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Abstract

Autosomal recessive Stargardt macular dystrophy is caused by mutations in the photoreceptor disc
rim protein ABCA4/ABCR. Key clinical features of Stargardt disease include relatively mild rod
defects such as delayed dark adaptation, coupled with severe cone defects reflected in macular
atrophy and central vision loss. In spite of this clinical divergence, there has been no biochemical
study of the effects of ABCA4 deficiency on cones vs. rods. Here we utilize the cone-dominant
Abca4™"=/Nrl'= double knockout mouse to study this issue. We show that as early as post-natal
day (P) 30, Abca4™!=/Nrl!~ retinas have significantly fewer rosettes than Abca4™*/Nrl~ retinas,
a phenotype often associated with accelerated degeneration. Abca4-deficient mice in both the
wild-type and cone-dominant background accumulate more of the toxic bisretinoid A2E than their
ABCA4-competent counterparts, but Abca4~'~/Nrf'~ eyes generate significantly more A2E per
mole of 11-cis-retinal (11-cisRAL) than Abca4™/~ eyes. At P120, Abca4™'~/Nrf”'~ produced
340+121 pmoles A2E/nmol 11-cisRAL while Abca4~'~ produced 50.4+8.05 pmoles A2E/nmol
11-cisRAL. Nevertheless, the retinal pigment epithelium (RPE) of Abca4™'~/Nrl”'~ eyes exhibits
fewer lipofuscin granules than the RPE of Abca4™/~ eyes; at P120: Abca4™'=/Nrl”'~ exhibit
0.045+0.013 lipofuscin granules/um? of RPE vs. Abca4~'~ 0.17+0.030 lipofuscin granules/um? of
RPE. These data indicate that ABCA4-deficient cones simultaneously generate more A2E than
rods and are less able to effectively clear it, and suggest that primary cone toxicity may contribute
to Stargardt’s-associated macular vision loss in addition to cone death secondary to RPE atrophy.
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1. Introduction

ABCAA4, a retina-specific member of the ATP-binding cassette transporter family, (formerly
known as ABCR or rim protein/RmP), is a 220 kD member of the ATP-binding cassette
(ABC) family of protein transporters [1-3]. Mutations and polymorphisms in ABCA4 are
associated primarily with recessive Stargardt macular dystrophy but also with age-related
macular degeneration, retinitis pigmentosa, and a form of cone-rod dystrophy [4]
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(http://www.retina-international.org/sci-news/abcrmut.htm). Stargardt’s is characterized by
delayed dark adaptation, significant accumulation of lipofuscin in the retinal pigment
epithelium (RPE), fundus flecks, macular atrophy, and subsequent loss of central vision
[1,2].

ABCAA4 is localized to the disc rims of photoreceptor outer segments (OSs) [2,5] and most
likely functions as a flippase for retinoids released from opsin after excitation by light [6]. In
the dark, both rod and cone opsins are bound to 11-cis-retinal (11-cisSRAL) which is rapidly
isomerized to all-#rans-retinal (atRAL) upon illumination. atRAL is then released from the
opsin protein and is recycled into 11-cisRAL in the visual cycle. The first metabolic step in
the visual cycle is the reduction of atRAL to all-frans-retinol in the OS cytosol. ABCA4 is
thought to be responsible for transporting a portion of atRAL from the lumen to the
cytoplasmic side of the membrane to facilitate retinoid recycling [7]. Although membrane
transport assays for ABCA4 are not available, ATPase activity assays have indicated that the
preferred substrate for ABCA4 is the Schiff base adduct of atRAL and
phosphatidylethanolamine (PE) [8]. Normally these compounds are recycled back into 11-
CiSRAL, but they can form permanent di-retinal species such as the pyridinium bis-retinoid
AZ2E and its isomers iso-A2E and precursor A2PE [9,10]. Although these compounds do
accumulate in the normal eye, in certain disease states they accumulate much more rapidly.
As the photoreceptor OSs are phagocytosed by the RPE, A2E and related bisretinoids
accumulate in RPE lysosomes as autofluorescent material called lipofuscin. There are
several ways A2E is thought to cause RPE toxicity, including destabilizing membranes
[11,12], generating reactive oxygen species, and photooxidation [13,14]. A2E and its
oxidation products have also been shown to activate complement by the alternative pathway
[15], a system often dysregulated in age-related macular degeneration.

Stargardt maculopathy is the best characterized of the ABCA4-associated diseases and
significant research has gone into the mechanism underlying it. The clinical signs and
symptoms of Stargardt’s can be easily explained biochemically. Interestingly, these
symptoms seem to target rods and cones differently. One of the key disease features is
delayed dark adaptation- a rod-related phenotype generally assumed to result from re-
formation of a non-functional atRAL-opsin complex when atRAL is not efficiently cleared
by ABCAA4. In contrast, the severest loss of vision is associated with the cone-dominant
macula. This abnormality is generally attributed not to direct cone defects but to atrophy of
RPE cells in the macula as a result of A2E bisretinoid accumulation with subsequent
degeneration of cone cells.

