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Key points

� This study explores the molecular mechanisms that regulate the recycling of chromophore
required for pigment regeneration in mammalian cones.

� We report that two chromophore binding proteins, retinol dehydrogenase 8 (RDH8)
and photoreceptor-specific ATP-binding cassette transporter (ABCA4) accelerate the dark
adaptation of cones, first, directly, by facilitating the processing of chromophore in cones, and
second, indirectly, by accelerating the turnover of chromophore in rods, which is then recycled
and delivered to both rods and cones.

� Preventing competition with the rods by knocking out rhodopsin accelerated cone dark
adaptation, demonstrating the interplay between rod and cone pigment regeneration driven
by the retinal pigment epithelium (RPE).

� This novel interdependence of rod and cone pigment regeneration should be considered when
developing therapies targeting the recycling of chromophore for rods, and evaluating residual
cone function should be a critical test for such regimens targeting the RPE.

Abstract Rapid recycling of visual chromophore and regeneration of the visual pigment
are critical for the continuous function of mammalian cone photoreceptors in daylight
vision. However, the molecular mechanisms modulating the supply of visual chromophore
to cones have remained unclear. Here we explored the roles of two chromophore-binding
proteins, retinol dehydrogenase 8 (RDH8) and photoreceptor-specific ATP-binding cassette
transporter 4 (ABCA4), in dark adaptation of mammalian cones. We report that young adult
RDH8/ABCA4-deficient mice have normal M-cone morphology but reduced visual acuity
and photoresponse amplitudes. Notably, the deletion of RDH8 and ABCA4 suppressed the
dark adaptation of M-cones driven by both the intraretinal visual cycle and the retinal
pigmented epithelium (RPE) visual cycle. This delay can be caused by two separate mechanisms:
direct involvement of RDH8 and ABCA4 in cone chromophore processing, and an indirect
effect from the delayed recycling of chromophore by the RPE due to its slow release from
RDH8/ABCA4-deficient rods. Intriguingly, our data suggest that RDH8 could also contribute to
the oxidation of cis-retinoids in cones, a key reaction of the retina visual cycle. Finally, we dissected
the roles of rod photoreceptors and RPE for dark adaptation of M-cones. We found that rods
suppress, whereas RPE promotes, cone dark adaptation. Thus, therapeutic approaches targeting
the RPE visual cycle could have adverse effects on the function of cones, making the evaluation
of residual cone function a critical test for regimens targeting the RPE.
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Introduction

Vertebrate rods and cones initiate vision by photo-
isomerization of the visual chromophore retinal from
the 11-cis to the all-trans conformation. The resulting
activation of the visual pigment triggers a photo-
transduction cascade that ultimately produces a response
to light. Continuous function of photoreceptors requires
release of the spent chromophore all-trans-retinal and
its recycling back to 11-cis-retinal via either the retinal
pigmented epithelium (RPE visual cycle, for both rods and
cones) or Müller cells (retina visual cycle, for cones only)
(reviewed by Wang & Kefalov, 2011; Tang et al. 2013; Kiser
et al. 2014). An important step in the visual cycle is the
conversion of all-trans-retinal to retinol in photoreceptor
outer segments. In rods, this process is catalysed by retinol
dehydrogenase 8 (RDH8) and presumably facilitated by a
photoreceptor-specific ATP-binding cassette transporter
(ABCA4).

ABCA4 is an ATP-driven flippase that transports
all-trans-retinal from the extracellular to the cytosolic side
of internal rod disc membranes (Weng et al. 1999), where
it is reduced to retinol and then removed from the outer
segments (Sun & Nathans, 1997). ABCA4 can also trans-
port 11-cis-retinal (Sun et al. 1999) suggesting its possible
involvement in the uptake of recycled chromophore
(Quazi & Molday, 2014). Nevertheless, the role of ABCA4
remains controversial, as its deletion causes accumulation
of bis-retinoid adducts (Kim et al. 2007) without affecting
the clearance of all-trans-retinal from rods (Blakeley et al.
2011) or dark adaptation (Pawar et al. 2008).

Even less is known about ABCA4 in cone photo-
receptors. Patients with Abca4 mutations experience
reduced and delayed electroretinographic (ERG) cone
responses and poor visual acuity (Birch et al. 2001)
indicating a possible direct effect of ABCA4 on cone
function. Indeed, the overall time course of adaptation
in one patient with ABCA4-related cone–rod dystrophy
revealed a delayed cone visual threshold recovery (Fig. 4
in Birch et al. 2001).

In primates, RDH8 is expressed in the outer segments of
rods and cones (Rattner et al. 2000). Moreover, in mouse
rods this enzyme reduces �70% of all-trans-retinal to
all-trans-retinol in the visual cycle (Maeda et al. 2007).
Yet, RDH8 deletion delays rod dark adaptation only mildly
(Maeda et al. 2005) and seems not to affect photopic ERG

light responses (Maeda et al. 2007). Effects of RDH8 on
cone function in bright light and cone dark adaptation
have not been reported. Also unknown is whether
RDH8 participates in the oxidation of 11-cis-retinol to
11-cis-retinal, a key cone-specific reaction of the retina
visual cycle (Jones et al. 1989; Mata et al. 2002; Ala-Laurila
et al. 2009; Wang & Kefalov, 2009).

ABCA4/RDH8 double knockout mouse has recently
served as a model of human retinal degeneration in which
to test candidate therapeutics (Maeda et al. 2009a). The
pathology of the retinoid visual cycle and rod function
in these animals were studied extensively (Maeda et al.
2008). Although these mice eventually develop cone–rod
dystrophy, it remains unknown how deletion of ABCA4
and RDH8 affects the light response or dark adaptation of
cones. Here we addressed these questions by using mice
lacking ABCA4, RDH8, or both.

Methods

Animals

Wild-type (WT) mice with a C57BL/6 background
used for RNA-sequencing and quantitative Reverse
Transcription (qRT)-PCR analyses were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Rod
transducin α-subunit knockout (Gnat1−/−) mice lacking
rod signalling (Calvert et al. 2000) were used as controls
in all physiological experiments. Rdh8−/−Gnat1−/−,
Abca4−/−Gnat1−/− and Rdh8−/−Abca4−/−Gnat1−/− triple
knockout (TKO) mouse lines were generated as described
previously (Maeda et al. 2007, 2009b). All mice used in this
study were homozygous for the Leu450 allele of Rpe65 as
determined by a genotyping protocol published elsewhere
(Grimm et al. 2004) and free of the Crb1/rd8 mutation
(Mattapallil et al. 2012). Rho−/− mice were described
earlier (Lem et al. 1999), as were Nrl−/− mice (Mears et al.
2001). Young adult animals of either sex (1.5–3 months
old) were used in all experiments. Animals were provided
with standard chow (LabDiet 5053; LabDiet, Purina Mills,
St. Louis, MO, USA) and maintained under a 12 h light
(10–20 lx)/12 h dark cycle. Mice were dark-adapted over-
night prior to physiological recordings. A cohort of TKO
mice was dark-reared from postnatal day 10 until they
reached the age of 2 months. For all experiments in this
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study, animals were killed by asphyxiation with a rising
concentration of CO2. All experiments were performed
in accordance with the principles of UK regulations as
described in Grundy (2015), and were approved by the
Washington University Animal Studies and Case Western
Reserve University Animal Care Committees.

