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Purpose: To study retinal appearance and morphology in Labrador retrievers (LRs)
heterozygous and homozygous for an ABCA4 loss-of-function mutation.

Methods: Ophthalmic examination, including ophthalmoscopy and simple testing
of vision, was performed in five ABCA4wt/wt, four ABCA4wt/InsC, and six ABCA4InsC/InsC
LRs. Retinas were also examined with confocal scanning laser ophthalmoscopy (cSLO)
and optical coherence tomography (OCT). Infrared and fundus autofluorescence (FAF)
images were studied, and outer nuclear layer (ONL) and neuroretinal thickness were
measured in the central and peripheral area centralis.

Results:Clinical signs in youngABCA4InsC/InsC LRswere subtle,whereas ophthalmoscopic
findings and signs of visual impairment were obvious in old ABCA4InsC/InsC LRs. Retinal
appearance and vision testing was unremarkable in heterozygous LRs regardless of
age. The cSLO/OCT showed abnormal morphology including ONL thinning, abnormal
outer retinal layer segmentation, and focal loss of retinal pigment epithelium in the
fovea equivalent in juvenile ABCA4InsC/InsC LRs. The abnormal appearance extended into
the area centralis and visual streak in middle-aged ABCA4InsC/InsC and then spread more
peripherally. A mild phenotype was seen on cSLO/OCT and FAF in middle-aged to old
ABCA4wt/InsC LRs.

Conclusions: Abnormal appearance and morphology in the fovea equivalent are
present in juvenile ABCA4InsC/InsC. In the older affected LRs, the visual streak and then
the peripheral retina also develop an abnormal appearance. Vision deteriorates slowly,
but some vision is retained throughout life. Older heterozygotesmay showamild retinal
phenotype but no obvious visual impairment. The ABCA4InsC/InsC LR is a potential model
for ABCA4-mediated retinopathies/juvenile-onset Stargardt disease in a species with
human-sized eyes.

Translational Relevance: The ABCA4InsC mutation causes juvenile-onset abnormal
appearance of the fovea equivalent in affected dogs that slowly spreads in the retina,
while only a mild phenotype is seen in older carriers. This is the first non-primate, large-
animal model for ABCA4-related/STGD1 retinopathies in a species with a fovea equiva-
lent.

Introduction

The retinal-specific ATP-binding cassette trans-
porter (ABCA4) is a protein facilitating the removal of

excessive 11-cis-retinal and toxic retinoid compounds
from the disks of the photoreceptor outer segments.1,2
The protein is also present at low concentrations in
the retinal pigment epithelium (RPE), probably to
enhance endolysosomal function and thereby prevent
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accumulation of lipofuscin.3 Abnormal function
of the ABCA4 protein, caused by any of the more
than 1000 known mutations in the ABCA4 gene,
is known to cause a spectrum of retinal diseases
ranging from Stargardt macular dystrophy to progres-
sive cone dystrophy (CD) or cone-rod dystrophy
(CRD).4,5 Autosomal recessive Stargardt disease
(STGD1) (OMIM: 248200) is most often a juvenile
macular dystrophy. Empirically, the prevalence has
been estimated at one in 8000 to 10,000,6 and in a recent
study based on available whole-genome and whole-
exome sequence, the genetic prevalence for STGD1was
estimated to 1:6578.7 Central vision typically deterio-
rates rapidly during the first two decades of life, but
a milder, late-onset form with foveal sparing has also
been described.8 The phenotypic variation has been
attributed to the severity of the ABCA4mutation with
loss-of-function mutations causing earlier onset and
more rapid progression than less deleterious variants
with residual ABCA4 function, but genetic modifiers
and environmental factors may also be of importance
for the course of the disease.9–11

Interestingly, human carriers for ABCA4mutations
may also present with abnormal macular function as
determined by multifocal electroretinography (ERG)
and, less frequently, also abnormal full-field, cone-
driven ERGs, although visual complaints seem very
rare.12,13 Furthermore, mild pigmentary changes in the
macular area, altered fundus autofluorescence (FAF),
and outer retinal disruption on optical coherence
tomography (OCT) b-scans can be found in some
heterozygous individuals, but certainly not all.12,14 As
in STGD1 patients, the heterogeneity in clinical pheno-
types in heterozygotes is suggested to reflect the severity
of the ABCA4 mutation. Hence, the mode of inheri-
tance could be considered as incomplete dominant for
some forms of STGD, rather than recessive.