Genetically engineered Abca4 knockout mice (Abca4™'") exhibit some disease symptoms
similar to Stargardt’s patients; namely delayed dark adaptation, enhanced retinal
autofluorescence and increased accumulation of A2E [2,16]. The fundus of aged Abca4/~
mice also exhibits disease markers, specifically whitish-yellow flecks and the appearance of
atrophic, degenerated areas (Fig. 1 arrows). Unfortunately, the mouse does not have a
macula; and indeed the mouse retina contains only about 3-5% cones. Thus biochemical
studies that provide insight into the way rods use ABCA4 and process retinoids provide little
information as to cones and can furnish little information on the actual pathobiology
underlying cone and macular vision loss. To help address this deficit, we take advantage of
the Nrf'~ mouse model [17,18]. In the absence of the Nrl transcription factor, rods are
converted to cone-like photoreceptors which express cone proteins and exhibit cone
electrophysiological and structural features. Although the cones of the Air/”/~ are not
identical to wild-type murine cones, the advantages provided by this model cannot be
mimicked by any other murine model and provide us an unparalleled opportunity to study
the effects of ABCA4 deficiency on cones. The Air/”~ retina exhibits two key features which
mimic the human macula: 1) cones are expressed densely and cone OSs abut one another
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without interpolation of rods, and 2) cone OSs are adjacent to the RPE (except those inside
rosettes) instead of being obscured by rods. By generating the Abca4™'~/Nrf”'~ double
knockout mouse we have shown that cones are more affected than rods by ABCA4
deficiency and provide insight into why ABCA4 deficiency can cause a relatively minor rod
defect (delayed dark adaptation) and a severe cone defect (loss of central vision).

2. Materials and methods

2.1. Animal care and use

Pigmented Abca4™'~/Nrf”~ mice homozygous for the leucine 450 RPE65 variant were
generated from A/~ (generously shared by Dr. Anand Swaroop, NEI) and Abcad'~
(generously shared by Dr. Gabriel Travis, Jules Stein Eye Institute) single knockouts. Adult
mice (WT-Abcad*”*/Nrl”*, Abcad™=/Nrl**, Abca4™*/Nr-~, and Abca4™'~/Nrl'~) were
reared in a 12-hour light—dark cycle with an ambient light intensity of 30 Ix. Some cohorts
were transferred at post-natal day (P) 5 to a light box (12 h light-dark cycle, ambient light
300 Ix) where they were reared thereafter. All animal protocols used in these experiments
were approved by the local Institutional Animal Care and Use Committee (Oklahoma City,
OK, USA) and were in accordance with the guidelines on the care and use of animals in
research as established by the Society for Neuroscience and the Association for Research in
Vision and Ophthalmology.

2.2. Fundus imaging

Fundus imaging was conducted using the Micron Il imaging system with mouse objective
from Phoenix Research Labs (Pleasanton, CA). Animals were anesthetized by intramuscular
injection of 85 mg/kg ketamine and 14 mg/kg xylazine (Pharmaceutical Systems, Inc.,
Tulsa, OK). Eyes were dilated with 1% Cyclogyl (Alcon, USA), and a drop of 2.5%
methylcellulose (Pharmaceutical Systems Inc.) was placed on the corneal surface. Mice
were placed on an adjustable stage and the Micron Il objective was stereoscopically
adjusted until it came into contact with the cornea. Images were then captured using the
StreamPix software (Phoenix Research Labs).

2.3. Light and electron microscopy

Eyes were collected from 3 to 5 dark-adapted animals per group. The superior cornea was
marked prior to enucleation and samples were dissected, fixed, embedded, and sectioned as
described previously [19,20]. Semithin sections were stained with 1% toluidine blue in 1%
sodium borate and imaged with an Olympus BH-2 microscope. Ultrathin sections were
stained with 2% uranyl acetate and lead citrate and imaged using a JEOL 100CX electron
microscope (Japan).

2.4. Morphometry

For light morphometry, semithin sections along the nasal/temporal axis were imaged under a
40x objective at increasing distances from the optic nerve head. The number of cells in a
220 wm section (the width of a 40x image) of the outer nuclear layer in each image was
counted. To quantify rosette number, images were captured and the number of rosettes was
counted across an entire central retinal section (containing the optic nerve head). Images
from 3 to 5 animals per group were analyzed. Data are presented as means£SEM. For
electron microscopy (EM) morphometry, ultrathin sections along the nasal/temporal plane
were imaged at 6000x%. Lipofuscin granules and phagocytosed OSs were counted manually
and Adobe Photoshop CS3 was used to determine RPE area and the size of lipofuscin
granules. At least 5 images per eye were evaluated and to account for variations in the
amount of RPE visible in each image, results from each of the 5 images were summed to
give individual values for each eye, and values are normalized to the area of the RPE.
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Analyses were done on 3-6 animals per genotype (all at P120) and results are analyzed by
two-way ANOVA with Bonferroni’s post-hoc test.

2.5. Immunofluorescence labeling

Eyes were collected and fixed as described above and were then embedded and
cryosectioned as described previously [21]. Immunofluorescence labeling was performed as
described previously using monoclonal antibody MAB360 (Chemicon International,
Temecula, CA) against glial fibrillary acid protein (GFAP). Slides were imaged on an
Olympus BX-62 microscope equipped with a spinning disc confocal unit. Images were
stored and deconvolved (no neighbors paradigm) using Slidebook® version 4.2 and are
single slices of a confocal stack.

