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Abstract

All-trans-retinal and its condensation-products can cause retinal degeneration in a light—dependent
manner and contribute to the pathogenesis of human macular diseases such as Stargardt’s disease
and age-related macular degeneration (AMD). Although these toxic retinoid by—products
originate from rod and cone photoreceptor cells, the contribution of each cell type to light-induced
retinal degeneration is unknown. Here the primary objective was to learn whether rods or cones
are more susceptible to light-induced, all-trans—retinal-mediated damage. Previously, we
reported that mice lacking enzymes that clear all-trans—retinal from the retina, ATP-binding
cassette transporter 4 (ABCA4) and retinol dehydrogenase 8 (RDH8), manifested light-induced
retinal dystrophy. We first examined early-stage-AMD patients and found retinal degenerative
changes in rod-rich rather than cone-rich regions of the macula. We then evaluated transgenic
mice with rod—only and cone-like—only retinas in addition to progenies of such mice inbred with
Rdh8 7~ Abca4 7~ mice. Of all these strains, Rdh8 7~ Abca4 '~ mice with a mixed rod—cone
population showed the most severe retinal degeneration under regular cyclic light conditions.
Intense light exposure induced acute retinal damage in Rdh8 7~ Abca4 7~ and rod—only mice but
not cone-like—only mice. These findings suggest that progression of retinal degeneration in
Rdh8- Abca4”~ mice is affected by differential vulnerability of rods and cones to light.
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NTRODUCTION

The number and localization of rods and cones in the retina vary widely among species. A
rod—dominant distribution featuring a mosaic pattern of rods and cones with a ratio of 98:2
is observed in nocturnal species such as the mouse (Jeon et al. 1998), whereas cones
predominate in diurnal species such as the ground squirrel (Mustafi et al. 2009). Humans are
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a diurnal species, but with a rod—dominant retina featuring 92 million rods and 4.6 million
cones with an unusual distribution (Curcio et al. 1990). Cones are concentrated in the center
of human retina, the macula, which comprises only 4% of the retina but is responsible for
most human vision (Mustafi et al. 2009). The macula is organized into three regions: the
fovea, parafovea and perifovea (Fig. 1A). Cones at a high density of about 0.2 million cells/
mm? are mostly localized in the center of the fovea, a rod—free zone with a diameter of 0.35
mm (1.25° visual angle). The density of cones falls steeply by an order of magnitude at the
parafovea 1 mm away from the foveal center where cones are replaced with rods. The
number of rods increase markedly at the perifovea with the highest density located in a ring
surrounding the fovea at about 4.5 mm (18° visual angle) (Curcio et al. 1990). This
characteristic distribution of cones and rods in the macula is what provides high—definition
vision.

Several forms of retinal degeneration occur specifically in the macula. These include two
blinding diseases: Stargardt’s disease (STGD) and age—related macular degeneration
(AMD). STGD s a juvenile form of macular degeneration that leads to a progressive loss of
central visual function, most commonly with an autosomal recessive inheritance pattern
(Rotenstreich et al. 2003, Molday & Zhang 2010). AMD is a disease of complex etiology
with a progression affected by multiple genetic and environmental factors (Klein et al. 2004,
Coleman et al. 2008, Patel et al. 2008). Notably, the accumulation of toxic retinoid cycle
by—products, including di-retinoid—pyridinium—ethanolamine (A2E), produced by the
conjugation of two molecules of all-trans—retinal, has been detected in retinas of patients
with either STGD or AMD. Therefore, accumulation of retinoid condensation metabolites
and/or abnormally high levels of their precursor, all-trans—retinal, at least in part, suggest a
common etiology for these two macular disorders (Liu et al. 2000, Rattner & Nathans 2006,
Cideciyan et al. 2004, Molday 2007, Shroyer et al. 2001, Maeda et al. 2011, Tsybovsky et
al. 2010).

Recently, we reported that mice lacking two enzymes critical for all-trans—retinal clearance
from rod and cone outer segments, namely ATP-binding cassette transporter 4 (ABCA4)
and retinol dehydrogenase 8 (RDHS8), demonstrate retinal degeneration with pathological
features similar to human macular degeneration under regular cyclic light and severe
photoreceptor cell death after intense light exposure (Maeda et al. 2008, Maeda et al. 20093,
Maeda et al. 2011). This mouse model provides a special opportunity to study anomalies in
retinoid metabolism that could contribute to the progression of STGD and AMD.

In this study, we investigated whether rods or cones are more susceptible to light-induced,
all-trans-retinal-mediated damage. First, retinas of patients with early—stage AMD were
examined by spectral-domain optical coherence tomography (SD-OCT) to assess the
regional distribution of early in vivo pathological changes within the macula. In addition,
rod-only, cone-like—only, and both rod and cone mouse models were employed to
investigate if rods and cones were differentially susceptible to light-induced retinal
degeneration. These transgenic strains with their unique photoreceptor distributions were
crossbred with Rdh8 7~ Abca4 7~ mice to evaluate photoreceptor cell type-dependent
progression of all-trans—retinal-associated retinal degeneration both under regular cyclic
light conditions and after brief exposure to intense light. The overall results indicating
greater rod than cone vulnerability to light-induced retinal damage add to our expanding
knowledge of photoreceptor degeneration in STGD and AMD.
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MATERIALS AND METHODS