Antibodies

Mouse hybridoma culture supernatant containing the
monoclonal Rim 3F4 anti-ABCA4 antibody, a generous
gift from R. Molday (University of British Columbia,
Vancouver, Canada), was used at a 1:10 dilution (Illing
et al. 1997). Monoclonal antibody TMR1 (Zhang et al.
2015) (1:400) was also used to probe for ABCA4
protein. The polyclonal anti-RDH8 antibody was raised
by immunizing BALB/c mice with C-terminal fusion
protein from Escherichia coli and the C-terminal 16 amino
acid-long peptide (CGCLPTRVWPRQTEQN) conjugated
with keyhole limpet haemocyanin (Pierce, Grand Island,
NY, USA) (Maeda et al. 2005). Peroxidase-labelled goat
anti-rabbit IgG secondary antibody was from (Vector
Laboratories, Burlingame, CA, USA). Anti-M-cone opsin
antibody (0.5 μg ml−1) was from (Millipore, Billerica,
MA, USA). The anti-S-cone opsin antibody (0.4 μg ml−1)
was obtained from (Santa Cruz Biotechnology, Dallas, TX,
USA). Alexa-488 secondary antibodies (0.1 μg ml−1) were
from (Invitrogen, Grand Island, NY, USA). Fluorescein
isothiocyanate (FITC)-conjugated peanut agglutinin
(PNA) lectin (0.2 mg ml−1) was from (Sigma-Aldrich, St.
Louis, MO, USA). Mouse monoclonal anti-β-actin anti-
body (1:1000) was from Santa Cruz Biotechnology.

Immunohistochemistry

After removal of the cornea and lens, the remaining mouse
eyecup was fixed in freshly prepared 4% paraformaldehyde
in 0.1 M phosphate buffered saline (PBS) at pH 7.4
for 1.3–2 h at room temperature (RT). The eyecup was
then washed once in PBS for 10 min and incubated
in 30% sucrose buffered with PBS overnight at 4°C.
Next, the eyecup was embedded in Optimal Cutting
Temperature compound (Ted Pella, Redding, CA, USA),
flash-frozen in 2-methylbutane (Sigma-Aldrich, St. Louis,
MO, USA) on dry ice, and cut with a cryo-microtome
to produce 8 μm sections from the central retinal
region immediately ventral to the optic nerve head.
Sections were dried for 30 min at RT, gently washed in
deionized water for 10 min, dried again for 10 min at
RT, and blocked for 1 h at RT with a solution containing
1% bovine serum albumin (Sigma), 1% donkey serum
(Sigma), or 1.5% goat serum, and 0.1–0.25% Triton X-100
(Sigma) in PBS (PBST). Sections were then incubated
overnight at 4°C with appropriate primary antibodies

or anti-ABCA4 serum diluted in a solution containing
0.1% Triton X-100 in PBS (PBST) or 1% Tween-20
(Bio-Rad, Hercules, CA, USA) and 1% Triton X-100
in PBS. Next, sections were washed once in PBS or
PBST and then incubated with secondary antibodies
diluted in PBS (PBST) containing propidium iodide,
4’,6-diamidino-2-phenylindole (DAPI), or Hoechst 33342,
for 2 h at RT, washed with PBS or PBST (×2, 10 min,
RT), and mounted on coverslips with Fluoromount-G
or Immu-Mount (Thermo Scientific, Grand Island, NY,
USA) for analysis by confocal (Olympus FV1000 confocal
microscope) or two-photon microscopy (Leica SP2
confocal/two-photon microscope). Images were acquired
from the central region of the retina near the optic nerve
head.

Western blotting

Retinas from both mouse eyes were homogenized in 80 μl
of ice-cold radioimmunoprecipitation assay (RIPA) buffer
(150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0) with 2% protease inhibitors
(Sigma-Aldrich). Ten microlitres of each protein sample
was loaded onto SDS-PAGE gel and transferred to poly-
vinylidene difluoride (PVDF) membranes. Membranes
were incubated with primary anti-ABCA4 TMR1 (1:400)
and anti-β-actin (1:1000) antibodies overnight followed
by secondary antibody (1:5000) treatment for 1 h. The
antibody binding was detected by using NBT and BCIP
solutions (Promega Corporation, Madison, WI, USA).

Cone cell counts

Cone photoreceptors of 1.5- to 2.5-month-old control,
Abca4−/−Gnat1−/− and TKO mice were stained with PNA
and manually counted in four zones of both dorsal
and ventral retina areas (Z1–Z4): Z1, 400–500 μm; Z2,
900–1000 μm; Z3, 1400–1500 μm, and Z4, 1900–2000 μm
from the optic nerve head. Zones in the dorsal and ventral
retina were counted separately. Numbers of cones in each
zone were averaged and the data statistically analysed by
one-way ANOVA.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed
as follows. Mice were deeply anesthetized with
ketamine/xylazine cocktail as described below and fixed
by intracardiac perfusion with 2% glutaraldehyde in PBS
(pH 7.0) with the addition of 2 mM CaCl2. Eyes were
removed and placed into a dish containing the fixative,
enucleated, and cornea and lens were gently removed.
After 2 h of fixation, eyecups were washed three times with
0.1 M sodium cacodylate buffer (pH 7.0) for 10 min each
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and placed into a vial with 1% osmium tetroxide in 0.1 M

sodium cacodylate for 45 min. Samples were subsequently
rinsed once in 0.1 M sodium cacodylate, followed by three
5 min exchanges in 50 mM sodium acetate (pH 5.2).
Eyecups were then stained with 2% uranyl acetate in 50 mM

sodium acetate for 45 min in the dark. After staining,
samples were rinsed with two exchanges of sodium acetate
for 15 min each, placed briefly in dH2O, and gradually
dehydrated with ethanol in increments of 20, 40, 60, 80
and 100% for 10 min in each step. Samples were kept at
4°C for 12 h, brought to room temperature and trans-
ferred to 100% propylene oxide for 10 min, and infiltrated
with araldite resin in the following araldite/propylene
oxide progressions: 30%:70% for 1 h, 50%:50% for 2 h
and 70%:30% for 1 h. Eyecups were placed in 100%
araldite, trimmed into halves and rotated overnight in
fresh 100% araldite. Eyecup halves were transferred to
moulds, kept in a desiccator for 8 h and then polymerized
in an oven at 80°C for 48 h. Longitudinal sections were cut
approximately 90 nm thick with a diamond knife, stained
with aqueous 4% uranyl acetate and Reynolds lead citrate.
Both superior and inferior portions of the retina were
chosen for TEM sampling. Imaging was performed on a
JEOL 1400 CX transmission electron microscope using
an AMT XR111 bottom mount digital camera (Advanced
Microscopy Techniques, Woburn, MA, USA). Cone outer
segment (COS) length was measured in ImageJ 1.40 g
(http://imagej.nih.gov/ij/). Because the orientation of
COS profiles exhibited a large variability across the retina
in individual samples, only COSs whose length exceeded
6 μm were selected for analysis.

RNA-sequencing analyses

RNA sequencing library construction, sample runs and
data analyses were performed as described previously
(Mustafi et al. 2011). Each reported measurement
represented an average of at least three biological
replicates.

qRT-PCR

Total RNA was isolated from two retinas with
the RNeasy Kit (Qiagen, Valencia, CA, USA), and
cDNA was synthesized with SuperScript II Reverse
Transcriptase (Invitrogen) from 500 ng total RNA
following the manufacturer’s instructions. Real-time
PCR amplification was accomplished with iQ SYBR
Green Supermix (Bio-Rad). qRT-PCR analyses were
performed with the following primers: mouse M-cone
opsin, forward 5′-CGTGCTCTGCTACCTCCAAG-3′,
reverse 5′-CGAAGACCATCACCACCACC-3′; mGapdh,
forward 5′-GTGTTCCTACCCCCAATGTG-3′, reverse
5′-GGAGACAACCTGGTCCTCAG-3′. The expression of

M-cone opsin in retinas of mutant mice against C57BL/6
mice was normalized to that of the housekeeping gene
Gapdh.