2.6. Electroretinography

Full field scotopic and photopic ERG was performed on anesthetized mice at P30, P60 and
P120 after overnight dark-adaption using the UTAS system (LKC, Gaithersburg, MD, USA)
as described previously [20,21]. Scotopic responses were measured after a single strobe
flash at 157 cd s/m2. Animals were then light adapted for 5 min (29.03 cd/m?2) and photopic
responses were measured by averaging 25 flashes at 79 cd s/m2. At least 5-10 animals were
examined per age, light intensity, and genotype. Data are presented as means +SEM. Two-
way ANOVA and Bonferroni’s post-hoc test were used to determine statistical significance.

2.7. Analysis of A2E, other bis-retinoids, and 11-cisRAL

Animals were dark-adapted overnight, and eyecups were collected in the dark and
immediately frozen in liquid nitrogen. The eyecups were homogenized, extracted, filtered,
and evaporated. The extract was re-dissolved in methanol/chloroform and A2E and iso-A2E
were measured using HPLC (Alliance system, Waters, Corp, Milford, MA) as previously
described [22]. Four eyes were combined for each A2E measurement. 11-cisRAL
measurements were conducted under dim red light. Mouse eyecups were homogenized in
methanol/50% hydroxyl-amine aqueous solution, incubated for 30 min, and extracted three
times with chloroform. The organic phases were collected and dried under argon. The dried
samples were redissolved in 80 .l methanol and 40 .l was injected into HPLC (Waters
2695). Chromatography was performed using a normal phase column (Agilent ZORBAX
Rx-SIL; 4.6%x250 mm, 5 um) and elution with a gradient of hexane (A) and 1,4-dioxane (B):
0-45 min, 100-95% A, 1.5 ml/min; 45-60 min, 95-90% A, 1.5 ml/min; 60—70 min, 90% A,
1.5 ml/min. Absorbance peaks were identified by comparison with external standards (11-
cisSRAL was a kind gift from Dr. Rosalie Crouch to Dr. Janet Sparrow), and molar quantities
per eye were calculated by comparison to standard concentrations determined
spectrophotometrically using published extinction coefficients, and normalized to total
sample volumes. Statistical analysis was performed using two way ANOVA (light and
genotype) while 11-cisRAL results were analyzed by one-way ANOVA (genotype), both
using Bonferroni’s post-hoc test.

3. Results

3.1. Structural effects of ABCA4 deficiency in cones

It has been shown that retinal degeneration in the Abca4~/~ mouse does not begin until
around the 8th month of life [23]. To determine whether degeneration is more rapid in
Abca4™=INrl~ or in animals raised in bright light (300 Ix), tissues were collected at P30,
60, and 120 from animals reared in both dim (30 Ix) and bright light. Representative light
microscopic images are shown in Fig. 2A for WT (Abca4?*/Nrf*/*) and Abca4™'~

(Abca4 = /Nrf*/*) and in Fig. 2B for Nirf'= (Abca4*”*/Nrf'~) and Abca4™'~I NrI'=. No overt
alterations in retinal structure are observed in Abca4 ™'~ eyes at any age when compared to
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WT. Nirf~ animals exhibit characteristic whorls [18] in the outer nuclear layer (ONL)
called rosettes. As shown in Fig. 2B-C, Abca4™'=/ Nrf"'~ animals exhibit significantly fewer
rosettes than Ar//~ animals at all ages. The reduction in rosettes does not appear to be age
dependent; the number of rosettes observed in Abca4~'~/ Nrl”'~ animals is not significantly
different at P30, 60, or 120. As the overall number of rosettes in A/~ animals decreases
slightly with age, the difference in rosette number between Abca4™'~/Nrf'~ and Nrf~
animals is most pronounced at P30. Rearing animals in bright light does not appear to have a
significant effect on retinal structure or rosette number.

The Nrf'~ retina degenerates over time [24,25], and to determine whether this degeneration
is accelerated by the absence of ABCA4, we counted the number of photoreceptor nuclei in
a 220 pm section of the ONL at increasing intervals from the optic nerve head. In the WT
(Nrl*’*) background we observed no changes in the ONL at any time-point, age, or lighting
condition (Fig. 3A). In the Nirf'~ background (Fig. 3B), we observed decreases in the
number of cells in the ONL at P60 and P120 compared to P30 (gray line) but neither the
absence of ABCA4 (Abca4™'=I NrI/-) nor exposure to light accelerates the rate of cone cell
death.

In keeping with the lack of significant structural changes in mice lacking ABCA4, we
observed no significant light or age-dependent ultrastructural changes in OSs of mice
lacking ABCA4 in either the WT or A/~ backgrounds (Supplementary Fig. 1).

