast third of lifeand itsinci-
dence increases with each year of age (Young
1987). Because ARM is characterized by the
degeneration of the neuroepitheliumin the macu-
lar region of the eye, Apolipoprotein E (ApoE),
aprotein associated with neurodegenerative dis-
eases, was proposed to be associated with ARM
through retinal membranerenewal (Klaver et al.
1998). Thishypothesishasbeen examinedintwo
case-control studies. Souied et al. (1998) ob-
served a lower relative frequency of the e4 al-

lele in 116 ARM patients compared with 168
age- and sex-matched control subjects, suggest-
ing that the e4 allele has a protective effect. Pang
et a. (2000) examined 98 cases and 39 controls
from a Chinese population and suggested that
the gene for ApoE is not a major factor associ-
ated with ARM in Chinese.

Klein (ML) et al. (1998) performed a two-
point linkage analysis on a 21-member family
with an unusualy high incidence of ARM and
reported that ARM segregated in this family as
an autosomal dominant trait. The disease locus
was mapped to a9 cM region in the 1g25-g31
region of chromosome 1 (Table 2). A new locus
for dominant drusen and macular degeneration
has been mapped to chromosome 614 in a
single family (Kniazevaet al. 2000). Thislocus
isdistinct from, but adjacent to, the MCDR1 lo-
cus.

In contrast to the previous reports that spe-
cifically examined Mendelian forms of ARM,
Weeks et al. (2000) performed a full genome
scan on 364 families containing relative pairs
affected with ARM, in order to test candidate
genes as well as to search for any anonymous
genetic loci that might contribute to susceptibil-
ity for ARM. A total of 422 markersweretyped,
including 386 evenly spaced markers spanning
the full genome, 18 markers located in candi-
date gene regions, and 18 follow-up markers
located near regions of interest on chromosomes
5,9, 10 and 12. Candidate regions examined
included 1p21-p13 but not 1925-g31. Using
three nonparametric diagnostic models, the
multipoint GeneHunter-Plus (GHP) lod scores
peaked consistently near marker D10S1236
(Table 2). These modelsincluded: (1) Model A
in which only those individuals definitely af-
fected with ARM wereincluded in the analysis;
(2) Modd B, which was limited to both those
individuals definitely affected with ARM those
probably affected with ARM; and (3) Model C,
which considered as affected not only those in-
dividuals definitely and probably affected with
ARM, but those whose diagnosis provided in-
sufficient evidence to rule out another type of
macular disease. After error filtration, a peak
GHPIlod scoreof 1.27 was obtained under Model
A and 1.42 under Model C. Ancther region of
interest for further study was located on
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chromosome 5, close to marker D5S1480 near
where the candidate gene glutathione peroxidase
3 resides (Table 2). Using a smaller sample of
212 affected sib pairs from 225 ARM families,
evidence of linkage was also found on chromo-
some 9 near D9S301 and on chromosome 10
near D10S1230 with peak GHP lod scores of
1.69 and 1.83, respectively. With the expanded
family size, however, thesignal for D9S301 van-
ished while the signal for D10S1230 decreased
to a GHP lod score of 1.0. The inconclusive re-
sults obtained from this genome scan for ARM
are not surprising because this small sample of
familiesmay not provide sufficient evidencefor
linkage in the presence of heterogeneity, mul-
tiple underlying trait loci, misclassificationsand
potential phenocopies.

DISCUSSION

Age-related maculopathy isamultifactorial
disease, involving both genetic and environ-
mental components. ARM is associated with
advanced age and demonstrates a recent in-
crease in prevalence due to growth in the size
of the aging population, as suggested by epi-
demiologic examination of cohorts from sev-
eral communities. Possible non-genetic risk
factorsassociated with ARM include cigarette
smoking, high blood pressure, cardiovascular
diseases, skin pigmentation, iris color, and
nutritional factorssuch asVitamin E or C defi-
ciencies. Although familial aggregation has
been established both by family and twin stud-
ies, the elucidation of specific genetic mecha-
nisms has been complicated by the late age of
onset of ARM. Segregation analysis of aquan-
titative trait for age-related macul opathy in the
Beaver Dam Eye Study suggested that a major
geneisinvolved in its etiology. Recently, sev-
eral association and linkage studies have been
conducted for ARM. Differencesin alelic fre-
guencies in the ABCR gene were tested using
case-control methodology. Theresults of these
association analyses have been controversial
because only a single group has been able to
demonstrate significant association between
mutant allelesin ABCR and ARM. However,
more encouraging results have been obtained
from linkage studies. One group was able to
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demonstrate moderate evidence for linkage of
ARM with markersin a9 cM region on 1g25-
g31 within asinglelarge family, and agenome
scan of 364 families with ARM demonstrated
some weak evidence for linkage on chromo-
somes 5, 9 and 10. Because of the complexity
of the disease phenotype, including the over-
lap with other macular phenotypes such as
Stargardt’s disease, it is important that the re-
sults of the genome scan performed by Weeks
et al. (2000) be replicated in an independent
sample. We are currently in the process of per-
forming agenome scan in sibshipsfrom acom-
munity-based samplein Beaver Dam, Wiscon-
sin. In contrast to our sample, the sample used
by Weeks et al. (2000) comprised large, highly
ascertained families. Because of differencesin
sampl e ascertainment and phenotyping between
the two studies, it is quite possible that results
obtained in our study may not duplicate the re-
sults obtained by Weeks et al. (2000). Despite
segregation analysis suggesting a single major
gene predisposesto ARM, the successin iden-
tifying genes for ARM is dependent on many
factors, including the homogeneity of the
sample. If ARM follows the paradigm of re-
tinitis pigmentosa, for which 17 candidate loci
have been identified, then avery large sample
may be required to identify loci for this dis-
ease. Therefore it is important that multiple
study designs be utilized to enable identifica-
tion of ARM genetic components. As compared
to other multifactorial diseases, such asasthma
or diabetes, the identification of genetic com-
ponents for ARM is in its infancy. However,
the availability of high throughput molecular
methodologies and novel statistical methods
should eventually permit identification of genes
for ARM.
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