Transretinal (ex vivo ERG) recordings from isolated
retinas

Mice were dark-adapted overnight, killed by CO2

asphyxiation, and a whole retina was removed from each
mouse eyecup under infrared illumination and stored in
either oxygenated aqueous L15 (13.6 mg ml−1, pH 7.4,
Sigma) solution containing 0.1% bovine serum albumin
(BSA) or Locke solution at RT. The retina was mounted
on filter paper with the photoreceptor side up and placed
in a perfusion chamber between two electrodes connected
to a differential amplifier. The preparation was perfused
with Locke solution containing 112.5 mM NaCl, 3.6 mM

KCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 10 mM Hepes, pH 7.4,
20 mM NaHCO3, 3 mM sodium succinate, 0.5 mM sodium
glutamate, 0.02 mM EDTA, and 10 mM glucose. This
solution was supplemented with 2 mM L-glutamate and
40 μM D,L-2-amino-4-phosphonobutyric acid to block
postsynaptic components of the photoresponse (Sillman
et al. 1969), and with 70 μM BaCl2 to suppress the slow
glial PIII component (Nymark et al. 2005). The perfusion
solution was continuously bubbled with a 95% O2 / 5%
CO2 mixture and heated to 36–37°C.

Light stimulation was applied in 20 ms test flashes
of calibrated 505 nm light from a light-emitting diode
(LED). The stimulating light intensity was controlled
by a computer in 0.5 log unit steps. Intensity–
response relationships (for raw data) were fitted with
Naka–Rushton hyperbolic functions, as follows:

R = RmaxI n

I n + I n
1/2

,

where R is the transient-peak amplitude of the response,
Rmax is the maximal response amplitude, I is the flash
intensity, n is the Hill coefficient (exponent), and I1/2 is
the half-saturating light intensity. In experiments designed
to monitor the postbleach recovery of cone a-wave flash
sensitivity (Sf, see definition below), >90% of M-cone
visual pigment was bleached with a 30 s exposure to
505 nm light. The bleached fraction was estimated from
the following equation:

F = 1 − exp(−IPt) ,

where F is the fraction of pigment bleached, t is the
duration of the light exposure (s), I is the bleaching
light intensity of 505 nm LED light (1.6 × 108 photons
μm−2 s−1), and P is the photosensitivity of mouse cones
at the wavelength of peak absorbance (7.5 × 10−9 μm2),
adopted from Nikonov et al. (2006). The correction for a
factor of �10% of light intensity reduction in the
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mouse eye before reaching the cones (Vinberg et al.
2014) was included in the estimation of the bleaching
level. Photoresponses were amplified by a differential
amplifier (DP-311, Warner Instruments, Hamden, CT,
USA), low-pass filtered at 300 Hz (8-pole Bessel), digitized
at 1 kHz and stored on a computer for further analysis.
Cone a-wave flash sensitivity (Sf) was calculated from the
linear part of the intensity–response curve, as follows:

Sf = R/(RmaxI ),

where R is the cone a-wave dim flash response amplitude,
Rmax is the maximal response amplitude for that retina,
and I is the flash strength. The time constant of dim
flash response recovery (τrec) was obtained from a
single-exponential fit to the falling phase of the response.
Data were analysed with Clampfit 10.4 (Molecular
Devices, Sunnyvale CA, USA) and Origin 8.5 software
(OriginLab Corporation, Northampton, MA, USA).

Application of exogenous 11-cis-retinal to dark-adapted
TKO retinas was performed as follows: 300 μg of dried
retinoid was dissolved in 8 μl of absolute ethanol and
diluted to 8 ml with L15 solution containing 1% BSA.
The final concentrations of 11-cis-retinal and ethanol were
�130 μM and 0.1%, respectively. Before transfer to the
perfusion chamber for recordings, a whole retina on filter
paper was incubated in a Petri dish with 4–5 ml of this
oxygenated solution for 1 h in the dark at RT.

Regeneration experiments with exogenous 9-cis-retinol
were performed as follows: a whole retina on filter paper
was fully bleached for 1.5 min with 520 nm light in
0.1% BSA (L15) solution and kept in a Petri dish with
2 ml of the same oxygenated solution for 15 min in the
dark at RT. Then it was transferred to 1% BSA (L15)
solution supplemented with �130 μM 9-cis-retinol (Santa
Cruz Biotechnology) and 50 μM RDH8 co-factor NADP+
(Sigma) for 3.5 h in the dark at RT, prior to trans-
retinal recordings. Control bleached retina was processed
similarly but the 3.5 h incubation was carried out in the
absence of retinoid and co-factor.

Electroretinography (ERG)

Dark-adapted mice were anaesthetized with an I.P.
injection of a mixture of ketamine (100 mg kg−1)
and xylazine (20 mg kg−1). Pupils were dilated with a
drop of 1% atropine sulfate. Mouse body temperature
was maintained at 37°C with a heating pad. ERG
responses were measured from both eyes by contact
corneal electrodes held in place by a drop of Gonak
solution. Full-field ERGs were recorded with the UTAS
BigShot apparatus (LKC Technologies, Gaithersburg, MD,
USA) using Ganzfeld-derived test flashes of calibrated
green 530 nm LED light (within a range from 0.24 to
7.45 cd s m−2). Cone b-wave flash sensitivity (Sf, calculated
similarly to the a-wave Sf in ex vivo ERG recordings)

was first determined in the dark (from the average of up
to 20 flash responses) and normalized to the maximal
b-wave amplitude obtained with the brightest white light
stimulus of the xenon flash tube (700 cd s m−2). Bright
green background Ganzfeld illumination (300 cd m−2;
estimated to bleach �0.8% M-cone pigment s−1) was
then applied continuously for 15 min and the cone
b-wave Sf change was monitored during this period of
light exposure. At the end of this illumination period,
mice were re-anaesthetized once with a smaller dose of
ketamine (�1/2 of the initial dose) and a 1:1 mixture
of PBS and Gonak solutions was gently applied to the
eyes with a plastic syringe to protect them from drying
and to maintain electrode contacts. Finally, the remaining
M-cone pigment was near-completely bleached by a 30 s
exposure to additional bright light delivered by a 520 nm
LED focused at the surface of mouse eye cornea that
produced �1.3 × 108 photons μm−2 s−1. The bleaching
fractions were estimated by the formula F = 1 – exp(–IPt)
defined above. After the bleach, the recovery of cone
b-wave Sf was followed in darkness for up to 1 h (with
one more re-anaesthesia in the middle of that period). In
a subset of experiments, the 15 min Ganzfeld illumination
step was omitted and Sf recovery was followed after a
>90% cone pigment bleach (520 nm LED, 30 s) that was
applied to dark-adapted animals.

Retinylamine, prepared as per Golczak et al. (2005), was
dissolved before each experiment in DMSO to 5 μg μl−1,
and 50 μl of this solution was administered by intra-
peritoneal injection in the dark, followed by a period
of 15–18 h of dark adaptation prior to physiological
recordings.