To determine whether the development of the abnormal fundus phenotype shown in Fig. 1
was accelerated in the cone dominant background, fundus images were taken at 2—-3 months
and at 4-5 months of age from mice of all 4 genotypes. At both timepoints we examined,
Abca4™!~ eyes exhibited variability in fundus phenotype. At 2-3 months of age, half of the
eyes examined (3/6) had a completely normal fundus phenotype while the fundi of other
animals exhibited white spots (3/6). By 4-5 months, more eyes exhibited these white spots
(4/5), but not all. None of the WT eyes exhibited these white spots at either age (0/6 at 2—3
months and 0/5 at 4-5 months). These spots may be early signs of retinal flecking (Fig. 4A,
black arrows), but others have suggested that white spots may correlate with the appearance
of microglia. The most striking feature of the Air/~ retina is the appearance of light gray
spots all over the fundus (Fig. 4B, white arrows). These spots are in a different plane from
other retinal features and likely correspond to rosettes. Support for this comes from fundus
images of rds™~/Nrf'~ mice (a genotype which has significantly reduced rosettes [24]); they
lack the gray spots (not shown). In keeping with this idea, we observe fewer gray-white
spots in the Abca4~'~/NrI~ mice than in the Ar//~ at 2—-3 months and virtually no spots in
double knockout animals at 4—5 months. Similarly, fewer gray white spots are observed in
the central retina of A/~ animals at 4-5 months than at 2-3 months, consistent with the
natural reduction in rosette number that occurs as degeneration begins in the Airf/~
background. We observe that the fundi of animals in the A/~ background are generally
splotchier (i.e. more patchy variation in background color). We did not detect signs of retinal
flecking in Nr/~ or Abca4™=/Nrl”'~ animals at either age, although the presence of rosettes
and the patchier pattern of the fundi makes them difficult to analyze.

3.2. Retinal stress is detected in Abcad~/=/Nrl~/~ animals

Although we did not detect any significant ABCA4-associated degeneration in either the
WT or Nr/~ backgrounds (up to 4 months of age), we asked whether mice lacking ABCA4
exhibited any signs of increased retinal stress compared to controls. Immunofluorescent
labeling with antibodies against glial fibrillary acid protein (GFAP), a retinal stress marker,
indicated that GFAP was upregulated in retinas lacking ABCA4 (Fig. 5). In WT retinas,
GFAP expression is limited to the Muller cell endfeet in the inner limiting membrane. In
contrast, in Abca4~'~ retinas, mild induction in GFAP is observed at P30, with patchy

Biochim Biophys Acta. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conley et al.

Page 6

extensions into the inner plexiform layer (IPL) at P60 (arrows). By P120, Abca4™'~ eyes
exhibit significant GFAP induction throughout the retina while the staining pattern in WT
retinas remains normal. In contrast GFAP was induced in the A/~ retina by P120 due to
ongoing slow degeneration in this model. Induction of GFAP is accelerated in Abca4™'~/
Nrf~ retinas compared to both single knockouts. Furthermore, staining in these double
knockout retinas is more extensive than in any other genotype; at P120 GFAP labeling is
detected through the IPL, inner nuclear layer (INL) and in some cases into the outer nuclear
layer (ONL).

3.3. Cone function is not affected by the absence of ABCA4

It has been previously demonstrated that rod dark adaptation is delayed in Abca4’~ mice
compared to wild-type mice [2,16], but that overall rod function is not affected. Since
macular cone vision loss is a key phenotype of Stargardt’s, we assessed whether cone
function was affected in the absence of ABCA4. Full-field photopic ERGs were conducted
at P30, 60 and 120 on animals raised at 30 Ix and 300 Ix. Consistent with our structural
findings, light exposure had no effect on cone function. In the WT background, maximum
photopic ERG responses were not different at any age or genotype (Fig. 6A). Maximum
photopic ERG responses were reduced with significance in double knockout mice at P120
compared to P30 (22.8% reduction in animals raised at 300 Ix, 21.3% reduction in animals
raised at 30 Ix—Fig. 6B), but no additional differences were detected. As this difference was
not detected in cones in the WT background, it may be attributable to the onset of
degeneration or the higher cone density of the Airf/~ retina.

3.4. A2E levels are significantly increased in the absence of ABCA4

One of the primary defects in both human patients carrying ABCA4 mutations and the
Abca4™!~ mouse is abnormal accumulation of A2E and other bisretinoids; this increase is
also reflected in an increase in the RPE lysosomal organelles housing the lipofuscin
(lipofuscin granules). The bisretinoid precursor of A2E, A2PE, is generated from atRAL
within OS discs in the absence of the flippase activity of ABCA4 and then accumulates in
the RPE as a result of phagocytosis of OSs. To determine whether abnormal amounts of
AZ2E are generated in the cone-dominant retina, we harvested whole eyes from animals
raised at 30 or 300 Ix at P30, 60, and 120 and processed them for HPLC to measure total
AZ2E levels (Fig. 7, chromatogram in Supplementary Fig. 2). Results were analyzed by two-
way ANOVA (for light and genotype), and light was not a significant interacting variable at
any age; genotype accounted for the observed variability. At P120, mean A2E levels in
Abca4™!=/Nr~ animals raised at 300 Ix were less than in animals raised at 30 Ix, but this
difference was not significant. A2E levels increased with age, as expected, but at no age
were differences detected between WT and A/~ animals. In contrast, in the absence of
ABCAA4, A2E levels were significantly higher at every age and background. The difference
is most pronounced at P120; A2E levels in Abca4™'~ and Abca4™'~/Nrl !~ are significantly
higher than WT and Air/”~. Although absolute accumulation in Abca4™'~I Nrf'~ was less
than in Abca4~!~, the relative increase compared to controls was similar: A2E levels at P120
in Abca4™~ eyes were 3.17 and 3.76 fold higher than in WT animals (30/300 Ix) while A2E
levels in Abca4™!~I N~ eyes were 3.08 and 2.08 fold higher than in Nr/~.