Currently, there is no therapy for STGD1, but
patients are recommended to avoid excessive intake of
vitamin A and exposure to ultraviolet light. The impact
on the daily lives of human patients of this disease,
characterized by rather high prevalence, mostly early
onset, and usually severe impairment in central vision,
has led to a search for suitable treatments, both for
patients with early signs of STGD1 and mild retinal
changes, as well as patients with advanced disease and
substantial loss of normal retinal architecture. Several
clinical trials with drugs directly or indirectly targeting
the visual cycle, as well as gene and stem cell therapies,
have been attempted or are ongoing in human patients
(see Rahman et al. 20206 for review).

We have recently identified a mutation in
the ABCA4 gene (CanFam3.1 Chr6:55,146,550–
55,146,556, c.4176insC) in the Labrador retriever

(LR)15 causing a loss-of-function of the ABCA4
protein (p.F1393Lfs*1395) leading to abnormal retinal
appearance and function in affected dogs. In contrast
to human Stargardt patients, who often are compound
heterozygotes with two different ABCA4 mutations,
the affected LRs examined were all homozygous for
the same loss-of-function mutation.

This is the first non-primate, large-animal model
with a naturally occurring mutation in the ABCA4
gene. Although dogs are dichromats with lower
cone densities and less well-developed fovea-like,
cone-rich areas for central vision than human
beings,16,17 we believe that characterization of this
disease in the LR can provide comparative insights
into ABCA4-mediated retinopathies/juvenile-onset
STGD1. Furthermore, the shared phenotypic similar-
ities and the approximately human-sized eye in this
species with a fovea-like area for central vision opens
up for future studies of therapeutic interventions,
including gene therapy.

Material and Methods

In total, 16 privately owned Labrador retrievers
were examined (Table 1). Five dogs were homozygous
for the wildtype allele (ABCA4wt/wt), five were heterozy-
gous (carriers) for the mutation (ABCA4wt/InsC), and
six dogs were homozygous for the mutation (ABCA4
InsC/ InsC). Some of the affected dogs and carriers were
closely related (Fig. 1).

Ophthalmic examinations were performed, and
blood samples for DNA testing were obtained with
informed dog owner consent. Some dogs were only
available for routine ophthalmic examination and not
for or only partially for the cSLO/OCT examinations.
All examinations and handling of animals adhered
to the ARVO Animal Statement. Ethical approval
was granted by the regional animal ethics commit-
tee (Uppsala djursförsöksetiska nämd; Dnr C12/15,
Dnr 5.8.18-15533/2018, Dnr 5.8.18-04682/2020 and
C148/13).

Whole blood samples were collected in EDTA
tubes and genomic DNA was extracted using 1
mL blood on a QIAsymphony SP instrument and
the QIAsymphony DSP DNA Kit (Qiagen, Hilden,
Germany). Previously designed sequencing primers15
with M13 sequencing tails (Cfa_ABCA4_Frw: 5ʹ-
tgtaaaacgacggccagtCACCCACATTGCCATGTTTA-
3ʹ, Cfa_ABCA4_Rev: caggaaacagctatgaccAACACA-
TGGGGGTGAATGAT-3ʹ were used to amplify a
201 bp region extending from intron 27–28 to intron
28–29 of the canine ABCA4 gene. The amplicons
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Table 1. Demographics of the LR Dogs Studied