Human subjects, retinal fundus, cross—sectional imaging and kinetic visual fields

Animals

Patients with early stage AMD (n=6, 2 females and 4 males, 9 eyes; ages 63-83 years) and
healthy volunteers (n=17, 7 females and 10 males, 17 eyes; ages 57-84 years) were included
in this study. Early AMD was defined by the presence of one or more large (>63 um) drusen
and/or focal hyperpigmentation without choroidal neovascularization or geographic atrophy,
and a visual acuity of 20/60 or better (Scilley et al. 2002). The study was approved by the
Institutional Review Boards/Ethics Committees at Jikei University Hospital and adhered to
the tenets of the Declaration of Helsinki. All participants gave written informed consent and
underwent a complete ophthalmoscopic examination that included biomicroscopy, color
photography, SD—-OCT and standard automated perimetry (SAP). SD—OCT images were
obtained with Cirrus OCT (Carl Zeiss Meditec, Dublin, CA). Topographical mapping of the
macular region was carried out as previously published (Tangelder et al. 2008, Curcio et al.
1990). SAP was performed with a Humphrey field analyzer 750 (Zeiss—Humphrey, Dublin,
CA) according to the standard protocol. The 10-2 program with the Swedish interactive
threshold strategy was used to analyze SAP input.

Cone-DTA Rdh8 7~ Abca4 7~ and Nrl 7~ Rdh8 7~ Abca4 7~ triple knockout mice were
generated and genotyped as previously described (Maeda et al. 2008). Mice with the leucine
residue variant at amino acid position 450 of RPE65 were used for this study and the
numbers of female and male mice were the same. Cone-DTA mice and Nrl 7~ mice were
acquired from Dr. Jeremy Nathans (Johns Hopkins University, Baltimore, MD) and Dr.
Anand Swaroop (National Eye Institute, Bethesda, MD), respectively. All mice were housed
in the animal facility at the School of Medicine, Case Western Reserve University, where
they were maintained either under complete darkness or in a 12 h light (~50 lux) /12 h dark
cyclic environment. Manipulations in the dark were performed under dim red light
transmitted through a Kodak No.1-safelight filter (transmittance > 560 nm). All animal
procedures and experiments were approved by the Case Western Reserve University Animal
Care Committees and conformed to recommendations of both the American Veterinary
Medical Association Panel on Euthanasia and the Association of Research for Vision and
Ophthalmology. Primate retina samples were obtained from Ricerca Bioscience LLC
(Concord, OH).

Histology and immunohistochemistry

Histological and immunohistochemical procedures were carried out as previously described
(Maeda et al. 2005). limmunohistochemical images were viewed with a Zeiss LSM 510
inverted Laser Scan Confocal Microscope. 4, 6—diamidino—2—phenylindole (DAPI) and
Alexa 488—conjugated peanut agglutinin (PNA) were purchased from Invitrogen. 1D4 (anti—
rhodopsin mouse monoclonal antibody) was a gift from Dr. Robert Molday (University of
British Columbia, Vancouver, Canada).

Induction of light—induced retinal damage in mice

Light-induced retinal degeneration was induced in 6-week-old mice as previously described
(Maeda et al. 2009a).

J Neurochem. Author manuscript; available in PMC 2013 April 1.
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Ultra—high resolution spectral-domain optical coherence tomography (SD-OCT) and
scanning laser ophthalmoscopy (SLO) imaging

Both ultra—high resolution SD-OCT (Bioptigen, Research Triangle, NC) and SLO (HRAII,
Heidelberg Engineering, Heidelberg, Germany) were employed as previously described
(Shiose et al. 2011).

Electroretinograms (ERGSs)

All ERG procedures were performed using previously published methods (Maeda et al.
2005).

Retinoids and A2E analyses

All experimental procedures related to extraction, derivatization, and separation of retinoids
from dissected mouse eyes were carried out as described before (Maeda et al. 2005).

Statistical analyses

Experimental results were analyzed by the one way ANOVA-test with p values of < 0.05
considered statistically significant.

RESULTS

Early retinal changes in patients with AMD indicate parafoveal rod loss

To assess the initial lesions of AMD in vivo, retinal cross—sectional images were obtained by
high—definition SD—OCT from patients with early—stage AMD. Irregular alignment of the
outer nuclear layer (ONL) was frequently observed (8/9 eyes) in the non—foveal macular
region (parafovea and/or perifovea) whereas the structure and thickness of the ONL at the
central fovea was well maintained (Fig. 1A and Table 1). Standard automated perimetry
(SAP) was performed as well in these patients to evaluate sensitivity changes in the macular
region (68 data points within a 10° visual field) by two parameters, namely mean deviation
(MD; mean difference of sensitivity to light—targets with various luminance and sizes
between tested and “‘normal’ expected visual sensitivity) and pattern standard deviation
(PSD; a measurement of the degree to which the shape of a patient’s measured visual field
departs from the ‘normal’ age—corrected reference field model). Both MD and PSD for
tested AMD patients were in the normal range except for one eye and visual acuity was
maintained as well (Table 1). The discrepancy between structural damage documented by
SD-OCT versus the preserved visual function estimated by visual field and acuity
examinations probably resulted because the sensitivity of SAP was not sufficient to reveal
pathological changes in the parafoveal region clearly detected by SD-OCT.