Although the number of photoreceptor cells in the Ar/”~ retina is the same as the WT,
structural data indicate that there is significantly less mass of OSs as a result of the lack of
rods and the fact that AVir//~ cones are shorter than WT cones. This decrease in OS mass is
accompanied by an expected decrease in 11-cisSRAL levels [26]. To take this into account
we therefore measured 11-cisRAL levels in whole eyes at P120 (Fig. 8a), and since light had
not been a significant variable in previous experiments, this experiment was conducted in
animals reared at 30 Ix. Levels were modestly reduced in the absence of ABCAA4: levels in
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Abca4™~ were reduced by an average of 30.4% compared to WT levels and levels in
Abca4™=I Nrl'= were reduced by an average of 50.8% compared to Airf/~. The most
striking difference, however, is that 11-cisRAL levels in Ar//~ are reduced by 86.7%
compared to WT, making levels in WT eyes almost 10 times higher than in A/~ eyes.
Since the starting material for generating A2E is the all-frans-retinal that forms when 11-
cisRAL undergoes photoisomerization, it makes sense to express A2E levels as a function of
11-cisRAL. For clarity’s sake we have re-plotted A2E levels at P120 in Fig. 8b (both light
levels combined), and in Fig. 8C shows pmoles of A2E/eye as a function of pmoles of 11-
cisRAL/eye. These results show that, per pmole of 11-cisRAL, abnormal A2E buildup in the
absence of Abca4'~ is significantly higher in the cone-dominant background than in the
rod-dominant background: levels of A2E/pmole of 11-cisRAL in double knockout eyes were
32.5 fold higher than in WT eyes, 6.8 fold higher than in Abca4'~ eyes and 5.9 fold higher
than in Air/”'~ eyes.

3.5. Fewer RPE lipofuscin granules are detected in the cone-dominant background than in
the rod-dominant background

Finally, we conducted ultrastructural morphometric analysis of RPE cell layers from eyes
collected at P120 to determine whether A2E generated in cone OSs also contributes to the
formation of lipofuscin granules in the RPE. For each eye, at least five images were
analyzed and summed; we measured the total area of RPE in each image, the number and
size of lipofuscin granules (black arrows—Fig. 9A), and the number of phagocytosed OS
clumps (white arrows—Fig. 9A). As shown in Fig. 9B, the number of lipofuscin granules
detected in the RPE of Abca4™~ eyes was significantly higher than the number in WT, and
significantly higher than the number in Abca4™=/Nrf~=. Similarly, the fraction of the RPE
occupied by lipofuscin granules was 4.9 fold higher in Abca4'~ than WT. The fraction of
RPE occupied by lipofuscin granules in the Abca4~'~I Nrf'~ was 2.8 fold higher than in the
Nrf™= but the difference did not achieve significance. In both the WT and Nr//~
backgrounds, the average size of the lipofuscin granules was significantly larger in the
absence of ABCA4 (Fig. 9C). Finally, we counted the number of phagocytosed OS pieces in
the RPE. Abca4™=INrf”'~ and Nrf”'~ mice exhibit fewer pieces of OS in the RPE than their
WT counterparts (Fig. 9D, 62% reduction in N/~ compared to WT, and 54% reduction in
Abca4™!=I NirI'= compared to Abca4'") although this reduction was not statistically
significant. These data combined suggest that while A2E is generated at similar absolute
levels in the WT and A/~ background (and at higher levels in the Ar//~ background when
normalized to total 11-cisSRAL), the amount of that A2E making it to the RPE is
significantly less in the A/~ background.

4. Discussion

Here we show that ABCA4 deficiency has a different effect in cones vs. rods. The main
structural effect we observe in cone-dominant retinas lacking ABCA4 (Abca4™'~/Nrf-) is a
significant reduction in rosette number compared to A/~ retinas. We observe increased
retinal stress as measured by GFAP in both rod- and cone- dominant retinas lacking
ABCAA4. Cones generate significantly more A2E per mole of retinoid than rods do, and as in
the rod-dominant background, A2E accumulates abnormally in cone-dominant animals
lacking ABCAA4. However, fewer lipofuscin granules are detected in the RPE of cone-
dominant ABCAA4-deficient eyes than rod-dominant ABCA4-deficient eyes. Interestingly,
the lighting conditions under which the animals were raised (30 Ix vs. 300 Ix) did not
significantly exasperate the measured outcomes.

