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Abstract

The aim of this study was to characterize the pathological and functional consequences of the G1961E
mutant allele in the Stargardt disease gene ABCA4. Data from 15 patients were retrospectively
reviewed and all the patients had at least one G1961E mutation. Comprehensive ophthalmic
examination, full-field and pattern electroretinograms, and fundus autofluorescence (FAF) imaging
were performed on all patients. Microperimetry, spectral-domain optical coherence tomography
(OCT), and fluorescein angiography were performed in selected cases. Genetic screening was
performed using the ABCR400 micro-array that currently detects 496 disctinct ABCA4 variants. All
patients had normal full-field scotopic and photopic electroretinograms (ERGs) and abnormal pattern
electroretinograms (PERGs) performed on both eyes, and all the fundi had bull’s eye maculopathy
without retinal flecks on FAF. On OCT, one patient had disorganization of photoreceptor outer
segment, two had outer nuclear layer (ONL) thinning likely due to photoreceptor atrophy proximal
to the foveal center, and three had additional retinal pigment epithelium (RPE) atrophy. On
microperimetry, six patients had eccentric superior fixation and amongst this group, five had an
absolute scotoma in the foveal area. DNA analysis revealed that three patients were homozygous
G1961E/G1961E and the rest were compound heterozygotes for G1961E and other ABCA4
mutations. The G1961E allele in either homozygosity or heterozygosity is associated with anatomical
and functional pathologies limited to the parafoveal region and a trend to delayed onset of symptoms,
relative to other manifestations of ABCA4 mutations. Our observations support the hypothesis that
the G1961E allele contributes to localized macular changes rather than generalized retinal
dysfunction, and is a cause of bull’s eye maculopathy in either the homozygosity or heterozygosity
state. In addition, genetic testing provides precise diagnosis of the underlying maculopathy, and
current non-invasive imaging techniques could be used to detect photoreceptor damage at the earliest
clinical onset of the disease.
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1. Introduction

ABCA4, a member of the ATP-binding cassette (ABC) transporter superfamily, is localized in
the outer segments of rod and cone photoreceptors and is involved in retinal metabolism
(Allikmets et al., 1997; Molday et al., 2000; Sun and Nathans, 1997). ABCA4 deficiency leads
to accumulation of lipofuscin in the retinal pigment epithelium (RPE), presumably causing
RPE and subsequent photoreceptor degeneration. N-retinylidene-N-retinylethanolamine
(A2E) and other bisretinoid components of lipofuscin (Kim et al., 2007) can be visualized as
autofluorescence in patients diagnosed with Stargardt disease (Lois et al., 2004). A2E forms
via condensation of all-trans-retinal and phosphatidylethanolamine to yield N-retinylidene-
phosphatidylethanolamine (APE), which reacts with a second molecule of all-trans-retinal to
form the intermediate dihydro-phosphatidyl-pyridinium bisretinoid (Kim et al., 2007) that
finally undergoes spontaneous oxidation to form the phosphatidyl-pyridinium bisretinoid (A2-
PE) (Ben-Shabat et al., 2002; Liu et al., 2000). Hydrolysis of the phosphoester bond in A2-PE
yields A2E (Ben-Shabat et al., 2002; Liu et al., 2000; Sparrow and Boulton, 2005). It has been
suggested that A2E damages RPE by initiating photooxidative processes (Jang et al., 2005;
Sparrow et al., 2000, 2002), inhibiting lysosomal hydrolysis (Holz et al., 1999), and at high
concentrations, by acting as a detergent (A2E is a salt) that solubilizes membranes (Eldred and
Lasky, 1993; Sparrow et al., 1999, 2006). Damage to RPE cells is thought to cause secondary
degeneration of photoreceptors.