Dog
ABCA4

Genotype Gender

Age at
Exam
[mo] Exams

Age at
Re-Exam
[mo] Exams

Age at
Re-Exam
[mo] Exams

AF1 InsC/InsC M 9 Oph 11 Oph, cSLO 25 Oph, cSLO, OCT
AF2 InsC/InsC F 25 Oph, cSLO, OCT — — — —
AF3 InsC/InsC F 61 Oph, cSLO 75 Oph, cSLO, OCT — —
AF4 InsC/InsC M 93 Oph — — — —
AF5 InsC/InsC F 128 Oph, cSLO, OCT — — — —
AF6 InsC/InsC M 140 Oph, cSLO — — — —
CA1 wt/InsC M 11 Oph, cSLO — — — —
CA2 wt/InsC F 22 Oph, cSLO, OCT — — — —
CA3 wt/InsC F 61 Oph, cSLO, OCT — — — —
CA4 wt/InsC F 93 Oph, cSLO, OCT — — — —
CA5 wt/InsC M 149 Oph, cSLO, OCT — — — —
WT1 wt/wt M 15 Oph, cSLO, OCT — — — —
WT2 wt/wt F 26 Oph, cSLO, OCT — — — —
WT3 wt/wt F 47 Oph, cSLO, OCT — — — —
WT4 wt/wt M 124 Oph, cSLO, OCT — — — —
WT5 wt/wt F 141 Oph, cSLO, OCT — — — —

Wt, wildtype allele; insC, mutant allele; F, female; M, male; mo, months; Oph, ophthalmic examination including indirect
ophthalmoscopy.

were sequenced using BigDye Direct Cycle Sequenc-
ing Kit (Applied Biosystems, Thermo Fisher Scien-
tific, Waltham, MA) on an Applied Biosystems 3500
Series Genetic Analyzer. In addition, all samples

were genotyped using a real-time polymerase
chain reaction assay. A genotyping assay was
designed using the Custom TaqMan Assay Design
Tool (Thermo Fisher Scientific) The assay mix

Figure 1. Pedigree showing the kinship between the dogs included in the study. Open symbols represent individuals that do not have
known history of visual impairment. Individuals genotyped wild-type (ABCA4wt/wt) are indicated with WT. Half-closed symbols represent
individuals that are genotyped heterozygous for the insertion (ABCA4wt/InsC), and closed symbols represent individuals that are genotyped
homozygous for the insertion (ABCA4InsC /InsC). All dogs except AF4, as well as WT1 and WT2, have common ancestors in the fifth or sixth
generation (data not shown).
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included the amplification primers Labbe_F (5ʹ-
GTTTTTGGCTCTGATGCTTTCCAT-3ʹ) and
Labbe_R (-5ʹ-GGGTGAAGGATCAAAGCAGGA-
TATT-3ʹ) and probes specific for the insertion (VIC-
5ʹ-TTGTCCCCCCCCTTTG-3ʹ) and for the wildtype
(FAM-5ʹ-ATTGTCCCCCCCTTTG-3ʹ). Genomic
DNA (50–100 ng), ProAmp mastermix (Applied
Biosystems) and water was added to a final volume
of 10 μL and the amplification and detection was
performed on a StepOnePlus Real-Time polymerase
chain reaction system (Applied Biosystems) with
standard cycling conditions for a custom TaqMan
SNP assay (an initial hold at 95°C for 10 minutes
followed by a total of 40 cycles at 95°C for 15 seconds
and 60°C for 40 seconds).

Ophthalmic examination included reflex testing,
testing of vision with falling cotton balls under dim
light and daylight conditions, as well as indirect
ophthalmoscopy (Heine 500; Heine Optotechnik
GmbH, Herrsching, Germany) and slit-lamp biomi-
croscopy (Kowa SL-17; Kowa Company Ltd., Tokyo,
Japan) after dilation of pupils with tropicamide
(Tropikamid Bausch Lomb 0.5%; Bausch & Lomb
Nordic AB, Stockholm, Sweden).

