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Summary

X-linked progressive cone dystrophy (CODi) causes pro-
gressive deterioration of visual acuity, deepening of cen-
tral scotomas, macular changes, and bull's-eye lesions.
The cone electroretinography (ERG) is variably abnormal
in affected males, and the rod ERG may also be abnormal.
The clinical picture of heterozygous females ranges from
asymptomatic to a widespread spectrum of cone-mediated
dysfunction. A prior linkage study demonstrated linkage
between the CODi locus and the marker locus DXS84,
assigned to Xp21.1, with no recombination. In the present
study, we have clinically characterized a large four-gener-
ation family with CODi and have performed a linkage
analysis using seven polymorphic markers on the short
arm of the X chromosome. No recombination was ob-
served between the disease and the marker loci DXS7 and
MAOA, suggesting that the location of CODi is in the
region Xpl 1.3, distal to DXS84 and proximal to ARAF1.

Introduction

X-linked progressive cone dystrophy (COD1; MIM
304020 [McKusick 1992]) is a disorder primarily affecting
the cone system. Affected males present with progressive
deterioration of visual acuity, deepening of central scoto-
mas, myopia, absence of nystagmus, and prominent macu-
lar changes ranging from granularity to bull's-eye lesions,
leading to geographic atrophy of the retina pigment epi-
thelium in older individuals (Pinckers et al. 1981a; Pinck-
ers 1982; Heckenlively and Weleber 1986; Jacobson et al.
1989; Keunen et al. 1990). The retinas of some affected
males may present with tapetal-like sheen (Heckenlively
and Weleber 1986; Jacobson et al. 1989). Color vision is
also impaired, with the eventual development of achroma-
topsia. Absent or severely attenuated cone-mediated re-
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sponses, as well as rod dysfunction, are shown by photopic
and scotopic electroretinography (ERG). Female carriers
have variable expression of the disorder, clinically asymp-
tomatic to photophobic with mild impairment of visual
acuity and abnormalities of color vision, ERG, and visual
evoked potential (VEP) (Pinckers et al. 1981a, 1981b;
Heckenlively and Weleber 1986; Jacobson et al. 1989;
Keunen et al. 1990)

Recently, Jacobson et al. (1989) described a single large
family with CODi, which included nine affected and seven
normal male offspring of seven obligate-carrier females.
Subsequently, Bartley et al. (1989) demonstrated close
linkage of CODi to DXS84 (probe 754), with a maximum
lod score (Zmax = 3.31 at Omax = .0, placing the CODi gene
in the region Xp2l.1-pll.3. Bergen et al. (1993) presented
additional evidence for the assignment of CODi to the
region Xp21.1-pl .3 in a small family. We have identified
a four-generation family with X-linked progressive cone
degeneration (fig. 1). We have clinically characterized 10
affected males and 9 obligate-carrier females. The clinical
spectrum of the disease in this family overlaps that of the
previously reported cases of CODi. We have performed a
linkage analysis in this family, using markers on the short
arm of the X chromosome to further define the location
of COD1.

Subjects and Methods

Clinical Evaluation
Thirty-eight members of the four-generation family

affected with CODi were examined. The proband was a 9-
year-old male who complained of severe photophobia. He
and the other at-risk male members were evaluated for best
corrected visual acuities, visual field defects by Goldmann
or Humphrey perimetry, color-vision abnormalities (Hardy-
Rand-Rittler [HRR] plates, Lanthony test, or Farnsworth
Munsell 100 hue), and ERG responses (protocols were in ac-
cordance with the international guidelines [International
Standardization Committee 1989]). The pedigree of this fam-
ily is shown in figure 1. One affected male (II-21), refused to
participate in the clinical evaluation or linkage analysis. The
majority of the potential and actual carriers were evaluated
at their homes, with questionnaires, dilated fundus examina-
tion and photography, and phlebotomy. The youngest at-risk
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Figure I Pedigree of family with X-linked progressive cone dystrophy. An asterisk (*) indicates individuals included in DNA analysis.
Shown are males found to be affected on the basis of the molecular study alone (u), males found to be affected on the basis of clinical
examinations alone (0), males found to be affected on the basis of both the molecular study and clinical examinations (U), obligate-carrier
females (®), females whose carrier status, on the basis of pedigree position, is unknown (0), females who were found to have the markers
associated with the disease (8), and females found not to have the markers associated with the disease (0). For tests of linkage, all females were
coded as unaffected.

male who was examined was 2 years old, while the oldest
affected male was 51 years old.