Cones and rods form a heterogeneous mosaic pattern in the macular regions of both humans
and primates (Mustafi et al. 2009). To illustrate the distribution of cones and rods in this
region, the central part of primate (adult cynomolgus monkey) retina was examined (Fig.
1B). The fovea was highly populated with cones (regions a and b) with a density in the
center (region a) 20% higher than in region b, 0.12 mm away. In both regions ¢ (parafovea;
2.0 mm away from the foveal center) and d (perifovea; 4.5 mm away from the center), the
population of rods was significantly higher than cones. Finally, the density of rods in region
d was about 20% higher than in region c. These observations are consistent with the results
of primate retina immunchistochemistry in our previous study (Jacobson et al. 2007) and
similar findings have been reported in primates and humans (Curcio et al. 1990, Curcio et
al. 1987). These observations suggest that the initial retinal changes in AMD may occur in
the rod-rich parafoveal and perifoveal regions where cones and rods coexist. Moreover, even
though most external light projects to the foveal region of the macula with a high population
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of cones, the morphology of the fovea is not initially affected in AMD. Taken together with
the SD-OCT findings, the most obvious speculation is that human cones are intrinsically
more resistant than rods to degeneration, presumably due to light exposure. Whether cone
distribution or the cone/rod ratio plays an additional role in such retinal degeneration is still
unknown.

Light-induced retinal damage in mice generated with rod—only, cone-like—only or both rod
and cone retinas

To investigate the toxic effects of light exposure on rod and cone photoreceptor cells, we
employed mouse models with rod—only, cone-like—only, and both rod and cone retinas.
Mice with rod—only retinas were bred by inserting a cone—specific diphtheria toxin A
transgene (referred to as cone-DTA) which eliminates cones from the retina (Soucy et al.
1998). And the neural retina leucine zipper (Nrl)-deficient mouse was used as a cone—like—
only model because this mouse expresses only cone-like cells due to lack of the
transcription factor Nrl (essential for rod differentiation and indicated by Nrl~~) (Mears et
al. 2001). Both strains have been used for cone— and rod—specific characterization (Mears et
al. 2001, Daniele et al. 2005, Kunchithapautham et al. 2009, Feathers et al. 2008, Chen &
Nathans 2007). Wild type (WT) mice with backgrounds matching those of the experimental
strains were used as models for retinas with both rods and cones.

Retinas of these different mice at 6 weeks and 4 months of age maintained under a 12 h light
(~ 50 lux)/12 h dark cycle were examined functionally, morphologically and biochemically
to determine their phenotypic characteristics. Retinal morphology was compared with retinal
cross—sectional images and the distribution of photoreceptor cells was evaluated by
immunohistochemical (IHC) staining with rhodopsin antibody (1D4) and the cone—sheath
specific marker, peanut agglutinin (PNA). In cone—-DTA mice at 6 weeks of age, retinal
morphology was comparable with that of WT mice (Fig. S1A upper left and upper middle).
Rod outer segments were detected whereas cones were largely absent (Fig. S1A lower
middle), but both rods and cones were present in WT retina (Fig. S1A lower left). In 6-
week-old Nrl~~mice, rosette formation was observed in regions of the outer retina as
previously reported (Daniele et al. 2005, Mears et al. 2001). The lengths of outer segments
were shorter than those visualized in WT and cone-DTA mice (Fig. S1A upper right). In
IHC images of retinas from 6-week-old Nrl 7~ mice, only cone outer segments were
detected by PNA staining and no specific 1D4 signals were observed (Fig. S1A lower right).
Photoreceptor populations also were evaluated in DAPI-stained images by measuring the
ONL thickness every 400 um from optic nerve head (ONH) in both superior and inferior
retina. The ONL thickness in cone-DTA mice was comparable to that of WT mice at 6
weeks of age. Retinal regions without rosette formation were carefully chosen for ONL
thickness measurements in Nrl 7~ mice (Fig. S1A right) and their ONL thickness was about
20% less than that of WT mice (Fig. S1B). Retinal function in these different mice at 6
weeks of age was evaluated by single—flash electroretinogram recordings (ERGS). Scotopic-
ERG responses in cone~DTA mice were comparable to those of WT mice, whereas Nrl =~
mice showed lower sensitivity to linearly increased light stimuli compared to WT mice (Fig.
S1C left panel for each strain; Fig. S1D left). Under photopic conditions, ERG responses
were obtained from WT and Nrl 7~ mice (enhanced due to higher number of cone-like
cells), but these were virtually absent in cone-DTA mice (Fig. S1C right panel for each
strain; Fig. S1D right). When retinoid content in the eye was examined by normal phase
HPLC, the amount of 11—cis—retinal in cone—-DTA mice was similar to that in WT mice,
whereas the amount in Nrl 7~ mice was only 12% of that in WT mice (Fig. S1E). These
findings agree with what was expected from the size of the outer segments and the
population of photoreceptor cells in each mouse model (Mustafi et al. 2009). At 4 months of
age, rod function and ONL thickness was maintained in cone-DTA and WT mice, and cone
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function was unchanged in Nrl 7 ~and WT mice (Fig. 2). Given these observations, Nrl 7~
and cone-DTA mice displayed characteristics expected for rod—only and cone-like—only
retinas.