Allelic heterogeneity in the ABCA4 gene (>500 possible disease-associated variants have been
described) has been associated with five distinct phenotypes, including autosomal recessive
Stargardt disease/fundus flavimaculatus (STGD1/FFM), bull’s eye maculopathy, cone-rod
dystrophy (CRD), cone dystrophy, and age-related macular degeneration (AMD) (Klevering
et al., 2005; Michaelides et al., 2007). Clinically, STGD1 can be classified according to the
fundus appearance (Fishman et al., 1999). As the morphology of retinal atrophy and flecks
could change over time and are not well correlated to retinal function (Aaberg, 1986), patients
could also be classified into three groups based on the results of electroretinography (Lois et
al., 2001): (1) full-field scotopic and photopic electroretinograms (ERG) are normal and
pattern-ERG (PERG) is markedly decreased; (2) the photopic ERG is decreased and PERG is
markedly decreased; and (3) photopic and scotopic full-field ERGs and PERGs are all
abnormal. Despite the availability of clinical classifications, phenotype-genotype relationships
between STGD1 patients and ABCA4 variants have yet to be established. The prevalence of
ABCAA4 allelic heterogeneity poses a significant challenge to establishing precise genotype-
phenotype correlations (Gerth et al., 2002; Hargitai et al., 2005; Klevering et al., 2005; Lewis
etal., 1999; Simonelli et al., 2005).

Increased deposition of lipofuscin in RPE cells has been considered the first clinically
detectable pathophysiological change (Cideciyan et al., 2004) and fundus autofluorescence
(FAF) imaging could be used to detect and quantify lipofuscin fluorophore accumulation
(Delori et al., 1995; Robson et al., 2003).

Our aim in this study is to characterize the pathological and functional consequences of the
G1961E allele in the ABCA4 gene, and we report an association between group 1 STGD1
patients with bull’s eye maculopathy and homozygous or heterozygous G1961E mutations.
We also describe in detail (for the first time in the literature to our knowledge) the phenotype
of homozygous G1961E mutation as observed in three patients. We found that the G1961E
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mutation is associated with early foveal disorganization of photoreceptor outer segment that
appear before clinically evident RPE damage.

2. Material and Methods

2.1. Subjects

Clinical records of 15 patients (from 11 unrelated families) with the G1961E allele and bull’s
eye maculopathy based on fundus autofluorescence (FAF) were examined. Patients were
enrolled with the approval of the Institutional Review Board at Columbia University, and all
research procedures were performed in accordance with the tenets of the Declaration of
Helsinki. Informed consent was obtained from all study subjects before their enroliment.

The age of onset and duration of the disease were recorded for all patients. The age of onset
was defined as the age at which decreased visual acuity was first noted, or as the age of first
ophthalmic consultation. Disease duration is defined as the time interval between the age of
onset and the age at which patients were examined at Columbia University.

Full medical history, best-corrected visual acuity, and dilated ophthalmic examination
performed by at least one retina consultant were obtained from every patient. In addition, all
patients received slit lamp biomicroscopy, FAF, and full-field scotopic and photopic ERGs.
Blood samples were taken for genetic screening. Spectral-domain optical coherence
tomography and microperimetry were performed on selected patients.

2.2. Fundus autofluorescence

FAF imaging was performed with a confocal scanning laser ophthalmoscope (cSLO,
Heidelberg Retina Angiograph 2; Heidelberg Engineering, Dossenheim, Germany) after pupil
dilation with topical tropicamide and phenylephrine. FAF imaging was performed using a 30°
field of view at a resolution of 1536 x 1536 pixels. An optically pumped solid-state laser (488
nm) was used for excitation and a 495 nm barrier filter was used to modulate the blue argon
excitation light. Standard procedure was followed for the acquisition of FAF images, including
focus of the retinal image in the infrared reflection mode at 820 nm, sensitivity adjustment at
488 nm, and acquisition of 9 single 30° x 30° FAF images encompassing the entire macular
areawith at least a portion of the optic disc. The 9 single images were computationally averaged
to produce a single frame with improved signal-to-noise ratio. Based on FAF findings, the
bull’s eye maculopathy patients were further divided into three subgroups (Kurz-Levin et al.,
2002): (A) presence of a ring of increased autofluorescence surrounding an area of decreased
autofluorescence; (B) decreased foveal autofluorescence without a surrounding ring of
increased autofluorescence; and (C) speckled macular appearance.