Photopic visual function tests

Visual acuity and contrast sensitivity of 2-month-old
mice were measured using a two-alternative forced-choice
protocol (Umino et al. 2008) with the OptoMotry system
(Cerebral Mechanics Inc., Lethbride, AB, Canada). A
mouse was placed on a pedestal surrounded by a square
array of four computer monitors. A television camera
(Sony) was mounted above the animal to allow its
observation but not that of the stimulus displayed by
the monitors. Rotating sine-wave vertical gratings were
applied to the monitors where they formed a virtual
cylinder around the mouse (Prusky et al. 2004). The
direction of the gratings movement for each trial was
randomly selected by a computer-controlled protocol.
Mice responded to stimuli by reflexively rotating their
heads in the corresponding direction. The observer
registered either a clockwise or counterclockwise direction
of mouse optomotor responses.

Based on the observer’s choice and using a staircase
protocol, the computer changed the spatial frequency
(Fs) of the stimuli, starting from 0.128 cycles deg−1
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Table 1. Gene expression analysis of 1-month-old mouse eyes by RNA sequencing

WT (whole eye) WT (retina) Rho−/− (whole eye) Nrl−/− (whole eye)

Abca4 59 140 16 20
Rdh8 32 73 7.6 12
Gcap1 508 955 206 508

Values are represented as fragments per kilobase per million reads (FPKM).

until reaching its threshold (visual acuity), defined as
the correctness of the experimenter’s responses in 70%
of trials. In this setting, the speed of gratings (Sp) having
100% contrast was set at its optimal value of 12.0 deg s−1.
Temporal frequency (Ft) was automatically adjusted by
the computer program, based on the following equation:
Ft = Sp × Fs (Umino et al. 2008). Contrast sensitivity was
defined as the inverse of the obtained contrast threshold
values. In this mode, contrast of the stimuli was gradually
decreased by the computer protocol until its threshold
(70% correct answers) was determined. Fs was fixed at
0.128 cycles deg−1, Ft was set to 1.5 Hz, and Sp was
12.0 deg s−1. Behavioural tests were performed under
standard photopic conditions (unattenuated monitor
luminance of 70 cd m−2 at the mouse eye level) or in
dim light photopic conditions (0.018 cd m−2 at the mouse
eye level). In the latter case, the background monitor
luminance was adjusted by four layers of neutral density
film filters (0.9 ND, Rosco Laboratories, Stamford, CT,
USA). A camera was switched to night mode detecting
light from a round array of six infrared LEDs mounted
above the animal to visualize it.

Statistics

For all experiments, data were expressed as means ± SEMs.
Unless stated otherwise, data were analysed using the
independent two-tailed Student’s t test, with an accepted
significance level of P < 0.05.

Results

Expression profile and morphology of RDH8- and/or
ABCA4-deficient mouse cones

To determine the expression levels of Rdh8 and Abca4
genes in mouse eye, we mined our recently obtained
RNA-Seq transcriptome data (Mustafi et al. 2011). In
whole eyes and retinas of wild-type (WT) mice the Abca4
transcript was twice as abundant as that of Rdh8 and
expressed at levels about 10% of Gcap1, an important
component of the photoreceptor phototransduction
pathway (Table 1). Comparison of expression levels from
mice of various genetic backgrounds, including those
with varying numbers of rods and cones (Rho−/− and

Nrl−/−), suggests that these proteins are expressed in both
rod and cone photoreceptors. We then characterized the
localization of RDH8 and ABCA4 proteins in cones of
both control mice and their respective knockout counter-
parts generated with a Gnat1−/− background to eliminate
interference by rod signalling in behavioural and physio-
logical experiments (see below). RDH8 was abundantly
expressed in photoreceptor outer segments of retinas
from Gnat1−/− mice (referred to as control(s) throughout
the text) (Fig. 1A, top panel). As expected, immuno-
staining of Rdh8−/−Abca4−/−Gnat1−/− (TKO) retinas with
anti-RDH8 antibody yielded negative results (Fig. 1A,
middle panel). Cone expression of RDH8 was evidenced
by its co-localization with M-cone opsin in WT mouse
retinas (Fig. 1A, bottom panel). In contrast, the ABCA4
labelling with the commonly used anti-ABCA4 antibody
3F4 was far less pronounced in M-cones compared to
RDH8 labelling there (Fig. 1B, top panels and their insets,
white arrows). As expected, both Abca4−/−Gnat1−/− and
TKO retinas showed no ABCA4 expression (Fig. 1B,
middle and bottom panels). No obvious overall retinal
degeneration was observed in any of the mutant mice at
the age of 1.5–2.5 months.

To further investigate the expression of ABCA4 in cones,
we performed immunostainings with another antibody,
TMR1. This antibody labelled strongly and specifically
ABCA4 in the outer segment layer of wild-type retina
sections (Fig. 1C, top panel). In contrast, immunoblotting
with TMR1 antibody of sections from Nrl−/− retina,
populated exclusively with cone-like photoreceptors,
showed no ABCA4 signal (Fig. 1C, bottom panel).
However, Western blot analysis of Nrl−/− retinas with
TMR1 revealed robust expression of the ABCA4 protein
in these photoreceptors (Fig. 1D). We conclude that
the detection of ABCA4 in mouse cones by immuno-
cytochemistry is problematic, possibly due to a masked
ABCA4 epitope in cone discs. However, the presence
of the Abca4 transcript in Rho−/− and Nrl−/− retinas
(Table 1), together with the robust detection of ABCA4
in the cone-only retinas of Nrl−/− mice demonstrate that
this protein is indeed expressed in mouse cones.

To investigate if the deletion of RDH8 and/or ABCA4
induces degeneration specifically of cone photoreceptors,
we immunostained M- and S-cone opsins in retinal cross
sections. Both M-cones (Fig. 2A) and S-cones (Fig. 2B)
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had normal morphology in retinas of 2-month-old
ABCA4-deficient mice (middle panels) as well as in
those of TKO mice (bottom panels). Furthermore,
for both mutant lines M-cone (Fig. 2A) and S-cone
(Fig. 2B) pigments were localized properly in the outer
segments. Cone density was also comparable in control,
Abca4−/−Gnat1−/− and TKO retinas of 2.5-month-old
mice (Fig. 2C and D). The morphology of cones in
2.5-month-old mice was also analysed by electron micro-
scopy (Fig. 3A and B). The average length of cone outer
segments in longitudinal sections was normal in TKO
animals (7.7 ± 0.5 μm, n = 16, vs. 7.7 ± 0.4 μm, n = 9,
in control mice, P > 0.05) at this age.

Taken together, the normal cone density and
morphology as well as the proper cone opsin localization
imply the absence of detectable cone degeneration in
young adult TKO animals. Previous studies with these

mice had demonstrated that they eventually develop severe
cone–rod dystrophy (Maeda et al. 2008). However, the lack
of detectable morphological changes or loss of cones in 1.5-
to 2.5-month-old TKO mice allowed us to investigate the
roles of RDH8 and ABCA4 in dark adaptation of cones as
well as their function in bright light.