Since A2E formation initially results from abnormal accumulation of atRAL, it is not
surprising that in dark reared Abca4~'~ animals A2E accumulation was attenuated compared
to animals raised under cyclic light at 30 Ix [27]. Subsequent work demonstrated that A2E
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levels were not significantly different in Abca4~/~ animals reared under cyclic conditions at
either 30, 120, or 1700 Ix [28], although light exposure did stimulate formation of reactive
forms of photooxidized A2E [13]. These results suggested that the adverse effects of light on
AZ2E accumulation plateau at levels past 30 Ix, i.e. that dark-rearing is protective compared
to rearing at 30 Ix but rearing at low light levels (30 Ix) provides no benefits compared to
rearing in brighter light (120 Ix or 1700 Ix). Rods contain the majority of 11-ciSRAL in the
WT murine retina with only a small cone contribution; thus it is possible that this plateauing
effect is due to rod saturation which occurs at levels below 30 Ix [29]. We hypothesized that
in the cone-dominant background, light-dependent A2E accumulation might be more
pronounced than in the rod-dominant background since cones are the major contributor of
atRAL and they are actively undergoing phototransduction and thus retinoid cycling at both
30 and 300 Ix [29]. However, we did not detect a significant effect of light exposure on
accumulation of A2E or on any other structural or functional outcome. These data suggest
two possibilities. The first is that the rate of cone retinoid cycling (and thus atRAL
generation) is not more at 300 Ix than it is at 30 Ix, possibly due to light adaptation.
Alternatively, under high light conditions, A2E production is actually increased, but that
increase is not detected because high light levels also increase A2E photooxidation and
photodegradation [9,28]. The simultaneous increase in A2E production and elimination by
photooxidation and photodegradation would therefore lead to a lack of net change in overall
AZ2E levels from low light to high light. In support of the latter possibility, we see a hon-
statistically significant reduction in A2E levels at P120 in Abca4™=/Nrl”'~ mice reared at
300 Ix compared to their counterparts reared at 30 Ix. This light-associated decrease could
reflect increased photooxidation and photodegradation of A2E.

Interestingly, we show that cones in the A/~ have much higher rates of generation of A2E
per mole of 11-cisSRAL than rods do. These data are consistent with the differing properties
of rod and cone phototransduction. First, under ambient lighting, cones are actively
generating atRAL while rods are saturated. Second, cones have a much higher capacity for
photoisomerization prior to saturation than rods (up to 1,000,000 vs. 500
photoisomerizations/s, respectively) and can recover sensitivity faster than rods [30-33].
These factors combined suggest that under light conditions, cones utilize more ret-inoid and
place a significantly higher demand on the retinoid recycling system than rods do. It might
not be surprising, therefore that abnormal accumulation of A2E in cones lacking ABCA4
(Abca4™'=/Nrf7) is much more pronounced than in rods lacking ABCA4 (Abca4™'~ as in
Fig. 8c). These data suggest that as a result of their higher levels of activity under ambient
light, cones have a higher need for rapid and efficient clearance of atRAL and thus would be
more sensitive than rods to interruptions in this clearance process (as would be the case in
the absence of ABCA4). However, while the increased production of A2E per mole of 11-
CisRAL in the Nirf'~ compared to WT is consistent with the physiology of cones vs. rods,
we must also consider the potential effects of the degeneration inherent in the A/~ model
system (as evidenced by the decrease in ONL number in Fig. 3B). Evidence from the RCS
rat which exhibits defects in OS phagocytosis and abnormal accumulation of A2E in
photoreceptors prior to or concurrent with degeneration suggests that photoreceptor cells
under stress may form accentuated levels of bis-retinoids as a result of aberrant handling of
atRAL [34]. This phenomenon may contribute to the increased production of A2E in
animals in the r/'~ background.

How then does increased cone accumulation of A2E relate to macular vision loss in
Stargardt’s patients? One of the distinguishing characteristics of the macula (which is
modeled by the Airf~) is high cone density. In the peripheral retina, each RPE cell interacts
with many rods but only a few cones. In contrast, in the macula, each RPE cell interacts with
many cones. Under photopic conditions, when cones are the primary source of
phototransduction and retinoid cycling, peripheral RPE cells would therefore only have to
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accommodate the visual cycle for a couple of cells, in contrast to macular RPE cells which
would support many photoreceptors. Thus in light these macular RPE would have much
higher demands placed on them than non-macular RPE. RPE atrophy as a result of this
demand coupled with ABCAA4-related defects in retinoid processing has been thought to
underlie macular vision loss in Stargardt’s patients. Using the Ar//~ mouse as a model for
the macula, we here show that some cone-intrinsic toxicities may also contribute to macular
vision loss. Our data indicate that the cone-dominant eye generates more A2E than the rod-
dominant eye. Yet, in our morphometric analyses, we observe that significantly fewer (4.15
fold) lipofuscin granules are detected in the RPE of cone-dominant Abca4™'=/Nrl~ eyes
than Abca4™'~ eyes even though Abca4~'~/Nrf'~ mice exhibit only 0.48 fold less A2E than
Abca4™=. Thus A2E generated in cones may abnormally remain in or associated with the
photoreceptor where it would be expected to exert its cytotoxic effects. These data suggest
that macular vision loss is partly due to a direct toxic effect of accumulated A2E and/or its
photooxidative products on cones rather than being entirely based on degeneration as a
consequence of RPE atrophy. The anatomy of the cone OS supports this possibility. In rods,
the discs are enclosed and self-contained, thus any A2PE/A2E generated therein would
travel with the disc and eventually be phagocytosed by the RPE. In contrast, the cone
lamellae membrane is contiguous with the plasma membrane; and membrane-associated-
AZ2E and/or its photooxidative components may be found in other cellular compartments.
These other cellular compartments, such as the inner segment, do not turn over membrane in
the same way as OSs and therefore, A2E might be expected to accumulate in the cone cell
rather than the RPE [35]. In a study examining cone OS shedding, Long et al. reported that
lipofuscin-like particles were detected in cone ISs and Muiller cell processes [36] in the
cone-dominant ground squirrel retina. Similarly, Milam and colleagues reported Muller cell
hypertrophy and accumulation of lipofuscin-like autofluorescence in the cone inner
segments of the retina of a patient with Stargardt’s disease [35]. These previous observations
provide support for the hypothesis that A2E/lipofuscin may form not only in cone OS but
also in cone 1Ss that do not undergo turnover.