2.3. Optical coherence tomography

Spectral-domain optical coherence tomography (SD-OCT, Cirrus™ HD-OCT, Carl Zeiss,
Dublin, CA, USA) was performed on 6 patients bilaterally. The acquisition protocol consisted
of a five-line raster scan and a macular cube 512 x 128 scan pattern in which a 6 x 6 mm region
of the retina was scanned (a total of 65,536 sampled points) within a scan time of 2.4 seconds.
After image acquisition, those with a signal strength < 8 were excluded. The morphology of
the inner/outer segment junction, a band of high-reflectance inner to the RPE layer (Ko et al.,
2005), was evaluated. The thickness of the parafoveal outer nuclear layer (ONL) was also
recorded. Horizontal scans through the macular area were repeated three times and images
were registered and averaged.
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2.4, Electroretinogram

Ganzfeld full-field ERGs (Diagnosys LLC, Lowell, USA) were recorded from both eyes with
DTL electrodes according to the International Society for Clinical Electrophysiology of Vision
(ISCEV) standard (Marmor et al., 2004), in both scotopic and photopic states to assess retinal
function. The amplitudes and implicit times obtained from both eyes of each patient were
compared to age-matched normal values. ISCEV standard PERGs were obtained before
mydriasis and the P50 component was used as a measure of macular function.

Based on the ERG findings, patients were classified into the following three groups (Lois et
al., 2001): (1) Normal full-field scotopic and photopic ERG, with decreased PERG amplitude;
(2) normal scotopic ERG, and decreased photopic 30-Hz flicker response, photopic B wave
amplitudes and PERG; and (3) decreased scotopic, photopic ERG amplitudes and PERG.

2.5. Preferred Retinal Location (PRL) and microperimetry

The PRL was evaluated in 18 eyes of 9 patients using the MP-1 (MP-1 Microperimeter, Nidek
Technologies Inc., Padova, Italy). Following 30 minutes of mesopic light levels adaptation,
the location and fixation stability of the PRL were measured. Patients were asked to maintain
fixation on a red cross (2° in diameter) for 30 seconds. The non-tested eye was occluded
throughout the procedure. Microperimetry testing was performed subsequently and the
sensitivity of the central visual field was obtained using a 10-2 program. “White” test lights
(stimulus size Goldmann 111, duration 200 milliseconds) were presented on a dim “white”
background (1.27 cd/m?) using a 4-2 threshold. For the 102 program, 68 samplings covering
an area of 20° in diameter were tested. An absolute scotoma was defined by the failure to detect
the stimulus presented at 0 dB (400 apostilbs). The results of the fixation and microperimetry
tests were displayed on color digital photographs acquired by the MP-1 color camera.

2.6. Screening for G1961E mutations

The screening for mutations in the ABCA4 gene was performed using the ABCR400 micro-
array (Jaakson et al., 2003) that detects all currently described disease-associated variants in
the ABCA4 gene (496), and confirmed by direct sequencing. Every case listed in Table 1 was
screened for ABCA4 mutations. DNA was extracted from white blood cells, and all coding
exons of ABCA4 were PCR-amplified as described (Asper Biotech, Tartu, Estonia) (Jaakson
et al., 2003; Zernant et al., 2005). In the amplification mix, 20% of the dTTP was substituted
with dUTP (Jaakson et al., 2003; Zernant et al., 2005) and subsequent treatment with uracil n-
glycosylase fragments the amplification product.

One-sixth of the amplification product was utilized in a primer extension reaction on the
ABCAA4 array. Each Arrayed Primer Extension reaction consists of a fragmented and denatured
PCR product, 4 units of ThermoSequenase DNA Polymerase (Amersham Biosciences), 1x
reaction buffer and 1.4 uM final concentration of each fluorescence-labeled ddNTP: Texas
Red-ddATP, fluorescein-ddGTP (Amersham Biosciences), Cy3-ddCTP, and Cy5-ddUTP
(NEN). The reaction mixture was applied to the microarray slide for 15 minutes at 58° C and
terminated by washing the slide at 95° C in filtered water (Millipore, Milli-Q) (Jaakson et al.,
2003; Zernant et al., 2005). Microarry imaging was performed on the Genorama™
Quattrolmager (Asper Biotech, Ltd.) and sequence variants were identified using the
Genorama'" Genotyping Software (Jaakson et al., 2003; Zernant et al., 2005). Patients were
classified as either G1961E/G1961E homozygous, or compound heterozygous (G1961E and
another mutant allele).
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Fifteen patients from 11 unrelated families were enrolled in the study. Six patients were male
and nine were female. The age of disease onset ranged between 14 to 67 years, and the disease
duration ranged between 1 to 30 years. Visual acuity ranged from 20/20 to 20/800. Three
patients were homozygous for the G1961E allele and 12 were compound heterozygotes. Of
the compound heterozygous group, 5 patients from 2 families had the complex mutation L541P/
A1038V, 2 patients (siblings) had the splicing mutation 1VS20+5 G—A, and 5 patients had
missense mutations Q636H, R2077W, T1253M, C54Y and D1532N (Table 1).