RFLP Analysis
High-molecular-weight DNA was isolated from periph-

eral lymphocytes by the salting-out procedure (Miller et al.
1988). Restriction-endonuclease digestion was performed
under conditions recommended by the manufacturer
(Gibco-BRL). Digested DNA samples were electropho-
resed in 0.8%-1.0% agarose gels with TBE buffer (89 mM
Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0) and were
transferred to MSI Nitro-Plus transfer membrane with 20
X SSC for 24-48 h, according to the method of Southern
(1975). Filters were baked for 2 h at 800C and then prehy-
bridized for 1-2 h at 370C. Hybridizations were carried
out for 18 h at 370C in 50% formamide, 3 X SSC, 0.1%
SDS, 1 mM EDTA, 10mM HEPES pH 7.5, 100 mg salmon
sperm DNA/ml, 0.2% Ficoll, 0.2% polyvinylpyrrolidone,
0.5% sodium pyrophosphate. Probes were labeled by the
random oligonucleotide-primed labeling method of
Feinberg and Vogelstein (1983), by using a-32P-dCTP. Fil-

ters were washed as follows: two 15-min washes in 2
X SSC, 0.1% SDS at room temperature; two 40-min
washes in 0.1 X SSC, 0.1% SDS at 550C; and one 45-min
wash in 0.1 X SSC, 0.1% SDS at 650C. Filters were exposed
for autoradiography at -70'C for 1-7 d.

PCR Amplification Analysis
PCR amplification of genomic DNA was performed in

an automated thermocycler (model 480; Perkin Elmer
Cetus). Amplification reactions were carried out in a vol-
ume of 25 pl containing 100 ng of genomic DNA, 12.5
pmol of each primer, 2.0mM MgCl2, 50mM KCl, 10mM
Tris-HCI (pH 8.3), 200mM of each dNTP, and 0.625 units
of Taq polymerase (Perkin Elmer Cetus). One of each
primer set was 5'-end-labeled with a-32P-dATP (3,000 Ci/
mmol), by using 0.5 pCi of primer/12.5 pmol. Cycles were
performed as described in table 1. Amplified products
were mixed with 25 g1 of formamide sample buffer, and 3-
5-p1 aliquots were electrophoresed in 4%-6% denaturing
polyacrylamide gels. Sizes of alleles were determined by
comparison with M13 DNA sequencing ladders. For the
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Table I

Chromosome Xp Polymorphisms Examined in Present Study

Locus Probe Location Enzyme Alleles Heterozygosity Reference

DXS84 .......... 754 Xp21.1 PstI 12.0 kb, 9.0 kb .49 Goodfellow et al. 1985
DXS7 .......... L1.28 Xpl 1.3 TaqI 12.0 kb, 9.0 kb .35 Bhattacharya et al. 1984
MAOA Xpl 1.3 (CA)n 7 Alleles (.112-.126kb) .67 Luty et al. 1989
ARAFB Xpll.3-11.23 (CA)n 7 Alleles (.194-.204kb) .84 Kirchgessner et al. 1991
TIMP Xpll.3-11.23 BgIll 3.1 kb, 3.0 kb .44 Aldred and Wright 1991
DXS426 .......... XL91B1O Xp 11.4-11.22 VNTR 12 Alleles (.281-.307kb) .52 Coleman et al. 1990
DXS1146 .......... HK7.10 Xpll.3-11.22 (CA)n 6Alleles(.130-.142kb) .45 Hongetal. 1993

TIMP locus, PCR amplification was carried out by the
method of Aldred and Wright (1991); PCR products were
digested with the restriction endonuclease BglII (BRL) and
were separated on a 0.8% agarose gel. The loci examined
in the present study are described in table 1.

Data Analysis
Linkage analysis was performed using LINKAGE, ver-

sion 5.1 (Lathrop et. al. 1985). Pairwise lod scores were
calculated using MLINK and ILINK options of the LINK-
AGE package. For tests of linkage, COD1 was modeled as
a fully penetrant X-linked recessive disorder. The fre-
quency of the COD1 gene in the general population was
estimated to be .0001. The LINKMAP subroutine of the
program LINKAGE was used for multipoint analysis. The
order and genetic distances for the markers used in the
linkage analysis were estimated from data available in
CEPH, version 6, and are DXS84-5 cm-DXS7-1 cm-
(MAOA-ARAF1)-4 cm-TIMP.