Suppressed M-cone dark adaptation in mice lacking
RDH8 and/or ABCA4

To address the possible role of RDH8 and ABCA4 in cone
dark adaptation, we performed a series of physiological
experiments in both isolated retinas and live animals
(Fig. 4). First, the recovery of M-cone ERG a-wave flash
sensitivity (Sf) after almost complete (>90%) bleaching
of cone visual pigment with 505 nm LED light (3 s
exposure) was monitored in isolated mouse retinas with
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Figure 1. Expression of RDH8 and ABCA4 in rods and cones of 2-month-old mice
A, RDH8 expression was examined by immunohistochemistry with anti-RDH8 antibody. RDH8 (red) was pre-
sent in Gnat1−/− (control) outer segments of photoreceptors, whereas no signal was detected in the retinas of
Abca4−/−Rdh8−/−Gnat1−/− (TKO) mice. WT retinas revealed that mouse cones express RDH8 manifested as a
yellow colour after co-staining with anti-RDH8 antibody (red) and anti-M-cone opsin antibody (M-opsin, green).
Cell nuclei (blue) were stained with DAPI or Hoechst 33342. Scale bar, 20 μm. B, immunostaining of control,
Abca4−/−Gnat1−/− and TKO retinas (central location near the optic nerve) with Rim 3F4 anti-ABCA4 antibody
(green) or anti-M-opsin antibody (red). Scale bar, 25 μm. Trans, confocal images in transmitted light. Cell nuclei
were stained with DAPI. White arrows indicate cone outer segments. Inset, higher magnification of cone outer
segments. Scale bar, 10 μm. RPE, retinal pigmented epithelium; OS, outer segments; IS, inner segments; ONL,
outer nuclear layer. C, immunostaining of WT, Abca4−/− and Nrl−/− retinas with TMR1 anti-ABCA4 antibody
(green). Scale bar, 20 μm. Cell nuclei were stained with DAPI. D, immunoblotting of WT, Abca4−/− and Nrl−/−
retina samples using TMR1 anti-ABCA4 antibody demonstrates that ABCA4 protein is expressed in Nrl−/− retinas.
β-actin served as a loading control.
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transretinal ERG recordings. In this test, the presence of
postsynaptic inhibitors blocked contributions of higher
order response components, and the lack of α-subunit
of rod G-protein transducin in these mice completely
eliminated interference from rod signalling (Calvert et al.
2000). The classical RPE visual cycle is not functional
due to the absence of the RPE under these conditions,
and the recovery of cone sensitivity relies exclusively
on chromophore recycling within the retina (Kolesnikov

et al. 2011). First, we determined the dark-adapted cone
sensitivity (Sf

DA), and used this value to normalize all
subsequent measurements and obtain relative recovery
time courses. Following a nearly complete pigment bleach,
cones initially were desensitized by >2 log units and then
gradually recovered most of their sensitivity. We found
that the lack of RDH8 alone did not result in substantial
changes in postbleach cone sensitivity recovery (Fig. 4A
and its inset, P > 0.05 for all data points, compared to
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TKO mice. Cross section images of central retina (near the optic nerve head) are shown. RPE, retinal pigmented
epithelium; OS, outer segments; IS, inner segments; ONL, outer nuclear layer. Cell nuclei were stained with either
propidium iodide (PI) or DAPI. Cone glycoprotein sheaths in B were additionally stained with PNA (green). Scale
bar, 20 μm. C, cones in dorsal-to-ventral retina cross-sections were stained with PNA (green) and nuclei were
stained with DAPI (blue). Representative images from ventral retina (zone 2) are shown. Scale bar, 20 μm. D,
PNA-positive cells in 100 μm retina width were counted in four zones (Z1–Z4) of the dorsal and ventral retina
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control). Similarly, the cone recovery in ABCA4-deficient
retinas was comparable to that in control retinas. However,
when both proteins were removed from photoreceptors
in TKO retinas, the final postbleach cone a-wave flash
sensitivity level was �2 times lower (P < 0.05) than in
control retinas, and the initial recovery phase was also
significantly suppressed (Fig. 4A inset, P < 0.01 for all
postbleach data points). Together, these results indicate
that recycling of 11-cis-retinal through the retina visual
cycle was essentially normal in the absence of either RDH8
or ABCA4, but was compromised when both were deleted
simultaneously in the TKO retinas.

We then performed a similar bleaching experiment
(with a 30 s exposure to 520 nm LED light) in live animals
where the photoreceptors were in their native environment
and both retina and RPE visual cycles could contribute
to the dark adaptation of cones, as suggested previously
(Kolesnikov et al. 2011). In this case, the effect of RDH8
and/or ABCA4 deletion on the restoration of photo-
sensitivity during dark adaptation of cones was tested
using in vivo full-field ERG recordings. Because the small
amplitudes of photopic ERG a-waves in mice are masked
by much larger cone bipolar cell-driven b-waves of inverse
polarity, we used cone ERG b-waves to monitor post-
bleach cone sensitivity changes in vivo. Consistent with the
results obtained with isolated retinas, we found that the
initial Sf recovery phase, presumably driven by the retina
visual cycle (Kolesnikov et al. 2011) lagged behind in the
absence of RDH8 and ABCA4 in TKO mice (Fig. 4B and its
inset). Notably, in the presence of the RPE visual cycle, the
second slow component of cone dark adaptation was also
suppressed in RDH8-deficient, ABCA4-deficient and TKO
cones, resulting in �2 times lower (P < 0.05) final recovery
level even 60 min after the bleach. Thus, unlike the case
of isolated retina, where only the simultaneous deletion
of RDH8 and ABCA4 affected cone dark adaptation, in
the intact eye the removal of either RDH8 or ABCA4 was

sufficient to suppress the RPE-driven component of cone
dark adaptation.

It was possible that administration of anaesthesia prior
to in vivo ERG recordings could affect the RPE and retina
visual cycles (Keller et al. 2001) thereby introducing an
unappreciated bias in our results. Indeed, the average
cone sensitivity in our control anaesthetized mice did
not recover fully even 1 h following the bleach (Fig. 4B).
To characterize cone dark adaptation in live control and
TKO animals not subjected to anaesthesia, we illuminated
unanaesthetized mice instead using the same bleaching
protocol. Following a 45 min period of dark adaptation,
these mice were killed, their retinas were quickly iso-
lated, and M-cone a-wave fractional sensitivities (Sf) were
determined by ex vivo ERG recordings (Fig. 4C and
D). Importantly, despite its limited time resolution, this
experiment also allowed us to analyse the extent of cone
sensitivity recovery directly (as opposed to using cone
b-waves as in the test described in Fig. 4B). As expected,
the sensitivity of bleached control cones was fully restored
(P > 0.05) after 45 min in the dark (Fig. 4C). In contrast,
TKO cones remained desensitized by �1.8-fold (P < 0.05)
over the same period (Fig. 4D) confirming that cone
pigment regeneration was compromised in the absence
of RDH8 and ABCA4.