3.1. Fundus autofluorescence imaging, optical coherence tomography and
electroretinogram

On FAF imaging, bull’s eye maculopathy was predominantly type B. This was observed in 9
of 15 patients. Type A maculopathy was observed in 3 patients and type C in the remaining 3
patients (examples are shown in Figs 1 and 2). Relatively intact RPE autofluorescence was
observed in patients 1, 4.2 and 5.2. (Figs 1, 2 and 4).

SD-OCT was obtained in 12 eyes of 6 patients and revealed different stages of photoreceptor
damage (Fig 3). Patient 5.2 had 1 year of disease duration and presented with early
photoreceptor disorganization within the foveal area, and no RPE or ONL changes. Patients
6.2 and 5.1 had 3 and 5 years of disease duration, respectively, and both presented with an
absence of photoreceptor outer segments in the fovea, and thinning of the ONL near to the
region of photoreceptor loss when compared to the parafoveal area, but no RPE damage was
apparent. Patient 6.1 (5 years of disease duration), patient 7 (12 years of disease duration) and
patient 2.1 (13 years of disease duration) presented with extensive photoreceptor loss, RPE
atrophy, and thinner ONL in the parafoveal area.

Full-field scotopic and photopic ERG amplitudes were within the normal range for all 15
patients and all had decreased PERG P50 amplitude (sample results for Patient 1 are shown in
Fig 1). All patients were classified as STGD1 group 1.

3.2. Microperimetry and PRL

Microperimetry and measurements of the preferred retinal location(s) (PRL) were obtained on
18 eyes of 9 patients. Of the 18 eyes, 6 had foveal fixation, and 12 had eccentric fixation with
PRLs located superior to the fovea. Absolute scotoma in the foveal area was recorded in 10 of
the 12 eyes with eccentric fixation and ranged in diameter from 2-10 degrees (Table 1).

3.3. Genetic analysis

For further analysis, we grouped patients according to G1961E segregation. Three of the
patients were homozygotes, and 12 were compound heterozygotes.

3.3.1. Homozygous G1961E/G1961E mutation—Phenotypic consequences for
homozygous G1961E/G1961E have yet to be reported, despite the fact that has been considered
one of the most frequent variants in AMD and Stargardt (Lewis et al., 1999). G1961E/G1961E
causes bull’s eye maculopathy in these unrelated patients with varying disease onset age and
duration. Type B bull’s eye maculopathy was found in 2 patients and type A in one (Fig 4).
Patient 1 had a mild phenotype with visual acuity of 20/25 in the right eye and 20/40 in the left
eye. Discrete abnormal RPE granularity corresponding to reduced foveal autofluorescence was
observed (type B). On fluorescein angiography, transmission defects around the fovea were
seen, and the PERG P50 amplitude was decreased (Figs 1 and 4A).
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Patient 2 had a longer disease duration (13 years) and poorer visual acuity (20/200 in the right
eye and 20/150 in the left eye). She presented with type B maculopathy with decreased foveal
FAF (Fig 4B). Microperimetry revealed an eccentric PRL in the superior retina and an absolute
scotoma in the foveal and perifoveal areas in both eyes. There was interruption of the inner-

outer segment junction and RPE atrophy was present in the central macula on SD-OCT scans.

Patient 3 had type A bull’s eye maculopathy, with a well-defined hyperautofluorescent ring
surrounding the hypoautofluorescent fovea (Fig 4C). The patient maintained a visual acuity of
20/70 in both eyes despite foveal atrophy and eccentric PRL.