A second (and related) explanation for accelerated macular vision loss in ABCA4-associated
disease is that we detect several signs suggestive of a mild increase in cone degeneration
(compared to rod) in the Ar/”~ retina in the absence of ABCAA4. First, cone function is
slightly decreased in Abca4™'=/Nrl'~ at P120 compared to P30, while rod function has been
demonstrated to be unaffected at this age [2]. Second, retinal stress as measured by GFAP
induction was elevated in Abca4™'~/Nrf'~ compared to Abca4~'~. Third, although we did
not detect any significant decreases in the number of cells in the ONL (Fig. 3), average ONL
cell numbers for Abca4~'=/Nrf'~ in the superior retina at P120 were consistently lower than
those for N/~ while averages in Abca4™'~ were equivalent to Abca4**. Fourth, we
observe a reduction in rosette number in Abca4~'~/Nrf"'~ compared to Nir/'~, a phenotype
associated with degeneration in other A/~ models including the rpe65~/Nrf”'~ and the
rds=/Nrl'= [24,25,37]. Finally, there are some data to suggest that cones may be more
sensitive to oxidative stress than rods [38]. While these data suggest a slightly earlier onset
of cone degeneration in the absence of Abca4 '~ the effects are mild and the ongoing
degeneration in the Ar//~ itself must be remembered. In the WT background, significant
ONL thinning is first detected at 8-9 months of age [23]. We see induction of GFAP in
these mice at P120, consistent with GFAP induction as an early indicator of retinal stress. It
is not clear why GFAP induction precedes ONL thinning by so substantial a margin,
however a similar phenotype has been observed in models of cone dystrophy [39]. In the
cpfll mouse model of cone dystrophy (Pde6c mutation), pan-retinal GFAP induction is
associated with cone stress/degeneration and occurs prior to ONL thinning [39]. In the rod-
dominant murine retina, ONL thinning primarily reflects rod photoreceptor death, and these
observations suggest that cone stress/death can induce the type of GFAP induction we see in
the Abca4™'~ and Abca4™'=/Nrl=. It is striking that we did not observe more accelerated

Biochim Biophys Acta. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conley et al.

Page 10

degeneration in the Abca4™~/Nrf"'~ mice. Abcad-associated Stargardt’s is a juvenile-onset
disease with central vision defects usually appearing in childhood or adolescence. Our
observed lack of severe visual defects and severe degeneration from P30 to P120 indicates
that the timecourse of disease development is different in humans and mice.

5. Conclusions

In conclusion, we here present evidence that cones and rods have an inherently different
response to ABCA4 deficiency. Cones simultaneously generate more A2E and clear it less
efficiently than rods, suggesting that primary A2E toxicity may play a role in the
development of macular defects in cases of ABCA4 deficiency. These findings significantly
enhance our understanding of the role of ABCA4 in rods and cones and have direct
relevance to cone-based macular vision loss in patients afflicted with ABCA4-associated
recessive Stargardt’s.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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11-cisRAL 11-cis-retinaldehyde

ABCA4 retina-specific ATP binding cassette
atRAL all-trans-retinaldehyde

GFAP glial fibrillary acidic protein

INL inner nuclear layer

IPL inner plexiform layer

NRL neural retina leucine zipper

ONL outer nuclear layer

(OX) outer segment

post-natal day

RDS retinal degeneration slow

ROM1 rod outer segment membrane protein 1
RPE retinal pigment epithelium

WT wild-type
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Appendix A. Supplementary data
Supplementary data to this article can be found online at doi:10. 1016/j.bbadis.2011.10.007.
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Abca4** Abca4”

12 months

Fig. 1.

Development of retinal flecking and atrophic areas in the Abca4~/~ mouse. Fundus images
were collected from anesthetized mice at the age of 12 months. On the left is shown a
normal aged fundus (Abca4*/*), on the middle and right are shown two representative
images collected from age-matched Abca4~/~ mice. Note the appearance of yellowish flecks
and atrophic areas (arrows).
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Fig. 2.

Structural effects of ABCA4 deficiency. Representative sections from Abca4*/* and
Abca4™!=(A), Abca4?* /N~ and Abca4™'=/Nrl™'~(B) reared at 30 (top rows) or 300 Ix
(bottom rows) were collected at P30, P60 and P120. (A) No overt changes in retinal
structure are observed in the absence of ABCA4 in the WT background. (B) In the Air/”/=
background, the primary structural defect arising from ABCA4 deficiency is a decrease in
the number rosettes detected in the outer nuclear layer (ONL). Light rearing had no
discernible effect on any genotype. (C) Rosettes were quantified in central retinal sections in
3-5 mice per group. Values are presented as mean total rosettes counted+SEM. * p<0.05.
OS: outer segment, ONL: outer nuclear layer, INL: inner nuclear layer. Scale bar 25 um.
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Fig. 3.