Prolonged bright light exposure and subsequent dark
adaptation of M-cones in mice lacking RDH8 and/or
ABCA4

To obtain further insight into the significance of RDH8
and ABCA4 for cone function in response to bright light
in vivo, we performed the following ERG experiment. After
recording dark-adapted M-cone b-wave flash sensitivity,
a bright 530 nm Ganzfeld light (300 cd m−2) estimated
to bleach �0.8% M-cone pigment s−1 was turned on
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Figure 3. Transmission electron microphotographs of cones in retina cross sections from 2.5-month-old
mice
A, retina from control mouse. B, retina from TKO mouse. The images were taken at ×2500 magnification. Scale
bar, 2 μm. COS, cone outer segment; ROS, rod outer segment; CIS, cone inner segment; CN, cone nuclei; RN, rod
nuclei; M, mitochondria in the cone inner segment (white arrows).
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to induce a 2 log unit cone desensitization immediately
(Fig. 5A). During this initial 15 min irradiation period, we
observed a small transient increase in cone b-wave Sf (pre-
sumably, as a consequence of retina network adaptation)
in both control and TKO animals. The short period
of Sf stability observed after 5–6 min of continuous
illumination was then followed by its gradual decline. After
15 min of light exposure, the cones of TKO mice were
substantially more desensitized (by �1.7-fold, P < 0.01)
than those in control animals. A similar reduction of

cone sensitivity (�1.6-fold, P < 0.001) was observed
in Rdh8−/−Gnat1−/− mice at this time. Elimination of
ABCA4 alone resulted in a smaller initial cone b-wave
desensitization (the reason for which is currently unclear),
followed by its monotonic decline for the duration of the
15 min illumination (by approximately the same amount
as in the two other mutant strains), although its final level
was indistinguishable from that in control mice (P > 0.05).

We then applied an additional bright 30 s 520 nm
LED light to bleach the bulk of the remaining M-cone
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Figure 4. M-cone dark adaptation in the absence of RDH8 and/or ABCA4 in 2-month-old mice
A, recovery of cone a-wave flash sensitivity (Sf) in isolated retinas of control (n = 7), Abca4−/−Gnat1−/− (n = 8),
Rdh8−/−Gnat1−/− (n = 6) and TKO (n = 14) mice after bleaching >90% of cone pigment at time 0 with
505 nm LED light. Data were fitted with single-exponential functions for better visualization of the relative cone
sensitivity recovery. Sf

DA denotes the sensitivity of dark-adapted cones. The inset shows the initial Sf recovery
on expanded time scale. B, recovery of photopic ERG b-wave Sf in vivo in control (n = 4), Abca4−/−Gnat1−/−
(n = 6), Rdh8−/−Gnat1−/− (n = 6) and TKO (n = 3) mice after bleaching >90% of cone pigment at time 0 with
520 nm LED light. Sf

DA designates the sensitivity of dark-adapted cones. The inset shows the initial Sf recovery
on expanded time scale. C, normalized averaged cone intensity–response relationships of isolated retinas from
control mice. Live animals were either dark-adapted or illuminated with 30 s 520 nm LED light bleaching >90%
of M-cone pigment and kept in the dark for 45 min, prior to ex vivo ERG recordings. Data points were fitted
with Naka–Rushton hyperbolic functions. The average cone sensitivities (Sf) were 0.21 (dark-adapted, n = 5) and
0.16 (45 min postbleach (postbl.), n = 10). D, normalized averaged cone intensity–response functions of isolated
retinas from TKO mice. The experimental protocol was the same as in C. The average cone sensitivities (Sf) were
0.23 (dark-adapted, n = 5) and 0.13 (45 min postbleach, n = 9), respectively. Error bars represent SEMs (smaller
than the symbol size for some data points).
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pigment and monitored the recovery of photopic b-wave
sensitivity in the dark (Fig. 5B). This allowed us to dissect
the roles of RDH8 and ABCA4 proteins in cone dark
adaptation under conditions where any potential sources
of cis-retinoids available to dark-adapted cones (e.g. those
in Müller cells and/or RPE) should already be exhausted.
Indeed, similar to the case in human cones (Mahroo
& Lamb, 2012), the overall rate of dark adaptation of
control mouse cones decelerated substantially under these
conditions, as compared to those when equivalent 30 s
520 nm LED bleaching was applied to dark-adapted
cones (compare Fig. 5B with Fig. 4B). Notably, both the
retina- and RPE-driven phases of cone dark adaptation
were greatly delayed (by �2-fold) in RDH8-deficient,
ABCA4-deficient and TKO mice (see Fig. 5 legend for
comparison of initial Sf recovery rates). Thus, our results
demonstrate that both of these proteins are required for the
timely completion of cone dark adaptation after intense
illumination.

Lack of cis-retinol oxidase activity in
RDH8/ABCA4-deficient mouse M-cones

The intermediate precursor form of visual chromophore
produced in the retina visual cycle is 11-cis-retinol which
then must be oxidized to 11-cis-retinal to complete cone
pigment regeneration. This reaction is cone specific as only
cones and not rods can utilize exogenous 11-cis-retinol
for pigment regeneration and dark adaptation (Jones

et al. 1989; Wang & Kefalov, 2009). However, the
nature of the enzyme(s) responsible for 11-cis-retinol
oxidation in cones is unknown. To test the possible
contribution of RDH8 in this process, we exogenously
applied 9-cis-retinol (a commercially available more stable
analogue of 11-cis-retinol) supplemented with RDH8
co-factor NADP+ to isolated fully bleached retinas of
control (Gnat1−/−) and TKO animals and measured
their M-cone sensitivity recovery with transretinal ERG
recordings at steady state, following a 3.5 h period of dark
adaptation (Fig. 6). While control cones had robust retinol
oxidative activity which recovered their sensitivity by an
extra �2-fold in the presence of 9-cis-retinol (Fig. 6A),
cones of TKO mice were unaffected by the application of
9-cis-retinol (Fig. 6B). Thus, the deletion of RDH8 blocked
the ability of M-cones to oxidize 9-cis-retinol and use this
retinoid for pigment regeneration and dark adaptation.

Impact of rods and the RPE on dark adaptation
of M-cones

The above experiments indicate that deletion of RDH8
and ABCA4 delays the RPE visual cycle-driven cone
dark adaptation in vivo (Fig. 4B). However, they do not
reveal whether this delay in cone dark adaptation is a
direct result of the slower turnover of chromophore in
cones, or whether cone dark adaptation is also indirectly
affected by the economy of the chromophore in rods.
To address this question, we used a rhodopsin-deficient
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A, change of photopic ERG b-wave Sf in vivo following illumination with green 530 nm Ganzfeld background
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DA) in each case. Initial rates of Sf recovery
were determined from linear fits (shown in A) that yielded the following slopes: 0.36 min−1 (control), 0.17 min−1

(Abca4−/−Gnat1−/−), 0.17 min−1 (Rdh8−/−Gnat1−/−) and 0.17 min−1 (TKO). Bleaching was induced by a 30 s
illumination with 520 nm LED light at time 0. The time course of light exposure is shown at the bottom. Error bars
represent SEMs (smaller than symbol size for most data points).
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mouse line lacking rod outer segments but with preserved
functional cones up to 5–6 weeks of age (Jaissle et al.
2001). By performing in vivo ERG recordings, we found
that 4- to 5-week-old Rho−/− animals indeed recovered
their M-cone b-wave sensitivity substantially faster and

to a greater extent than control (Gnat1−/−) mice after a
nearly complete cone pigment bleach (Fig. 7A). In fact, we
noted a 100% recovery of cone sensitivity in the absence
of functional rods in vivo, whereas control cones still
remained desensitized by �1.7-fold even 1 h after the
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bleach. Thus, the turnover of chromophore in the rod
photoreceptors can affect the pigment regeneration and
dark adaptation in cones.