Retinas were also examined using cSLO and
scanned with OCT horizontally along the visual streak
(Spectralis HRT + OCT; Heidelberg Engineering
GmbH, Heidelberg, Germany) after light sedation
with medetomidine 0.01 mg/kg intramuscularly
(Sedator vet.; Dechra Veterinary Products AB,
Upplands-Väsby, Sweden) (Table 1). The corneas
were kept moist using artificial tears (Aptus SentrX;
Orion Pharma Animal Health, Danderyd, Sweden).
Infrared confocal ophthalmoscopy (IR) and FAF
were performed using IR (820 nm) and blue lasers
(488 nm), respectively, using non-normalized sampling
mode. Neuroretinal thickness and ONL thickness were
measured at the fovea-like center of the area centralis
and 0.5 mm nasally and temporally to the fovea
equivalent along a horizontal line in 5 ABCA4wt/wt,
4 ABCA4wt/InsC and 4 ABCA4InsC/InsC eyes from
age-matched LRs.

Screening for differences in ONL thickness between
genotypes was performed using standard statistical
software (the Kruskal-Wallis test in JMP Pro 15.2.1;
SAS Institute Inc., Cary, NC, USA). Dunn’s test with
wildtype LRs as control group was used as post hoc
test. A P value <0.05 was considered statistically
significant.

Results

Clinical signs in young LRs homozygous for the
mutation (≤25 months of age) were subtle and could

Figure 2. The fundus of the left eye of (A) an 11-month-old
ABCA4InsC/InsC Labrador retriever (AF1). (B) The samedogat 25months
of age, and (C) an affected ABCA4InsC/InsC dog at the age of 61months
(AF3). Red arrows show the hyporeflective, grayish fovea equivalent.
In (B), the altered tapetal reflectivity has spread along the horizontal,
cone-rich visual streak. In the older affected dog (C), the dull tapetal
reflection is also seenoutside the visual streak andattenuationof the
retinal vessels is more evident.

easily be missed on routine ophthalmic examination.
Reflex testing was normal. Testing vision with falling
cotton balls in normal room light and under dim light
conditions was either completely normal under both
lighting conditions or ambiguous in room light, but
improved when the light was dimmed. Ophthalmo-
scopically, an affected male appeared normal at the age
of nine months. At the age of almost one year and
later, at two years of age, a less than a millimeter–
sized area of dull tapetal reflection, like a pin-prick,
was observed approximately 5 mm dorsotemporal to
the optic nerve head coinciding with the central part of
the area centralis in both eyes (Fig. 2). Similar ophthal-
moscopic findings were seen in his two-year-old sister
(ABCA4 InsC/InsC). Very mild vascular attenuation was
also observed in the area centralis in these dogs at the
age of two years. Findings were bilateral and similar
between the eyes.

In middle-aged affected LRs (61–93 months old),
reflexes were typically normal, as well as vision testing
with cotton balls under dim light conditions. Both
dogs also readily detected falling cotton balls in room
light, but in one of five trials the response was judged
ambiguous. The tapetal reflection was altered in a
larger portion of the area centralis and visual streak.
Typically, a darker (hyporeflective), dull mottling effect
was best seen when the indirect ophthalmoscopy lens
was tilted slightly back and forth. As a consequence
of the more abnormal tapetal reflection in the middle-
aged dogs, the pin-prick-like lesion in the area centralis
became less well outlined. Mild attenuation of retinal
blood vessels was also seen. Tapetal hyper-reflection
was not a typical finding even in old LRs, but a match-
like, horizontal, hyper-reflective band corresponding to
the visual streak with the area centralis (as the head of
a match) was observed in both eyes of an almost eight-
year-old dog (AF3).