Differential progression of retinal degeneration in Rdh8 '~ Abca4~~ mice crossbred with
rod—only or cone-like—only mice

Cone-DTA and Nrl ™~ mice were crossbred with Rdh8 7~ Abca4 7~ mice to produce models
of rod—only (cone~-DTA Rdh8 7~ Abca4 7~) and cone-like—only (Nrl 7~ Rdh8 7~ Abca4 7")
retinal degeneration. These mice were kept under a 12 h light (~50 lux)/12 h dark cycle and
progression of retinal degeneration was evaluated at 6 weeks and 4 months of age by
electrophysiological, histological and biochemical methods. At 4 months of age, retinal
structure was also assessed by SD—-OCT and the photoreceptor population was evaluated by
ONL thickness measurements in DAPI-stained-IHC images. At 6 weeks of age, all tested
mouse strains failed to show significant morphological and functional changes between the
absence or presence of either Abca4 or Rdh8 alone. However, severe photoreceptor cell
death was observed in retinas of Rdh8 7~ Abca4 7~ mice (~35% cell loss) containing both
rods and cones (Fig. 2A left and B left) as compared with WT retinas, just as previously
reported (Maeda et al. 2009a, Maeda et al. 2008). Interestingly, much milder degenerative
changes were observed in rod—only and cone-like—only mice crossbred with Rdh8-
Abca4 " mice. In 4-month-old cone—-DTA Rdh8 7~ Abca4 7~ mice, a mild decrease of ONL
thickness (~ 20%) was observed in both the superior and inferior retina as compared to
cone-DTA retina (Fig. 2A middle and B middle). In 4—month—old Nrl 7~ Rdh8 7~ Abcad 7~
mice, no significant changes in ONL thickness were noted as compared with Nrl ™~ mice
(Fig. 2A right and B right). Retinal function was evaluated by single—flash ERG recordings
under scotopic conditions because scotopic-ERG recording is more sensitive and the
preferred way to show progression of retinal dysfunction in Rdh8 7~ Abca4 7~ mice even
though we also noted attenuation of photopic responses in a previous study (Maeda et al.
2008). As shown in Supplement Figure 1, no functional responses were obtained from cone-
DTA mice under photopic conditions and photopic ERG responses of Nrl 7~ mice evidenced
responses comparable to those under scotopic conditions. Consistent with the morphological
findings, the amplitudes of scotopic functional b-waves in cone-DTA Rdh8 7~ Abcad 7~
mice were mildly decreased compared with those in cone-DTA mice but no significant
difference was observed between Nrl~Rdh8 7~ Abca4 7~ and Nrl~~ mice. This contrasted
with the significant decrease of amplitude noted in Rdh8 7~ Abca4 7~ mice at 4 months of
age (Fig. 2C). These observations suggest that rods are more prone than cones to cell death
under room lighting conditions and that degenerative changes are exacerbated in retinas that
contain both rods and cones.

Intense light exposure causes severe retinal degeneration in rod—only but not in cone-like-
only Rdh8”- Abca4” mice

To evaluate the susceptibility of cones and rods to acute light—induced stress, mice were
exposed to intense levels of light. Six—week-old mice were first dark—adapted for 48 h and
then exposed to intense light (10,000 lux) for 30 min. After exposure, mice were kept in the
dark for 7 days and the severity of retinal degeneration was evaluated by scotopic-ERG
recordings together with SD-OCT imaging in vivo followed by IHC examination. ERG
amplitudes were drastically attenuated in cone-DTA Rdh8 7~ Abca4 7~ mice (>60%
decrease) relative to cone—-DTA mice (Fig. 3A left). In contrast, ERG amplitudes were only
mildly affected in Nrl 7~ Rdh8 7~ Abca4 7~ mice (~15% reduction at higher stimuli: 0 and
12.5 log cd s/m?2) relative to Nrl=/~ mice (Fig. 3A right). Retinal cross sectional images by
SD-OCT in vivo and subsequent IHC revealed severe photoreceptor cell death in cone-DTA
Rdh8 7~ Abca4 7~ mice in which only one or two layers of nuclei remained in the ONL
(Fig. 3B), whereas no significant changes in ONL thickness were observed in Nrl =~
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Rdh8~~ Abca4 7~ and Nrl 7~ mice. However, more rosettes were observed in triple
knockout mice than Nrl ™~ mice (Fig. 3C). Of note, Nrl 7~ Rdh8 7~ Abca4 7~ and Nrl =~
mice also tolerated 1 h of intense light exposure as well (Fig. S2). We previously reported
that accumulation of toxic all-trans—retinal after bright light exposure triggers massive
light-induced retinal damage in Rdh8 7~ Abca4 7~ mice (Maeda et al. 2011). Cone-DTA
Rdh8~~ Abca4 7~ mice showed a 3—fold higher accumulation of all-trans-retinal than
cone-DTA mice after intense light exposure (Fig. S3), a level comparable to that of Rdh8 7~
Abca4 7~ mice noted previously to exhibit acute retinal degeneration (Maeda et al. 2009a,
Maeda et al. 2008). In contrast, only mild accumulation of all-trans—retinal was found in
Nrl~~Rdh8 7~ Abca4 7~ mice (less than 5% compared with cone-DTA Rdh8 7~ Abca4 7~
mice) which also exhibited far less retinal degeneration (Fig. S3). Collectively, these data
suggest that rods are more susceptible to intense light-induced damage than cones in
Rdh8 7~ Abcad 7~ mice.