Results

Clinical Findings
Despite the published description of this condition as

cone dystrophy, the extent of rod and cone involvement
among the affected males was quite variable. Though all
of the affected demonstrated some of the symptoms and
features generally associated with primary cone abnormal-
ities, such as photophobia, color-vision deficits, and cen-
tral scotomas, significant rod dysfunction was also ob-
served. The scotopic ERG of the proband was more im-
paired than the photopic responses, while the other
affected males continued to show some rod function even
when cone responses were nearly extinguished (table 2).
All but one of the affected individuals examined had mod-
erate to high myopia. The majority of the affected males
lost central vision in their late teens or early twenties,
though one individual reported normal vision until the age
of 35 years. All but one affected individual reported sig-
nificant lifelong photophobia that preceded their visual
loss. Funduscopic examination ranged from normal to se-

vere macular atrophy to widespread retinal degeneration
(fig. 2). The severity of the fundus findings correlates with
the degree of visual dysfunction and suggests an age-de-
pendent progression of the condition. As noted in table 2,
all of the adult affected males experienced a progressive
course of visual deterioration, which is consistent with a
degeneration disorder. In those cases for which Humphrey
perimetry was done, there was evidence of peripheral vi-
sual dysfunction as well as central visual loss. We note that
the at-risk males who underwent electrophysiological ex-
amination were found to be affected. We propose that this
reflects biased ascertainment of this family, which was re-
ferred because of the large number of affected males.
The most common symptom among the women who were

obligate carriers was photophobia under normal daylight con-
ditions. Many of the obligate carriers noted difficulties with
light adaptation and/or night vision; however, these com-
plaints were somewhat nonspecific and were occasionally re-
ported by nonblood relatives within !he family. Color vision
was normal by simple screening testing, and light adaptation
either was normal or there was slight elevation of central cone
thresholds. The older obligate carriers and several of the at-
risk carriers demonstrated symmetrical changes of the retina
and pigment epithelium in the temporal macula, ranging from
coalescent drusen to mottled pigment epithelium with or
without a retinal sheen. However, DNA linkage established
that these changes were not present in all of the women who
were COD1 carriers. There were no fundus abnormalities ob-
served in the women who did not carry the COD1-associated
markers.

Linkage Analysis
Results of the two-point linkage analysis are summa-

rized in table 3. A total of 10 affected males, 2 unaffected
males, 9 obligate carriers, and 7 possible carriers were
available for DNA analysis. Two young males did not un-
dergo electrophysiological testing, and their disease status
for the linkage analysis was based on ophthalmologic ex-
amination. Individual IV-14 was classified as affected, and
individual IV-15 was classified as disease status unknown.
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Table 3

Two-Point Linkage Analysis between COD I and Each Xp Marker Locus

LOD SCORE AT RECOMBINATION FRACTION OF

Locus .000 .002 .005 .01 .05 .10 .20 .30 .40 0, ,aa Z..ax
DXS84 ........ -17.41 -2.38 -1.60 -1.01 .22 .61 .75 .50 .28 .18 .76
DXS7 ........ 3.08 3.07 3.06 3.03 2.84 2.58 2.02 1.38 .66 .00 3.08
MAOA ........ 3.04 3.03 3.02 3.00 2.80 2.54 1.98 1.34 .62 .00 3.04
ARAFi ........ -4.76 -.07 .32 .60 1.14 1.23 1.07 .73 .31 .10 1.23
TIMP ........ -3.79 -.01 .37 .66 1.19 1.28 1.12 .78 .36 .10 1.28

The probes DXS1146 (HK7.10) and DXS426 (XL91B10)
were not used in the linkage analysis, because individuals
I-2 and 1-4, who are key obligate carriers, were not infor-
mative at these loci. Thus, the order of the markers was
assumed to be pter-DXS84-(DXS7,MAOA)-ARAF1-
TIMP1-cen. In contrast to the family described by Jacob-
son et al. (1989) and Bartley et al. (1989), the probe 754
(DXS84) showed considerably weaker linkage to CODi
(Zmax = 0.76, Omax = .18). Instead, significant positive lod
scores were obtained for markers proximal to DXS84.
Probes L1.28 (DXS7) and MAOA yielded Zmax values of
3.08 and 3.04, respectively, both maximizing at .00 recom-
bination, suggesting complete linkage of these markers
with the progressive cone degeneration in this family.
ARAFH and TIMP yielded Zmax values of 1.23 and 1.28,
respectively, at Omax = .10.
Two apparent crossovers between DXS84 and CODi