Mildly or moderately dilated pupils and sluggish
PLRs were seen in old LRs homozygous for the
mutation (≥128 months old), whereas dazzle reflexes
and menace responses were often, but not always
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Figure 3. Inverted FAF (white background) and IR images (black background) of the right fundus of 10 Labrador retrievers subdivided in
young (11–26 months old), middle age (47–93 months) and old (141–149 months). (A), (C) and (E) show WT2, WT3 and WT 4, (B), (D) and
(F) are photos from CA1, CA4 and CA5. (G1) and (G2) show increasing areas of decreased FAF in area centralis and visual streak interpreted
as progressive decrease in RPE density from the age of 11 months and 25 months in AF1. (H1) and (H2) display the decrease in FAF both
in and outside the visual streak and progressive vascular attenuation in AF3 at 61 and 75 months of age, respectively. (I) Blue arrows show
small areas of bright autofluorescence in the tapetal area in AF5. (J) In AF6, magnification of the central part of the fundus and the halo-like
phenomenon is caused by lenticular, nuclear sclerosis. Red arrows indicate the position of the fovea-like center of the area centralis, which
is discernible in older heterozygotes and all affected dogs.
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Figure 4. (A) IR cSLO-image of the right fundus of a 75-month-old affected dog ABCA4InsC/InsC (AF3). The fovea-like area is brighter than
the surrounding hyporeflective part of the visual streak. The OCT-scan is taken through the fovea-like area (red arrow) where a thin ONL, a
thickened, hyperreflective, and slightly irregular ELM and slightly hyperreflective and thickened EZ are seen. (B) OCTs through the fovea-
like area showing chiefly reduced outer retinal thickness in affected LRs, more obvious in older dogs than younger (young, 15–25 months;
middle-aged, 47–61 months; old, 128–149 months). The morphology of the fovea-like area of wildtype LRs and heterozygotes appear very
similar. Red arrows: fovea-like area.

consistently maintained in one of these two dogs.
Vision testing with falling cotton balls indicated both
impaired daylight and dim light vision. Photophobia
was noticed in an almost 12-year-old male (AF6), but
not in any of the other affected dogs. Retinal vascu-
lar attenuationwas evident but not particularly striking
given the senescence of these dogs. All of, or at least a
substantial part of, the tapetal fundus showed abnor-
mal light reflection when the ophthalmoscopy lens was
tilted back and forth.

Reflex and falling cotton ball testing in carri-
ers (ABCA4wt/InsC) were normal and ophthalmoscopy
showed normal appearance of the ocular fundus
regardless of the age of the dog. Hence, the carri-
ers could neither be distinguished from LRs homozy-
gous for the wild-type allele (ABCA4wt/wt) on reflex and
response testing, nor on indirect ophthalmoscopy.

IR cSLO showed focal hyporeflection surrounding
the normoreflective or partially hyporeflective center
of the area centralis in the youngest affected dogs.
The hyporeflective area extended into the surrounding
area centralis and along the visual streak in middle-
aged dogs, whereas the central fovea-like area appeared

bright (Fig. 3). Eventually, the entire tapetal fundus
appeared mottled in old affected LRs. The fundus
of young carriers appeared normal on IR cSLO. In
older carriers, the brighter fovea-like center of the
area centralis was surrounded by a ring that appeared
hyporeflective, which was most evident in the oldest
dog.

The tapetal reflection of blue light cSLO decreased
with age in all LRs regardless of genotype. Decreased
FAF was most evident in the fovea-like area of young
affected LRs but spread along the visual streak in older
dogs (Fig. 3), indicating a progressive reduction of the
RPE in the most cone-rich areas. In old affected LRs,
islets of increased FAF were observed in the tapetal
area, whereas a more uniform autofluorescence was
seen in the nontapetal area. Interestingly, middle age
and old carriers showed increased FAF confined to
the fovea-like area indicating localized accumulation of
lipofuscin, whereas a very mild decrease in FAF was
seen along the visual streak.

OCTs through the fovea-like area showed either
an almost flat vitreo-retinal border (fovea plana) or a
subtly indented inner retinal surface (corresponding to
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Table 2. ONL and Neuroretinal Thickness (Mean ± SD)*

ONL Neuroretina

Nasal Center Temporal Nasal Center Temporal

ABCA4wt/wt [μm] 46 ± 7 44 ± 5 45 ± 4 191 ± 12 182 ± 11 189 ± 13
ABCA4wt/InsC [μm] 33 ± 4 28 ± 9 32 ± 4 178 ± 8 165 ± 12 176 ± 10
ABCA4 InsC/InsC [μm] 28 ± 7 16 ± 7 27 ± 8 169 ± 12 164 ± 11 169 ± 15
ABCA4wt/wt vs ABCA4wt/InsC P = 0.13 P = 0.17 P = 0.09 P = 0.31 n/a n/a
ABCA4wt/wt vs ABCA4 InsC/InsC P = 0.02 P = 0.004 P = 0.01 P = 0.034 n/a n/a

SD, standard deviation; n/a, post hoc testing was not applicable, because no statistically significant difference was found
when data from all three genotypes were compared.