Fundus autofluorescence (AF) in vivo and A2E quantification in rod—only and cone—like—
only mouse models

AZ2E is a major fluorophore component of lipofuscin granules in retinal pigmented epithelial
(RPE) cells. Moreover, accumulation of A2E is considered to contribute to the pathogenesis
of several types of human macular degeneration, such as AMD and STGD, as well as to
retinal degeneration in Rdh8 7~ Abca4 @~ mice (Mata et al. 2000, Maeda et al. 2008,
Murdaugh et al. 2010). Autofluorescence (AF) can be detected in vivo by ophthalmic
scanning laser ophthalmoscopy (SLO) wherein the intensity of the emitted signal is
correlated with the level of A2E (Schmitz-Valckenberg et al. 2008, Palczewski 2011). SLO
is used clinically to investigate the relationship between AF and the progression of retinal
degeneration. However, the correlation between increased AF and disease progression in
both human and animal models is still controversial (Schmitz-Valckenberg et al. 2009b,
Schmitz-Valckenberg et al. 2009a).

We quantified AF in the fundus and A2E in the above mouse models to examine if
photoreceptor cell type affects the accumulation of A2E, and if A2E levels in turn modify
the severity of retinal degeneration. SLO examination was carried out with cone-DTA
Rdh8 7~ Abca4 7~ mice and Nrl7~ Rdh8 7~ Abca4 7~ mice maintained under a 12 h light
(~50 lux)/12 h dark cycle. The intensity of AF from mouse fundus was quantified by
calculating mean gray values in mice at 6 weeks, 4 months and 6 months of age whereas
amounts of A2E in the eyes were analyzed by reverse phase HPLC at 4 and 6 months of age.
At 6 weeks of age, background levels of fluorescence were detectable but there was no
significant difference in AF levels in cone-DTA and WT mice caused by deletion of the
Rdh8 and Abca4 genes (Fig. S4A upper left and upper middle and B). However, AF levels
were significantly increased in 6-month-old cone-DTA Rdh8 7~ Abca4 7~ and Rdh8 7~
Abca4 7~ mouse fundus compared to those in 6-week-old animals, but these changes were
much milder in cone-DTA and WT mice (Fig. S4A, lower left and lower middle, and B).
Granular spots with weak fluorescence were detected in both 6-week—old and 6—-month—old
Nrl~~and Nrl7~Rdh8 7~ Abca4 7~ mice, and a mild increase of AF intensity was observed
with increasing age (Fig. S4A right and B). This observation is consistent with aberrant
phagocytosis and transport of A2E to the RPE by these mice (Mustafi et al. 2011). However,
amounts of A2E in the eye were significantly increased at 4 and 6 months of age in mice
lacking Abca4 and Rdh8. More than a 3—fold increase of A2E was noted in Nrl7~Rdh8 7~
Abca4 7~ mice than in Nrl 7~ mice, and a 5—fold elevation was found in cone-DTA Rdh8 7~
Abca4 7~ mice compared to cone-DTA mice (Fig. S4C) that correlated with the age—
dependent increase of AF in SLO images. These data indicate that all-trans—retinal
accumulation due to delayed clearance in rods was the dominant source of age-related A2E
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accumulation and that the contribution of cones was relatively minor in retinas of Rdh8 7~
Abcad ™~ mice.

DISCUSSUION

The primary objective of this study was to investigate whether rods or cones are more
susceptible to light-induced, all-trans-retinal-mediated damage, an hypothesis recently
proposed to explain photoreceptor degeneration during the progression of STGD and AMD
(Maeda et al. 2011). First, we investigated this question in patients with early-stage AMD,
and then focused on genetically altered mouse models.

Recent advances in in vivo imaging technology such as SD—OCT and SLO enabled us to
obtain high-resolution images from the retinas of human patients (Schmitz-Valckenberg et
al. 2008, Fleckenstein et al. 2008). The highest density of rods in the retina is located in an
ellipsoid ring of 3-5 mm eccentricity in the parafovea and we found these rods most
severely affected. Previous anatomical analyses of a human eye by Curcio and colleagues
revealed that 30% of rods are lost in the parafoveal region of a normal aging eye, and that
this loss is accentuated in early—stage AMD eyes by an additional 30-40% (Curcio et al.
1993). Our imaging of human eyes by SD-OCT resulted in the striking observation that a
significant decrease of retinal thickness and disruption of the ONL had occurred in the
parafoveal and perifoveal (rod-rich) area in more than 50% and 80% of early-stage AMD
patients, respectively, whereas the morphology and function of the cone rich central fovea
appeared normal in these patients (Fig. 1A and Table 1). From these observations, we
speculate that photoreceptors surviving in and around the degenerated lesion in these early
AMD retinas were cones rather than rods and these cones were preserved in all of our
patients. Cones also are reported more likely to survive in both dry—type and wet-type AMD
(Shelley et al. 2009, Holz et al. 1995). In addition, early—stage AMD patients display a
significant impairment of rod—mediated as compared to cone—mediated function consistent
with an early decrease of rods relative to cones noted in aging retinas (Curcio et al. 1993,
Curcio et al. 1996, Owsley et al. 2001, Owsley et al. 2007). Histological analyses of primate
macula revealed that the parafovea, where pathology is frequently found in AMD patients, is
a rod—dominant area (Fig. 1B). These observations lead us to hypothesize that rod—dominant
areas of the macula are initially impaired in AMD.