3.3.2. Compound heterozygous G1961E mutation—Twelve patients were ABCA4
compound heterozygous with the G1961E allele. Five patients from 2 unrelated families carried
the complex mutation L541P/A1038V in addition to the G1961E allele. Different types of
bull’s eye maculopathy were present among these patients, with type B present in patients from
family 4, and type A and C in patients from family 5. Patients from both families 4 and 5 had
decreased visual sensitivity of 5-12 dB (compared to normals) in the central 2 degrees on
microperimetry analysis. In addition, SD-OCT of patient 5.1 revealed photoreceptor outer
segment loss greater than foveal RPE atrophy, and juxtafoveolar ONL thinning. Patient 5.2
showed fragmentation of the inner-outer segment junction and photoreceptor disorganization
in the foveal area. RPE atrophy was not observed in both patients.

Two patients from family 6 had the G1961E allele paired with cryptic splice site mutation
IVS20+5 G—A, resulting in early-onset, rapid progression, and moderately-to-severely
impaired visual acuity. Patient 6.1 had a visual acuity of 20/100 in both eyes after 5 years of
disease duration with type C bull’s eye maculopathy, and photoreceptor and RPE damage on
SD-OCT. Patient 6.2 had visual acuity of 20/40 in the right eye and 20/25 in the left eye after
3 years of disease duration. Type A bull’s eye maculopathy was noted and SD-OCT showed
photoreceptor damage without RPE atrophy (Table 1).

In 5 patients (patients 7 to 11), missense mutations Q636H, R2077W, T1253M, C54Y and
D1532N were found in addition to the G1961E allele, respectively. All 5 patients had
anatomical and physiological changes limited to the macula and presented with maculopathy
type A, B or C. They had late-onset maculopathy (i.e., after the age of 20 years) and levels of
visual acuity were not associated with the disease duration, i.e., visual acuity ranged from 20/25
to 20/400 with disease duration from 2 to 20 years.

4. Discussion

G1961E is one of the most frequently observed mutant ABCA4 alleles (Allikmets et al.,
1997; Gerth et al., 2002; Simonelli et al., 2005). It is predicted to alter protein function by
decreasing ATP binding and ATPase activity (Sun et al., 2000). This variant is found in up to
10% of STGD1 patients of European descent, while its frequency in the general population of
the same origin is ~0.2% (Allikmets, 2000).

Our study demonstrates that the G1961E allele in either the homozygous or heterozygous state
is associated with bull’s eye maculopathy and early central photoreceptor disorganization,
resulting in reduced pattern electroretinogram (PERG) P50 responses. As our G1961E patients
have normal full-field ERGs and abnormal PERG, we hypothesize that this mutant allele is
associated with retinal dysfunction restricted to the macula, and it is not associated with
generalized retinal dysfunction.

All patients were diagnosed with bull’s eye maculopathy according to the FAF parameters
established by Kurz-Levin et al (2002). FAF is used to estimate the pattern of distribution and
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accumulation of lipofuscin within the RPE. In normal subjects, macular pigment can mask
FAF in the central macula (Delori et al., 1995; Robson et al., 2006). Abnormal FAF has been
suggested as the earliest pathological sign in ABCA4-related maculopathy, although in milder
cases flecks or lipofuscin accumulation could be absent (Cideciyan et al., 2004). All patients
in our series had altered macular autofluorescence, indicating abnormal accumulation of
lipofuscin in the fovea. Nine out of 15 patients had type B maculopathy with only a central
decrease in macular autofluorescence. Three patients had type A maculopathy, characterized
by a ring of increased autofluorescence around the hypoautofluorescent fovea, and 3 patients
had type C maculopathy, characterized by a speckled macular appearance. It is interesting to
note that, in some type C patients, a faint ring of increased autofluorescence was observed as
a variant to the type C described by Kurz-Levin et al (2002).