Mouse M-cone dark adaptation in the RPE-attached
retina is biphasic and it was suggested that the second,
slow phase reflects pigment regeneration driven by the
RPE visual cycle (Kolesnikov et al. 2011). However, direct
experimental evidence for the role of the RPE in the
recovery of cone sensitivity was still missing. To resolve
this issue and determine how suppression of the RPE visual
cycle affects cone dark adaptation, we used the potent RPE
visual cycle inhibitor retinylamine (Golczak et al. 2005).
Control (Gnat1−/−) mice were injected intraperitoneally
with retinylamine and then dark adapted for 15–18 h.
Their eyes were then exposed to bright 520 nm light that
bleached >90% of their M-cone pigment and the recovery
of photopic b-wave Sf was followed by ERG in the dark.
We found that whereas the initial rapid phase of post-
bleach cone sensitivity recovery in vivo was unchanged
upon retinylamine treatment, its later phase was essentially
abolished by the drug which lowered the final postbleach Sf

level by �2-fold as compared with that in untreated mice
(Fig. 7B). These results directly demonstrate the distinct
roles of the retina and RPE visual cycles in the fast and
slow phases of cone dark adaptation, respectively. They
also suggest that inhibition of the RPE visual cycle, either
directly or by slowing down the turnover of chromophore
in rods by deleting RDH8 and ABCA4, suppresses cone
dark adaptation.

Impaired photopic visual function
in RDH8/ABCA4-deficient mice

To determine the combined effect of the lack of RDH8 and
ABCA4 proteins on cone visual function, we evaluated

mouse optomotor responses (Fig. 8). This behavioural
test is based on the ability of mice to reflexively track
rotating gratings generated by computer (Prusky et al.
2004). We found that in standard photopic conditions
(70 cd m−2) the visual acuity in adult TKO mice
(0.74 ± 0.03 cycles deg−1, n = 5) was reduced by
11% (P < 0.05) compared with that in the control
(Gnat1−/−) group (0.84 ± 0.02 cycles deg−1, n = 5)
(Fig. 8A, right). Interestingly, in dimmer-light photo-
pic conditions (0.018 cd m−2) the difference in the
visual acuity between the two groups was not observed
(Fig. 8A, left). Thus, the deletion of RDH8 and ABCA4
compromised cone-driven visual acuity in bright photo-
pic light conditions. In contrast, photopic contrast
sensitivities of TKO (41.3 ± 6.4, n = 5) and control mice
(40.4 ± 4.2, n = 5) were similar for both light conditions
(Fig. 8B) indicating that the lack of RDH8 and ABCA4 had
no effect on the ability of these animals to discriminate
low-contrast stimuli.

To address the possible reasons for diminished photo-
pic visual acuity in TKO mice in bright light conditions
and directly examine whether individual or combined
deletion of RDH8 and ABCA4 affects cone photo-
responses, we recorded a series of M-cone transretinal
ERG responses elicited by test flashes of increasing light
intensity (Fig. 9A and B). We found that the maximal
M-cone response amplitude was, on average, �20%
lower (P < 0.001) in retinas of 2-month-old TKO mice
compared with that in age-matched controls (Fig. 9A–C).
Neither Rdh8−/−Gnat1−/− nor Abca4−/−Gnat1−/− animals
revealed significant changes in their cone maximal
response amplitudes or photosensitivities (Fig. 9C).
The M-cone sensitivity in TKO mice (defined as the
half-saturating light intensity, I1/2) was also unaltered, as
observed after response normalization (Fig. 9D).
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The kinetics of dim flash responses in control and
TKO cones, as well as those in Abca4−/−Gnat1−/− and
Rdh8−/−Gnat1−/− cones were also similar (Fig. 9B, inset).
The activation phase of phototransduction estimated from
the rising part of the responses was largely unchanged
in cones of all three mutant strains. Although the
inactivation phase of the cascade tended to be somewhat
faster in all mutant cones as compared to control
cells, this did not cause marked cone desensitization
(Fig. 9C and D). The average dim flash recovery
time constants (τrec) determined from single-exponential
fits to the falling phase of cone photoresponses after

their peak were 87 ± 8 ms (control, n = 15), 54 ±
6 ms (Abca4−/−Gnat1−/−, n = 10, P < 0.05), 57 ± 4 ms
(Rdh8−/−Gnat1−/−, n = 12, P < 0.05), and 74 ± 7 ms
(TKO, n = 15, P > 0.05). The dim flash responses com-
pletely recovered to a baseline within 400 ms following the
test flash of 2.4 × 103 photons μm−2. The time-to-peak
values of cone dim flash responses were in the range of
70–90 ms in all four mouse lines, comparable to pre-
viously published results (Nikonov et al. 2006). Treatment
of dark-adapted TKO retinas with exogenous 11-cis-retinal
had no effect on their cone sensitivity indicating that the
mutant cones did not have excessive free opsin due to
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chromophore deficiency after overnight dark adaptation
(Fig. 9D). Consistent with this notion, the dark-rearing of
TKO animals from postnatal day 10 did not rescue M-cone
function (Fig. 9D, inset). Together, these results imply that
chronic chromophore deficiency was not the cause of the
diminished cone responses in TKO retinas.

In a further attempt to determine the reason for reduced
overall cone response amplitudes in TKO animals we
evaluated the total M-cone opsin expression by qRT-PCR.
Even though there were no obvious histological changes in
2- to 2.5-month-old mice used for this study (Figs 1–3), the
retinas of RDH8/ABCA4-deficient mice expressed �16%
less (P < 0.05) M-cone opsin than control retinas, which
correlated well with the magnitude of cone response
compression (Fig. 9C). M-cone opsin expression was
normal in mouse retinas lacking either ABCA4 or RDH8
alone.

Overall, the absence of RDH8 and ABCA4 (but not
either one of these proteins alone) in young adult
mice compromised M-cone transretinal responses in
dark-adapted animals. The smaller cone responses in TKO
animals correlated with the reduced M-cone pigment
expression and could be the cause of the lower photopic
visual acuity in these mutant mice.

Discussion

Role of RDH8 and ABCA4 in mammalian cone dark
adaptation

Here we show that deletion of RDH8 and ABCA4 from
mouse M-cone photoreceptors results in a reduced cone
response (Fig. 9), substantial loss of photosensitivity
during prolonged exposure to bright light (Fig. 5A),
and suppressed cone dark adaptation following a nearly
complete pigment bleach (Figs 4 and 5). These results
clearly demonstrate that RDH8 and ABCA4 cooperatively
mediate the efficient processing of chromophore in
mammalian M-cones. Mutations in human ABCA4 have
been associated with retinal disorders primarily affecting
cone function. These include recessive cone–rod dystrophy
(Birch et al. 2001) and a subset of individuals with
Stargardt disease (Lois et al. 1999). No treatments
currently exist for these visual disorders. Better under-
standing of the mechanisms by which visual chromophore
is recycled and supports cone function will provide
insights into the aetiology of these disorders. Our
experiments lay the foundation for investigating how
specific defects in the intraretinal visual cycle produce
cone-related retinal disorders, as well as for targeting new
compounds for their treatment.

In contrast to rods, most outer segment discs of
mammalian cones are found to be continuous with
the plasma membrane and feature open configurations
(Carter-Dawson & LaVail, 1979). However, some cone

discs are closed (Anderson et al. 1978), creating the need
to flip the released all-trans-retinal in these discs, as in
rods. Furthermore, even in open discs, at least part of
all-trans-retinal is released from bleached pigment in
the same orientation as in rods, facing the extracellular
side. Thus, flipping hydrophobic all-trans-retinal could
also be required to accelerate chromophore reduction
by RDH8 in the cone cytoplasm along with its sub-
sequent release from cones. The expression pattern
of ABCA4 has been a point of debate. Several early
studies found no expression of ABCA4 in human
(Allikmets et al. 1997) or macaque cone photoreceptors
(Sun & Nathans, 1997). However, by using immuno-
fluorescence microscopy and immunoblotting analyses,
Molday and colleagues more recently found that ABCA4
is indeed expressed in human foveal and peripheral cones
(Molday et al. 2000). Although ABCA4 protein was not
specifically documented in mouse cones, its gene was
found abundantly expressed in cone-like photoreceptors
of Nrl transcription factor knockout (Nrl−/−) mice (Mears
et al. 2001). Our results support the notion that mouse
cones express ABCA4 (Fig. 1, Table 1) and demonstrate
that deletion of ABCA4 affects cone dark adaptation
in vivo.