Similar changes are also expected in STGD, which is characterized by more rapid retinal
degeneration than AMD (Maeda et al. 2009b). Reportedly, more than 600 mutations in the
Abca4 gene have been linked to STGD (Allikmets 2007). Although the biological role of
ABCAA4 and its relevance to retinal degenerative diseases is significant, the structural and
functional properties of this transporter remain largely undefined. Lack of ABCA4 could
lead to photoreceptor degeneration in STGD, not only because this protein facilitates
removal of toxic retinoid products but also because mutant ABCA4 misfolds and
mislocalizes, thereby inducing cellular stress (Tsybovsky et al. 2010). These hypotheses
may also explain why Abca4 ~ mice display a much milder retinal phenotype than STGD
patients with ABCA4 mutations.

Disabling mutations in genes encoding proteins of the retinoid cycle can cause a spectrum of
retinal diseases affecting vision (Thompson & Gal 2003). Rdh8 7~ Abca4 7~ mice,
especially, display significant degenerative changes in the retina due to accumulation of all-
trans—retinal, A2E, and other toxic all-trans—retinal condensation products (Maeda et al.
2008). Both RDH8 and ABCA4 are responsible for the clearance of all-trans—retinal
produced by the visual (retinoid) cycle required for vision (Maeda et al. 2008, Maeda et al.
2009a). Under ordinary cyclic lighting conditions, Rdh8 7~ Abca4 7~ mice evidenced retinal
folds at 6-8 weeks of age followed by severe photoreceptor cell death with hallmarks
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characteristic of AMD including lipofuscin accumulation, drusen formation, basal laminar
hyaline deposition, RPE cell death and choroidal neovascularization (Maeda et al. 2008).
Additionally, intense light exposure induces acute photoreceptor cell death in these mice
(Shiose et al. 2011, Maeda et al. 2009a). To investigate the contribution of rods and cones to
all-trans—retinal-mediated retinal degeneration, and examine why the parafoveal region is
initially impaired in early AMD, we cross bred rod—only (cone-DTA) and cone-like—only
(Nrl~~) mice with Rdh8 7~ Abca4 7~ mice.

At 4 months of age, only mild to insignificant photoreceptor cell death was observed in
cone-DTA Rdh8 7~ Abca4 7 ~and Nrl 7~ Rdh8 7~ Abca4 7~ mice, whereas severe
photoreceptor cell death with retinal folds especially in the inferior retina was evident in
Rdh8 7~ Abca4 7~ mice maintained in a normal day/night light cycle (Fig. 2). These
observations suggest that retinas with a mixed rod/cone population were more susceptible to
degeneration under daily light cyclic conditions. To compare the tolerance of rods and cones
to strong light—induced stress, we exposed Nrl 7~ Rdh8 7~ Abca4 7~ mice and cone-DTA
Rdh8 7~ Abca4 7~ mice to intense light sufficient to induce acute retinal damage (Fig. 3).
Predictably, cone-DTA Rdh8 7~ Abca4 7~ mice displayed severe retinal degeneration
similar to Rdh8 7~ Abca4 7~ mice (Maeda et al. 2009a, Maeda et al. 2008) whereas Nrl =~
Rdh8 7~ Abca4 7~ mice evidenced much milder changes. Even after 1 h of intense light
exposure, severe retinal degeneration was not observed in Nrl 7~ Rdh8 7~ Abcad 7~ mice
(Fig. S2). These observations indicate that not only are rods more susceptible to light—
induced degeneration, but also that the imbalance of cones and rods caused by initial rod
death might induce the characteristic retinal degeneration with fold formation in Rdh8 7~
Abca4 7~ mice. This speculation is further supported by the finding that retinal fold
formation was eliminated by cone-DTA-dependent ablation of cones in a cone—rod
dystrophy (CRD) mouse model (rd/rd mice) (Chen & Nathans 2007). Indeed, such fold
formation does not accompany acute cone cell death observed in Leber congenital amaurosis
models such as Rpe657- and Lrat”- mice (Maeda et al. 2009b). However, this is not the case
for all mouse models of retinal disease. For example, this morphological change was not
observed in a mouse model for retinitis pigmentosa (RP), the P23H mutant, caused by rod—
cell mediated retinal degeneration (Sakami et al. 2011). Additionally, activation of innate
immunity was documented in Rdh8~ Abca4™~ mice (Shiose et al. 2011) and other STDG
and CRD mouse models similar to that observed in human AMD (Anderson et al. 2010,
Jones et al. 2003), suggesting involvement of an inflammatory component in retinal fold
formation. Of note, retinal degeneration was more progressive in the inferior retina than
superior retina in Rdh8 7~ Abca4 7~ mice under daily cyclic lighting conditions (Fig. 2)
whereas a broad area of retina was destroyed by intense light exposure (Fig. 3). The
mechanism of this progressive pattern still remains unclear. One potential explanation is the
characteristic differential distribution of cone pigments in mouse retina. Thus, cone short-
wave pigments (Amax ® 360 nm) are predominantly expressed in cones of the superior retina
whereas mid-wave pigments (Amax ~ 510 nm) are located in superior retina with an apparent
ratio of coexpressed M/S-pigment varying from 1:1 to 1:3,000 that reflects a dorso-ventral
retinal gradient (Nikonov et al. 2005). The different light sensitivity of cones with S- or M-
pigment also could contribute to the difference of susceptibility to light-induced stress. Thus
cones with S-pigment tolerate daily light better than those with M-pigment. Importantly, S-
pigments are dominantly expressed in cone-like cells of Nrl~ mice (Mears et al. 2001) and
cones in the para- and peri-foveal regions of human macula (Mustafi et al. 2009). These
observations reinforce the proposition that cones are more resistant than rods to light
damage and rod-dominant areas of the macula are initially impaired in AMD.