Lipofuscin accumulation leads to photoreceptor damage (Sparrow and Boulton, 2005) and our
findings suggest that damage to the photoreceptor outer segment architecture is among the
earliest signs of pathology in patients carrying the G1961E mutation. Photoreceptor outer
segment disorganization was present in one patient (case 5.2) with recent disease onset (1 year)
and good visual acuity (20/20 in the right eye and 20/25 in the left eye). Another 2 patients
(cases 5.1 and 6.2) had central photoreceptor loss with an optical gap in the outer segment
layer, in addition to thinning of ONL proximal to regions of photoreceptor loss. Changes to
ONL thickness in association with photoreceptor inner-outer segment junction disruption in a
Stargardt patient have been previously described using high-speed ultrahigh-resolution OCT
(Srinivasan et al., 2006). As some retinal structures imaged with ultrahigh-resolution
technology are known to accurately correspond to those obtained using lower resolution
devices such as the Stratus OCT (Ko et al., 2005), we believe our observations represent early
ONL damage.

Upon subgroup analysis based on ABCA4 allelic combinations, we found that the 3
homozygous G1961E/G1961E patients had retinal changes limited to the central macula.
Manifestation of bull’s eye maculopathy in these patients suggests that G1961E is a disease-
causing mutation rather than a neutral polymorphism (Guymer et al., 2001). The missense
mutation in exon 42 results in a glycine to glutamine mutation that is predicted to lie outside
of ABCA4 functional domains (Lewis et al., 1999). G1961E decreases ATP binding and
ATPase activity (Sun and Nathans, 1997) and is considered a pathologic mutation that
cosegregates with STGD1 (Lewis et al., 1999). G1961E is associated with milder phenotypes
in homozygous (Fishman et al., 1999) or compound heterozygous states (Simonelli et al.,
2005). In other words, patients who are homozygous or compound heterozygous for the
G1961E allele usually have milder fundus changes with the full-field scotopic and photopic
ERG being normal or borderline normal, despite abnormal macular cone mediated responses
on the multifocal electroretinogram (mfERG) (Gerth et al., 2002).

In the compound heterozygous group, 5 patients had the complex mutation allele L541P/
A1038V, in addition to G1961E. Poor visual acuity and several juxtafoveal higher density
autofluorescence deposits were noted in both patient 4.1 (with type B maculopathy) and in
patient 5.1 (with type C maculopathy). Patient 4.1 had longer disease duration than patient 5.1
who had a more rapid disease progression. The other members of family 4 and 5 had shorter
disease duration and maintained visual acuity levels ranging from 20/20 to 20/40. The L541P/
A1038V mutation has been described in patients with more favorable clinical prognosis
(Hargitai et al., 2005). Similarly, although G1961E is considered a “mild-to-moderate” allele,
it has been reported in bull’s eye maculopathy with more severe phenotype such as extensive
atrophic RPE changes (Gerth et al., 2002; Simonelli et al., 2005). Since either mutation could
severely reduce the ATPase activity of ABCA4 (Sun and Nathans, 1997), the actual disease
manifestation could be altered by the other paired mutantallele (Gerth etal., 2002). In addition,
currently unknown modifying genetic and environmental factors may play a role in the
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phenotypic expression. These factors are of particular importance to the analysis of the other
compound heterozygous patients in our series. The 2 siblings from family 6 have the splicing
mutation 1VS20+5G—A that changes the highly conserved guanine base at the +5 splice site.
This splice mutation has been reported to cause maculopathy before the age of 30 (Rivera et
al., 2000) and our patients had early-onset disease with rapid progression, and one patient had
severely impaired visual acuity with longer disease duration. Visual acuity level related to
disease duration was also observed in patients 7, 10 and 11 with missense mutations Q636H,
C54Y and D1532N. These missense mutations result in amino acid changes outside of the
nucleotide-binding domain of ABCA4 (Lewis et al., 1999; Sun et al., 2000). An exception was
patient 9 with the missense mutation T1253M that imparts an amino acid change outside of
ABCA4 functional domain and presented with poor visual acuity but uncertain disease duration.
Despite disease duration being what may appear to be an easily quantifiable measurement, it
relies on subjective information and has been demonstrated to vary independently of disease
severity (Lois et al., 1999). Finally, patient 8 had the missense mutation R2077W in addition
to the G1961E allele and a mild-to-moderate phenotype, with asymmetrical visual acuity and
discrete autofluorescence changes. Although the R2077W mutation occurs within the second
nucleotide-binding domain of ABCA4 (Lewis et al., 1999), it did not appear to cause severe
disease phenotype.