were detected in individuals III-4 and II-5 (fig. 3). No cross-
over events were observed for the markers L1.28 (DXS7)
and MAOA. Only one recombination was detected be-
tween CODi and the markers ARAFM and TIMP, occur-
ring in an affected male, II-19 (fig. 3). This allele was passed
to the obligate-carrier daughter, 111-31. While the recom-
binant affected male II-19 has allele 2 at the ARAFM locus
and allele 2 at the TIMP locus, all other affected males
have allele 1 at the ARAFM locus and allele 4 at the TIMP
locus. Results observed in the obligate-carrier daughter,
111-31, were similar to those in all other obligate-carrier
female in the family. This demonstrates that recombina-
tion has occurred between CODi and ARAFM during the
segregation of alleles from individual 1-4 to her affected
son II-19. Therefore, the most likely location for the gene
responsible for CODi in this family is proximal to DXS84
and distal to ARAFi and TIMP1. Thus, the order of
the makers is as follows: pter-DXS84-(COD1,DXS7,
MAOA)-ARAF1-TIMP1-cen.
From the DNA haplotype analysis, we were also able to

determine the carrier status of seven females, which could
not be discerned on the basis of pedigree position. Three
of seven females (11-18, IIl-1, and III-29) have inherited the
haplotype associated with the CODi in this family (fig. 1).

Because of the small number of recombinants observed in
this family, the multipoint linkage analysis did not provide
additional information regarding the location of the
CODW gene. Additional families and highly polymorphic
markers would be useful in order to obtain an informative
multipoint linkage analysis.

Discussion

At present, only a small number of X-linked progressive
cone dystrophy families have been clinically described
(Pinckers et al. 1981a, 1981b; Pinckers 1982; Heckenlively
and Weleber 1986; Jacobson et al. 1989; Keunen et al.
1990). Three families, including those in the present study,
have been studied for linkage. Prior linkage studies by
Bartley et al. (1989) and Bergen et al. (1993) placed the
CODW locus in the Xp2l.1-pll.3 region, closely linked to
the DXS84 locus (probe 754), which is assigned to band
Xp21.1. The present linkage study of a four-generation
family also maps the COD1 gene within the same region;
however, our results suggest the possibility of genetic het-
erogeneity in X-linked progressive cone dystrophy. Com-
plete linkage with the marker loci DXS7 and MAOA, as
well as the observation of two recombinants between
marker DXS84 and the disease phenotype, suggests that
the most likely location of COD1 is in the region Xpl 1.4-
p11.23, proximal to DXS84. The marker loci DXS7 and
MAOA are mapped to the region Xpl 1.4-11.3 and X-1 1.4-
pl1.23, respectively (Hartley et al. 1984; Levy et al. 1989).
Until there is more conclusive evidence of genetic hetero-
geneity for these X-linked cone-rod dystrophies, the vari-
able expressivity and overlap of clinical features require
that this family be considered as having the same disorder
as do other published pedigrees.

X-linked progressive cone dystrophy may fall into the
category of genetically heterogeneous retinopathy. For ex-
ample, retinitis pigmentosa may be inherited in an X-linked,
an autosomal dominant, or an autosomal recessive manner
(for review, see Humphries et al. 1992). In addition, nonal-
lelic heterogeneity exists within these categories. At least
two X-linked retinitis pigmentosa genes have been localized
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Figure 3 Analysis of inferred haplotypes for loci DXS84, DXS7, MAOA, ARAFi, and TIMP. Individual III-4 has a recombination
between DXS84 and XS7, MAOA. His daughter, IV-3, has inherited the same recombinant chromosome. Individuals II-5 also has a recombination
between DXS84 and DXS7, MAOA. Individual II-19 has a recombination between DXS7, MAOA and ARAFi, TIMP. Individual III-31 has
inherited the same recombinant chromosome. Shown are affected males (-), males found to be affected on the basis of the molecular study
alone (0), unaffected males ([1), obligate-carrier female ((®), females whose carrier status was determined by DNA analysis (@), and normal
females (0).

to Xp. Retinitis pigmentosa type 2 (locus RP2) is localized
to Xpl 1.4-11.2, and retinitis pigmentosa type 3 (locus RP3)
is localized to Xp2l.1-11.4 (for review, see Humphries et al.
1992). A recent collaborative linkage analysis by Ott et al.
(1990) estimated RP2 to be halfway between the marker
loci DXS14 and Xcent, with the distal end spanning the in-
terval DXS7 and OALT1. RP3 was located 1 cM distal to
OTC in region Xp21.1. Neither gene has yet been charac-
terized. Extreme phenotypic heterogeneity associated with
mutations in a single gene is well documented in ophthalmic
genetics. For example, mutations in the gene coding for the
photoreceptor-specific glycoprotein peripherin (RDS) can
cause autosomal dominant retinitis pigmentosa (for review,
see Humphries et al. 1992), butterfly-pattern macular dys-
trophy (Nichols et al. 1993), a phenotype that has been
compared to retinitis punctata albescens (Kajiwara et al.
1993), and adult-onset vitelliform macular dystrophy (Wells
et al. 1993). That different mutations in the RDS gene can
give rise to such radically different phenotypes suggests the
possibility that mutations in the same gene(s) may be re-
sponsible for both X-linked retinitis pigmentosa and X-
linked progressive cone dystrophy phenotypes. Previous
linkage study of a large X-linked cone dystrophy family
(Bartley et al. 1989) placed the COD1 gene near the RP3