One of the common pathological features of chronic progressive AMD and STGD is the
RPE accumulation of A2E, one of the main components of lipofuscin granules (Sparrow
2010). Our research has shown that this accumulation causes an increase in AF. Moreover,
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changes in AF and A2E are more obvious in rod—only retinas than in cone-like—only retinas
(Fig. S4), most likely due to an over 6-fold accumulation of all-trans—retinal in rods after
strong light exposure (Fig. S3). Our mouse models manifested an obvious correlation
between A2E and AF. Retinal degeneration in cone—-DTA Rdh8~~ Abca4 7~ mice was
much milder than in Rdh8 7~ Abca4 7~ mice, even though AF and A2E levels were similar
(Fig.S4). Inter-cellular interaction between rods and cones could be essential for the
development of more severe retinopathy, but this is speculative. Even in the presence of a
functional retinoid cycle, A2E, retinal dimer, and other toxic all-trans—retinal condensation
products can accumulate as a consequence of aging.

In human retina, an increase in AF has been observed in the macula, and more specifically a
stronger level of AF has been detected in the rod—dominant parafoveal to perifoveal areas
(Schmitz-Valckenberg et al. 2009b, Schmitz-Valckenberg et al. 2009a). This suggests a
strong correlation with our finding that rods accumulated more A2E. The sporadic punctate
pattern of AF in human macula could also be caused by environmental factors and age—
related changes such as cataracts. The opacity of the lens conferred by a cataract could
increase light—scattering, decrease UV filtration and project light onto more light—sensitive
macular regions (Michael & Bron 2011). A2E and AF still could be useful biomarkers,
however, even though the relationship between AF and the progression of AMD and STGD
is still controversial. A2E is not the only cause of AF in the RPE (Schmitz-Valckenberg et
al. 2008). Because current SLO methodology for evaluating fundus AF may be inadequate
(Palczewska et al. 2010), further clinical and animal model studies regarding AF, A2E and
disease progression are required to draw conclusions as to whether or not AF is a reliable
marker for predicting the prognosis of retinal disease. Advanced retinal imaging systems,
including two—photon microscopy, could provide more precise measurements of subcellular
biochemical changes that cause AF from toxic retinoid byproducts in the RPE (Palczewska
et al. 2010) and scanning the morphology of the entire retina including the macula with
high-resolution SD-OCT will be required. Information from such studies could be applied
to clinical settings wherein early detection of pathological changes can promote
development of prophylactic treatments and help prevent progression of retinal dysfunction
before visual acuity is adversely affected. Pharmacological interventions with FDA-
approved drugs that sequester accumulated all-trans—retinal and A2E could be one of many
highly effective therapeutic approaches (Maeda et al. 2011).

Overall, this study demonstrates that early pathology in AMD occurs in the rod-rich
parafoveal and perifoveal regions of human macula. We have shown that the coexistence of
cones and rods accelerates retinal degeneration in Rdh8 7~ Abca4 7~ mice, and that cones
and rods have different susceptibilities to light-induced degeneration with a greater
accumulation of toxic all-trans—retinal occurring in rods. Light—induced rod cell death in the
rod—rich parafoveal and perifoveal regions could be one of the most important markers for
the initial pathology of human macular degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Photoreceptor topography in early age-related macular degeneration