*From OCTs in the center and 0.5 mm nasally and temporally of the fovea-like area and post hoc statistics with ABCA4wt/wt

as control group.

a shallow “foveal pit”; Fig. 4). This minute difference
in retinal morphology neither seemed to be related to
age nor genotype of the dog. In the 2-year-old affected
LRs, outer retinal thinning (including thinning of the
outer nuclear layer, ONL) was evident in the fovea-like
area and surrounding area centralis compared to age-
matched normal dogs (Fig. 4). Thinning of the outer
retina and ONL in the fovea-like area and positions
0.5 mm temporal and nasal to it was even more evident
in older affected dogs where the ONL was <50% of
that in normal LRs. In carriers, ONL thickness in
these regions took an intermediate position between
normal and affected dogs. The ONL of affected LRs
was significantly thinner in the fovea-like area (p =
0.004), as well as nasally and temporally to the fovea-
like area than in wildtype LRs (p = 0.02 and p = 0.01,
respectively), whereas the difference between wildtype
and heterozygous LRs was not statistically signifi-
cant (Table 2). Either or both of the external limiting
membrane (ELM) and ellipsoid zone (EZ) appeared
thickened and hyperreflective in the fovea equivalent in
the ABCA4InsC/InsC LRs.

Discussion

The loss-of-function mutation in ABCA4 recently
described in LR dogs15 can cause clinical signs in the
retina of affected dogs by1 year of age. The ophthal-
moscopic signs are subtle and IR and FAF imaging
facilitates detection of the abnormal appearance of
the fovea-like area and surrounding area centralis.
Although there are more or less scientific ways to
convert the age of a dog to human years,18,19 the onset
is no doubt juvenile. The age of the youngest dog
with evident ophthalmoscopic and cSLO findings in
the fovea equivalent would approximately translate to a

human subject in their teens or twenties depending on
the age conversion formula preferred.

The localization and the focal FAF hypofluores-
cence in the fovea-like center of the area centralismimic
forms of childhood-onset STGD and correspond to
the mildly abnormal foveal appearance and FAF
patterns sometimes seen in young human patients.10
Although a decrease in FAF may be caused both
by loss of RPE and photobleaching of bisretinoid
fluorophores in aging human patients,20 we believe that
the decrease in FAF in the fovea-like center and its
surround in affected LRs is more likely to reflect loss of
RPE rather than photobleaching of aged lipofuscin, as
this was observed already in young dogs.

The canine fovea equivalent, surrounding area
centralis and its horizontal extension, the visual streak,
are all located in the tapetal fundus of the dog,
where the RPE overlying the tapetum lucidum is non-
pigmented.16,21 Both the tapetal reflectivity and tapetal
color change in puppies, but the tapetal reflection is
considered to be adult-like within the first threemonths
of life.22 Hence, abnormal tapetal reflection in affected
young dogs cannot be attributed to their youth. The
marked decrease in overall tapetal reflection with age
seen with short-wavelength cSLO (FAF-settings) but
not evident on IR-images, has not been described previ-
ously to the best of our knowledge. We have not
explored the reason for this decrease further, but it was
observed regardless of genotype. It has been suggested
that the number of tapetal cell layers decrease with age
in the dog and thereby, both the tapetal reflectivity as
well as the tapetal area decrease.23 Reduced transmis-
sion of short-wavelength light through the aging optic
media, neuroretina andRPEmay also contribute to the
fainter tapetal reflection.