locus. The probe 754 (DXS84), which maps in the region
Xp21.1, was shown to closely segregate with X-linked prog-
ressive cone dystrophy in the family described by Bartley et
al. (1989), as well as in some of the X-linked retinitis pig-
mentosa families (Nussbaum et al. 1985; Denton et al. 1988;
Musarella et al. 1988; Wirth et al. 1988). The present link-
age report maps the COD1 locus to region Xpll.3, where
RP2 is assigned. The X-linked progressive cone dystrophy
in this family is closely linked to the DSX7 locus, detected
by the probe L1.28. Similarly, the RP2 locus was detected
by the DNA probe L1.28 (DXS7), by several investigators
(Bhattacharya et al. 1984; Mukai et al. 1985; Friedrick et al.
1985; Wright et al. 1987). Therefore, the linkage studies of
two independent families with X-linked progressive cone
degeneration place the COD1 locus in the region Xp21.1-
p11.3, which overlaps the loci for both types of X-linked
retinitis pigmentosa, RP2 and RP3. Other hereditary retinal
disorders-such as X-linked congenital stationary night
blindness and Aland Island eye disease-that have also been
mapped to this region of the X-chromosome could involve
mutations in the same gene that is responsible for COD1,
despite the fact that these are stationary rather than prog-
ressive disorders.

Given similarities, in linkage reports, of both the reti-

I
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nopathies, one could speculate that different mutations
may give rise to the progressive degeneration that primarily
affects the cones-as compared with the retinitis pigmen-
tosa phenotype, where rod degeneration predominates.
Our proband exhibited some symptoms that are consistent
with cone dysfunction, e.g., photophobia. In the family
studied by Jacobson et al., photopic ERG was >2 SDs be-
low normal for all affected males; and scotopic responses
were abnormal to a lesser extent. In the family described
by Keunen et al., patient 6, who was 35 years of age, dem-
onstrated severely reduced responses to both cones and
rods, while several older subjects had much milder ERG
changes. Several of the affected males in the family de-
scribed by Heckenlively and Weleber (1986) demonstrated
mild to moderate rod dysfunction, but all of these individ-
uals also had significant cone dysfunction. Perhaps the
most striking feature from the analyses of these families is
the variability of rod and cone dysfunction, irrespective of
age or pedigree. Others have assumed that the rod distur-
bance in the affected CODi males is secondary to exten-
sive cone degeneration, but this is unproved. It is certainly
plausible that the rod dysfunction is directly the result of
the mutations and gene responsible for CODi. Thus our
proband can be considered an extreme case of dissociation
of rod and cone dysfunction-but one that is not incon-
sistent with other examples of retinal degenerations for
which specific mutations have given rise to widely varying
phenotypes within a family. In every COD-1-affected in-
dividual whom we examined, there was evidence of rod
dysfunction, as well as a progressive cone defect. It is pos-
sible that the effect on the rod photoreceptors is secondary
to the primary cone degeneration; however, the ERG in the
proband suggests that in this young individual the rods can
be more severely affected than are the cones, early in the
course of the degeneration. This would suggest that both
the rods and cones are vulnerable to the COD-1 mutation,
but to differing degrees. This would be analogous to some
mutations in peripherin, which cause a retinal degeneration
primarily affecting the rod photoreceptors (e.g., in the case
of retinitis pigmentosa) or the central visual areas (e.g., in
the case of butterfly-pattern macular dystrophy).

In summary, X-linked progressive cone degeneration and
X-linked retinitis pigmentosa could be another example of
nonallelic as well as allelic genetic heterogeneity of retinal
degeneration. Nevertheless, further linkage study of addi-
tional CODi families is necessary to establish whether there
is more than one locus responsible for X-linked progressive
cone degeneration. In addition, identification and charac-
terization of genes responsible for X-linked progressive
cone degeneration and X-linked retinitis pigmentosa will re-
solve the issues of allelic genetic heterogeneity.
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