Our study confirms that the G1961E allele in either homozygosity or compound heterozygosity
causes bull’s eye maculopathy featuring photoreceptor outer segment disruption as the earliest
detectable finding. Even in the presence of a normal full-field ERG, central cone photoreceptor
dysfunction can be detected on mfERG (Gerth et al., 2002), PERG (Lois et al., 2001) or
microperimetry. Nine patients in our series had decreased visual sensitivities on
microperimetry and of this group, 4 had decreased thickness in the photoreceptor outer nuclear
layer.

The clinical implications of our findings are that precise and early diagnosis of the underlying
maculopathy is essential in patient prognostic and treatment counseling. Vitamin A
supplementation should be avoided because it can potentially accelerate disease progression
in ABCA4-related bull’s eye maculopathy (Radu et al., 2008). In addition, patients carrying
ABCA4 mutations should be advised to limit excessive light exposure that is known to increase
AZ2E concentration in RPE cells (Radu et al., 2004; Radu et al., 2003).

In conclusion, the G1961E mutant allele in either homozygosity or heterozygosity is associated
with localized macular changes rather than generalized retinal dysfunction (Fishman et al.,
1999; Lewis et al., 1999; Lois et al., 2004). Consistent with these observations, all patients in
our series had normal full-field ERG with abnormal PERG and presented with bull’s eye
maculopathy (mainly characterized by a decrease in foveal autofluorescence, or type B),
absence of retinal flecks and a relatively slow disease progression.
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Figure 1.

Bull’s eye maculopathy in patient 1 with homozygous G1961E/G1961E mutation. 1A, Fundus
image showing abnormal foveal granularity and absence of yellow-whitish flecks. 1B, Fundus
autofluorescence showing decreased foveal autofluorescence without a surrounding ring of
increased autofluorescent (type B bull’s eye maculopathy); 1C, Fluorescein angiography
showing discrete areas of RPE atrophy (transmission window defect) partially surrounding the
fovea, without dark choroid; 1D, Normal full-field ERG and abnormal pattern
electroretinogram showing residual activity in both eyes of less than 0.9 microvolts, which was
markedly delayed to 57 milliseconds and with the N95 component proportionately reduced to
less than 1 microvolt.
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Figure 2.

Bull’s eye maculopathy phenotypes associated with G1961E mutations. 2A and 2B, type A
maculopathy with foveal decrease in autofluorescence surrounded by a continuous ring of
increased autofluoresence (patients 5.2 and 6.2, respectively); 2C and 2D, type B maculopathy
with decrease in foveal autofluorescence and absence of surrounding ring (patients 4.2 and 8,
respectively); 2E and 2F, type C maculopathy with speckled macular appearance and a ring of
slightly increased autofluorescence (patients 5.1 and 9, respectively).
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Figure 3.

SD-OCT of patients carrying the G1961E mutation. 3A, Patient 5.2 (1 year of disease duration)
showing photoreceptor disorganization in the fovea with normal appearing ONL and RPE
layers (box in detail: ONL, outer nuclear layer; RPE, retinal pigment epithelium; I1S-OS, inner
segment-outer segment junction); 3B, Patient 6.2 (3 years of disease duration) showing
photoreceptor outer segment loss represented by a optical gap in the foveal area, thinner ONL
(open arrowhead) closer to the fovea compared to the extrafoveal area (arrowhead) and normal
appearing RPE; 3C, Patient 5.1 (5 years of disease duration) showing photoreceptor outer
segment loss, thinner ONL closer to fovea and RPE atrophy; 3D, Patient 7 (12 years of disease
duration) showing extensive photoreceptor loss, RPE atrophy and thinner ONL closer to fovea.

Exp Eye Res. Author manuscript; available in PMC 2010 June 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Cellaetal. Page 15

Figure 4.

Bull’s eye maculopathy associated with homozygous G1961E/G1961E mutation. 4A and 4B
(top and middle lines), Patients 1 and 2, respectively, with type B bull’s eye maculopathy,
characterized by decreased autofluorescence in the fovea on autofluorescence; 4C (bottom
line), Patient 3 with type A bull’s eye maculopathy, featuring an additional ring of increased
autofluorescence surrounding the fovea.
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