RPE atrophy has been suggested both to precede
and be secondary to photoreceptor degeneration
in STGD1 patients.24,25 Either way, the RPE may
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be overloaded with shedded outer segment material
containing toxic bisretinoids when ABCA4 is dysfunc-
tional in the photoreceptors. Additionally, functional
ABCA4 in the RPE has also been shown to be impor-
tant for maintaining both the RPE and photore-
ceptors.3 In middle-aged affected LRs, the FAF-
hyporeflection suggestive of RPE atrophy extended
well outside the fovea-like area and into the area
centralis and visual streak. In the oldest STGD dogs,
the RPE atrophy had spread to the peripheral retina.
This is in agreement with several reports on progres-
sive RPE atrophy in both human patients and trans-
genic mice with mutations in the ABCA4 gene.26–28
RPE atrophy was not a typical finding on histopathol-
ogy in our previous article,15 but samples were taken
more peripherally and nasally (opposite side to the
fovea equivalent) and the results may therefore reflect
either individual or regional differences or both. In
old dogs, bleaching of the retinal fluorophores over
the years may contribute to a reduction in FAF,
as reported in human patients with some forms of
recessive Stargardt disease.20 We observed diffuse,
increased FAF in the nontapetal area in old affected
LRs. Lipofuscin has been described as the dominant
fluorophore in the retina and was observed in the RPE
of affected dogs in our previous study,15 but other
retinal fluorophores such as photooxidized bisretinoids
also autofluoresce.29 Thus accumulation of phototoxic
bisretinoids (including A2E) is likely to contribute to
the increase in FAF seen in ABCA4InsC/InsC LRs.

The cSLO IR-hyporeflection, as well as the abnor-
mal tapetal reflection and retinal vascular attenua-
tion also seen on ophthalmoscopy was more evident
in older affected dogs and not restricted to the area
centralis surrounding the fovea equivalent indicat-
ing a diffuse, widespread retinal degeneration in old
LRs. This is in agreement with electroretinographic,
histopathologic and immunofluorescent findings in the
old affected LRs previously reported.15 Thus this loss-
of-function mutation causes neuroretinal and RPE
degeneration slowly spreading from the fovea-like area,
into the midperiphery and further toward the periph-
eral fundus, mimicking the progression from Stargardt
macular dystrophy to cone-rod dystrophy seen in some
human patients with ABCA4 mutations.10,11,26,30–32 A
more widespread retinal degeneration causing a reduc-
tion of both cones and rods was further supported
by OCTs showing retinal thinning, most evident in
middle-aged and older affected LRs, with normal
appearing inner retina and thinning of the ONL. The
thinning of the ONL in the fovea-like area and 0.5
mm nasally and temporally to this position was even
statistically significant despite the low number of dogs
included in this study. Because rods outnumber cones

by far in both the area centralis and peripheral retina,17
the ONL thinning indicates that not only cones have
been lost, but also rods. The abnormal appearance
of outer retinal structure in the fovea equivalent of
young affected LRs mimic findings in childhood-onset
STGD1.10

Yellowish flecks are a hallmark in human STGD1
but may not be present in children with early-
onset forms of the disease.10 Furthermore, flecks are
not typically seen in CRD associated with ABCA4
mutations.33–35 We were not able to convincingly detect
flecks in or near the fovea-like area, either by ophthal-
moscopy or cSLO. One reason may be that flecks are
not a typical finding in LRswith this mutation; another
potential reason is the inherent difficulty to detect such
yellowish material in dogs where the tapetum lucidum
often has a bright yellow to greenish reflection. None
of the dogs reported in this current study developed the
widespread mottled brownish deposits in the tapetal
area that were present in one of the dogs in our previ-
ous report.15