ABCA4 deficiency does not increase retinal degeneration up to P120. Measuring from the
optic nerve head, sections (as in Fig. 2) were imaged at 100 um intervals. Total nuclei in the
ONL were counted in each image from 3 to 5 mice per group. Values are presented as mean
+SEM. Horizontal gray lines represent average levels at P30. (A) WT mice and their
ABCA4 deficient counterparts do not exhibit any retinal thinning up to P120 at either light
level. (B) In the Arf/~ background, a decrease in ONL thickness is observed by P120 but
neither lack of ABCA4 nor light exposure has any significant effect on the decrease. N:

nasal, T: temporal.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 July 01.



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

1duosnuei\ Joyiny Vd-HIN

Conley et al.

Page 17

>

Abca4**

[MICRON 111 MICRON 111

2-3 months

MICRON 111

4-5 months

B

MICRON 111

Abca4**/Nrl” Abca4”/Nrt"

MICRON 111

2-3 months

MICRON 111

4-5 months

Fig. 4.

Development of retinal flecking in the absence of ABCA4. Shown are representative fundus
images captured from animals raised at 30 Ix at 2-3 months of age (top row of each panel)
or 4-5 months of age (bottom row of each panel) in the WT (A) or Nr//~(B) background.
(A) Normal fundus (left) and Abca4~'~ fundus (right). At both ages, some Abca4™'~ animals
exhibited signs of retinal flecking (black arrows) while others exhibited a normal fundus.
(B) Abcad™*/Nrf!~ fundus (left) and Abca4~'~/Nrf”'~ fundus (right). The A/~ fundus at
2-3 months of age exhibits evenly spaced white-gray spots across the fundus (white arrows).
By 4-5 months of age these spots are detected primarily in the periphery with very few in
the central portion. In the Abca4™'=/Nrl™~ eye, the white-gray spots are detected at 2-3
months, although not to the same extent as in the Abca4?"*/Nrl™~. Very few white-gray
spots are detected in Abca4™'~/Nrf~ eyes at 4-5 months. No signs of retinal flecking are
observed in the Airf'~ background at either age.
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Fig. 5.

Retinal stress is exacerbated in the absence of ABCAA4. Frozen retinal sections collected at
P30, 60, and 120 were stained with the retinal stress marker, GFAP. At P30 (top) and P60
(middle) normal GFAP localization is observed in Abca4?/* and Abcad™’*/Nrl™~ retinas,
expression is limited to the inner limiting membrane. Very mild GFAP induction is observed
at P30 age in Abca4™'~ and Abca4™'~/NrI'~ animals (arrowheads). At P60 patchy induction
of GFAP is seen in Abca4~/~ animals (arrows) and induction is seen throughout Abca4'=/
Nrf~ retinas. By P120, all genotypes except Abca4?/* show signs of GFAP induction, with
the most severe being detected in the Abca4~'~/Nri'=. Scale bar 25 wm. ONL: outer nuclear
layer, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.
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Cone function is not severely affected by ABCAA4 deficiency. Full-field scotopic ERGs were
performed on 6-8 animals per group at P30, 60, and 120. Results shown are mean maximum
amplitudes£SEM. (A) In the WT background, ABCA4 deficiency has no effect on cone
function. (B) In the A/~ background, a mild decrease in cone function is observed in
Abca4 '~ /N~ animals at P120 compared to P30. * p<0.05.
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Fig. 7.

AZE levels are significantly increased in the absence of ABCAA4. Total A2E levels were
measured from eyecups harvested at P30, 60 or 120. 3-6 independent samples were
measured for each group and values are presented as mean pmoles of A2E/eye+SEM.
Rearing under 300 Ix did not have a significant effect on A2E accumulation but at every
timepoint, in both the WT and Ar//~ background, animals lacking ABCA4 accumulated
significantly more A2E than control animals. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 8.

11-cisRAL levels are decreased in the absence of ABCA4. 11-cisRAL levels were measured
from eyecups harvested at P120 (30 Ix), 4-5 measurements per group. (a) 11-cisSRAL levels
are significantly decreased in the A/~ background. (b) For clarity’s sake, A2E values at
P120 (30 Ix) from Fig. 8 are shown here. (c) A2E values are shown normalized to 11-
cisRAL levels. Per pmole of 11-cisRAL, animals in the Air/~ background, particularly
when lacking ABCA4, accumulate significantly more A2E than animals in the WT
background. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 9.

Fewer lipofuscin granules are detected in the RPE cells of ABCA4 deficient eyes in the
Nrl~ background when compared to the WT background. (A) Representative electron
micrographs of the RPE cell layer at P120 showing lipofuscin granules (black arrows) and
phagocytosed outer segments (white arrows). Scale bar 2 um. For quantification, 3-5
animals per group were analyzed and at least 5 images per eye were counted, totals were
summed for each eye and values shown are means=SEM. (B) Both the number of lipofuscin
granules per wm of RPE area (left) and the fraction of RPE occupied by lipofuscin granules
(right) are increased with significance in the Abca4~/~ compared to all other genotypes, and
these parameters are also non-significantly increased in Abca4~'=/Nrf'~ compared to
Abca4*”*INrF'=. (C) In both the WT and Air/~ backgrounds, the average size of each
lipofuscin granule is larger in the absence of ABCAA4. (D) In the Arf-'~ background the
number of OS pieces detected inside the RPE appeared to be less than in the WT
background, but the difference was not statistically significant. *p<0.05, **p<0.01,
***p<0.001.
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