Representative human fundus images from a healthy individual (normal) and a patient with
early—stage AMD are shown (A upper). As indicated in the A upper left panel, the macular
region was scanned within a 3 mm range of the central fovea. Retinal cross section images
were obtained horizontally and vertically by crossing the foveal center in the B-scan mode
(white dash—dot lines with black arrow heads in A upper left). Representative horizontal B—
scan images also are shown (A lower). Retinal thickness of the foveal, parafoveal and
perifoveal areas was evaluated by radial scanning of the macular region. The parafovea and
perifovea were divided into 4 regions (white dashed-lines) and the thickness between inner
limiting membranes (ILM) to RPE was averaged for each region. The thickness in each
region was then compared with the distribution of thicknesses in the corresponding region
exhibited by normal retinas. Regions exhibiting decreased thicknesses with a P value <5%
as compared to normal were considered “decreased” and these are summarized in Table 1.
Magnified horizontal B-scan images (A lower) with 2 mm range from the center of the
macula (white arrow in A lower right) are shown. Eight of nine eyes from patients with early
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stage AMD showed disruption of the ONL with pseudo-rosettes in the parafoveal or the
perifoveal regions (Table 1). The B upper panel shows the macular region of an Epon—
prepared macular region of a cynomolgus monkey and magnified images of 4 different
lesions in the macula are presented in the B lower panels. The highest density of cones is
present in the center of the macula (region a) and the density decreases in the region at 0.2
mm distance from the center (region b). The density of rods is markedly increased in the
region 2.0 mm from the center (region c) and the more peripheral region (region d, 4.0 mm
from the center) where the cone density (white arrows) is markedly decreased. The
distribution in the region between “c” and “d” in B where cones and rods exist
heterogeneously with a high rod/cone ratio corresponds to the pathological region noted in
early stage AMD (A right panels). Bars in B upper panel, 40 um; lower panels, 10 um. ILM,
inner limiting membrane; RPE, retinal pigmented epithelium; ONL, outer nuclear layer.
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Figure 2. Cone-DTA Rdh8 7~ Abca4 7~ mice show earlier prolg
death than Nrl~~Rdh8 7~ Abcad 7~ mice, but Rdh8™~ Abcad™
most rapid progression of photoreceptor cell death
Progression of retinal degeneration in Rdh8 7~ Abca4 7~ (cone and rod), cone-DTA
Rdh8 7~ Abca4 7~ (rod-only) and Nrl 7~ Rdh8 7~ Abca4 7~ (cone-like-only) mice
maintained under a 12 h light (~50 lux) /12 h dark cycle, was evaluated with IHC and SD-
OCT imaging (A), measurements of ONL thickness in the superior and inferior retina (B),
and scotopic single—flash ERG recordings (C). Cryo sections from 6-week—old and 4—
month—old mice were stained with anti-rhodopsin antibody (1D4, red), and PNA (green)
and DAPI (blue)(A top and middle panels). Mild photoreceptor cell death was observed in
cone-DTA Rdh8 7~ Abca4 7~ mice whereas no significant changes in ONL thickness were
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noted in Nrl~Rdh8 7~ Abca4 7~ mice at 4 months of age. However, Rdh8 7~ Abca4 7~
mice showed significant progression of degenerative changes with disruption of the OS and
the ONL at 4 months of age. Similar pathological changes were observed in SD-OCT
images obtained from each mouse model at 4 months of age (A bottom panels). Single flash
ERG responses were recorded under scotopic conditions and functional b—wave amplitudes
were plotted (C). Retinal dysfunction was observed in cone-DTA Rdh8 7~ Abca4 7~ mice
and Rdh8 7~ Abca4 7~ mice that reflected their corresponding levels of retinal degeneration
(C left and middle panels) whereas no significant dysfunction was recorded in Nrl =~
Rdh8~~ Abca4 7~ mice (C right panels). Representative images of immunohistochemistry
and SD-OCT were obtained in the inferior retina. GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; PR, photoreceptor cells. Bars in A, 20 um. Error
bars indicate SDs in B and SEs in C (n> 4).
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Figure 3. Rod cells are more susceptible to intense light-induced acute degeneration than cone

cells

Six-week-old cone-DTA Rdh8 7~ Abca4 7~ and Nrl 7~ Rdh8 7~ Abca4 7~ mice were
exposed to intense light (10,000 lux) for 30 min to induce acute damage to the retina. Seven
days after the light exposure, retinal function and morphology was evaluated by scotopic-
ERG recordings and SD-OCT and IHC imaging with DAPI staining. ERG responses in
cone-DTARdh8 7~ Abcad ~~ mice evidenced significant retinal dysfunction (>60%
decreased response) whereas only mild dysfunction (<15% b—wave response depletion at
high—intensity stimulation) was noted in Nrl”- Rdh8 7~ Abca4 7~ mice. (A: filled symbols
indicate mice without deletion of Rdh8 and Abca4; unfilled symbols, Rdh8 7~ Abcad 7~
circles, b—waves; triangles, a—waves). Bars indicate SE of means (n > 3). Retinal
morphological changes were examined with SD-OCT and IHC with DAPI staining in
lesions at superior retina at 500 um away from the optic nerve head center (B and C). Severe
photoreceptor cell death was observed in cone—~DTA Rdh8 7~ Abca4 7~ mice by SD-OCT
(B left panel) as manifested by only lor 2 rows of nuclei in the ONL (white arrows in B
right panel). There was no significant morphological change in Nrl 7~ Rdh8 7~ Abca4 7~
mice in SD-OCT (C left panel) and IHC images (C right panel). Error bars indicate SEs in
A (n >3). Representative images of SD-OCT were obtained in the inferior retina. ONL, outer

nuclear layer. Bars in B, C: 40 um.
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