Interestingly, the middle-aged and older carriers
for the mutation studied showed a mild pheno-
type characterized by accumulation of lipofuscin
in the RPE in the fovea-like area. Although simple
vision testing and ophthalmoscopy were considered
unremarkable in these dogs regardless of age, both
IR- and FAF-cSLO showed abnormal appearance
in the fovea-like area (and very subtly in the visual
streak). On OCTs, the ONL thickness in carriers
fell in between that of age-matched, wildtype and
affected LRs, although the difference was not statisti-
cally significant. The majority of human carriers for
ABCA4 mutations are not considered to show a clini-
cally abnormal phenotype,14 although heterozygotes
for some mutations may have both abnormal retinal
function and morphology causing visual impairment
detectable in at least some patients on psychophys-
ical testing.12,13 Although very rare, a mild retinal
phenotype has been reported in human heterozy-
gotes for ABCA4 mutations. A male with 20/20
visual acuity being heterozygous for the splice site
variant c.5714+5G>Awas reported to have parafoveal
pisciform flecks corresponding to disruption of the
EZ- and RPE-bands on OCT.36 Furthermore, a
fine granular FAF-pattern with peripheral punctate
spots, a phenotype associated with human age-related
macular degeneration patients, was recently attributed
to monoallelic ABCA4 mutations rather than risk
increasing AMD alleles37 again indicating that some
ABCA4 mutations may cause a phenotype in carriers.
The loss-of-function mutation in the LRs causes a
premature translation stop codon, and our previous
results indicate that the truncated mRNA-fragments
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are likely to be targeted by nonsense-mediated
decay.15 Such a serious mutation would therefore
result in a loss of the ABCA4 protein, which is likely to
be the reason for the abnormal morphology observed
in elderly canine carriers.

The impact of the ABCA4 loss-of-function
mutation in Labrador retrievers, most of them field-
trial type dogs, was variable, as reported by their owners
and trainers. The performance of young, affected LRs
ranged from normal to having unexpected problems
detecting markings (falling birds or dummies) at
a distance. Our attempts to crudely assess vision
suggested that daylight vision was impaired in at
least some dogs early in life, whereas concomitant
impaired dim-light vision was seen mainly in old dogs.
However, these old dogs, close to the end of a normal
LR lifetime, still retained some vision allowing them to
live a relatively normal life as companion animals, as
reported by the owners. We were neither able to detect
signs of visual impairment in heterozygotes for this
mutation (some of them field-trial champions), nor
did we receive anecdotal evidence from their owners
suggesting that the performance of these dogs was
affected even at old age. The lack of signs of impaired
visionmay also reflect that the methods used for testing
vision were far too insensitive and that these dogs may
rely less on high-acuity vision for solving tasks included
in the daily life of a retriever. Furthermore, human
carriers for ABCA4 mutations have been reported to
have normal visual acuity, although multifocal ERG
revealed abnormal macular function.12

We have previously reported on retinal function
assessed with ERG in two LRs homozygous for and
one LR heterozygous for the ABCA4 loss-of-function
mutation.15 Further assessment of retinal function in
both affected dogs and carriers would, of course, be
valuable.However, we have been studying thismutation
in privately-owned dogs, which limited both number
and type of procedures the owners consent to. A colony
of dogs with this ABCA4 mutation will provide better
opportunity to study this disease in greater detail.

In summary, the spontaneous, loss-of-function
ABCA4 mutation results in abnormal appearance
and morphology of the fovea-like center of the area
centralis, including outer retinal thinning compared to
age-matched wildtype LRs, abnormal segmentation of
the outer retinal layers seen on OCT and focal loss
of RPE, already in juvenile LRs. In older dogs, the
abnormal appearance has spread into the area centralis
and visual streak and later on, into the more periph-
eral fundus indicating a progression from a canine
equivalent to a foveopathy to a diffuse cone-rod degen-
eration. Vision slowly deteriorates, but some vision
seems to be retained throughout a normal LR lifetime.

Older heterozygotes may show a mild phenotype with
increased FAF in the fovea-like area, but visual impair-
ment could neither be detected using simple testing nor
was revealed in the history of such a dog.

Knock-out mouse models provided important
information about ABCA4 retinopathies but are not
precise models of human disease.38 Furthermore, the
small size of the globe, the lack of a fovea or fovea-
like area and difficulty to train mice for more advanced
behavioral testing limit the usefulness of murine
models. Because of similarities in retinal morphol-
ogy between affected LRs and more severe forms of
juvenile-onset STGD1 in human patients, as well as the
human-like size of the globe in this species with a fovea-
like area, we believe the affected LR is a suitable large-
animal model for both basic science research and devel-
opment of novel therapeutic interventions.
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