RDH8 contribution to oxidation of cis-retinoids
in mouse M-cones

The unique capability of cones (but not rods) to oxidize
11-cis-retinol to 11-cis-retinal to promote cone pigment
regeneration is well documented from studies of both
amphibian (Jones et al. 1989; Ala-Laurila et al. 2009)
and mammalian (Wang & Kefalov, 2009) photoreceptors.
This reaction also occurs in cone-like photoreceptors of
Nrl−/− mice (Parker et al. 2011), hybrid rd7 rods (Wang
et al. 2014), and even in adult transdifferentiated mouse
rods (Montana et al. 2013). The substrate 11-cis-retinol
is presumably produced from all-trans-retinol in Müller
glial cells that surround cones (Mata et al. 2002, 2005;
Kaylor et al. 2013). The mouse eye contains several
retinol dehydrogenases potentially capable of oxidizing the
delivered 11-cis-retinol (Parker & Crouch, 2010; Kiser et al.
2012; Sato et al. 2015), though the enzyme(s) responsible
for this reaction in cones remain unknown. TKO mice
provided us with a unique opportunity to test the possible
contribution of RDH8 in the oxidation of cis-retinoids.
Intriguingly, we observed that RDH8/ABCA4-deficient
bleached cones were unable to utilize 9-cis-retinol to
regenerate visual pigment and recover their photo-
sensitivity, even in the presence of the RDH co-factor
NADP+ (Fig. 6B). Thus, RDH8 can potentially contribute
to the oxidation of cis-retinoids in mouse M-cones and
promote their dark adaptation following exposure to
bright bleaching light.
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Interplay between the rod and cone visual cycles

Our results clearly show that cone dark adaptation is
suppressed in TKO mice. At first glance, this could be
attributed entirely to the deletion of RDH8 and ABCA4
in cones and the subsequent slowing of the release of
spent chromophore from these cells. However, the same
RDH8 and ABCA4 proteins are also expressed in rods and
their simultaneous elimination greatly delays the release of
all-trans-retinal from these photoreceptors (Maeda et al.
2008). Accordingly, the delivery of chromophore from
rods to the RPE is compromised in our TKO mice, in
turn delaying its recycling and supply back to photo-
receptors in the retina. One previously unappreciated
consequence could be that cone dark adaptation is
delayed as a secondary effect of the slower visual cycle
in rods. Consistent with the interplay between the visual
cycles of rods and cones, we found that cone dark
adaptation can be accelerated substantially in the absence
of rod opsin in Rho−/− mice (Fig. 7A). This novel
finding could have clinical implications leading to the
development of therapeutic approaches whereby lowering
the consumption of chromophore by rods could enhance
its supply to cones. We also found that acute selective
inhibition of the RPE visual cycle with retinylamine
failed to affect the initial component of M-cone dark
adaptation but instead blocked the late recovery of cone
photosensitivity (Fig. 7B). This result reveals a potential
flaw in some therapeutic approaches targeting the RPE
visual cycle that are currently being developed. Although
slowing the RPE visual cycle with pharmacological
inhibitors might modulate the accumulation of toxic
retinoid byproducts (Radu et al. 2003; Maeda et al. 2008),
the resulting lower availability of chromophore could
adversely affect the function of cones, eventually causing
their degeneration (Xue et al. 2015). Thus, evaluating
residual cone function should be a critical test for regimens
targeting the RPE.

Possible mechanisms of cone degeneration
in RDH8/ABCA4-deficient mice

ABCA4 plays an important role in preventing the
accumulation of hazardous bis-retinoid adducts of
all-trans-retinal released from visual pigment following
photoexcitation (Kim et al. 2007) as well as clearing
the excess 11-cis-retinal delivered to photoreceptors
during pigment regeneration (Boyer et al. 2012). The
all-trans-retinal released from bleached pigment or
produced from extra 11-cis-retinal (Quazi & Molday,
2014) is then reduced to all-trans-retinol by RDH8, the
major retinoid dehydrogenase in the outer segments
(Maeda et al. 2005, 2007; Chen et al. 2012). The less toxic
and more soluble alcohol form of the chromophore is then

released from the outer segments of photoreceptors (Chen
et al. 2005, 2009; Blakeley et al. 2011) and recycled by the
RPE and retina visual cycles (Saari, 2012). Mutations in the
human ABCA4 gene lead to Stargardt disease, a recessive
form of macular degeneration with an onset in childhood
(Allikmets et al. 1997). However, mutations in RDH8
are yet to be identified in patients and its deletion from
mouse photoreceptors caused only a mild delay in rod
dark adaptation (Maeda et al. 2005), probably indicating
a redundancy in photoreceptor dehydrogenases (Maeda
et al. 2005, 2007; Chen et al. 2012).

The combined deletion of RDH8 and ABCA4
causes progressive rod and cone degeneration in mice.
Accumulation of toxic retinoid byproducts in lipofuscin
and drusen deposits (Sparrow et al. 2000, 2003; Mata et al.
2001) and/or all-trans-retinal itself (Maeda et al. 2008,
2009b) is believed to drive this process. Our morphological
analysis demonstrates that cones in 1.5- to 2.5-month-old
TKO mice still retain normal density and appearance
(Figs 2 and 3) but already produce decreased responses
to light (Fig. 9) accompanied by reduced expression of
M-opsin. The milder morphological phenotype of our
mice compared to previous results (Maeda et al. 2008)
is probably due to the absence of the Crb1/rd8 mutation
which can produce a degenerative phenotype (Mattapallil
et al. 2012).

Growing evidence suggests that a reduced supply
of chromophore can affect cone opsin expression and
eventually lead to cone loss. For instance, the ablation
of the RPE visual cycle in RPE65 knockout mice
results in rapid cone degeneration (Znoiko et al.
2005; Fan et al. 2008) which is largely prevented
by supplementing animals with exogenous retinoids
(Rohrer et al. 2005; T. Maeda et al. 2009; Tang et al.
2010). Similarly, expression of mutant mouse S-opsin
can be enhanced by exogenous 11-cis-retinal suggesting
that the chromophore is important for cone opsin
biosynthesis (Insinna et al. 2012). Retinoid deficiency
also impairs cone function in mice lacking either the
interphotoreceptor retinoid-binding protein IRBP (Jin
et al. 2009; Parker et al. 2009; Kolesnikov et al. 2011),
or the cellular retinaldehyde-binding protein CRALBP
(Xue et al. 2015). However, unlike in CRALBP-deficient
mice, dark-rearing did not correct the cone response
magnitude in TKO animals (Fig. 9D), indicating that
chronic chromophore deficiency is unlikely to cause the
eventual degeneration of M-cones. Thus, we conclude
that the most likely explanation for the age-related
degeneration of TKO cones is the accumulation of toxic
retinoid byproducts resulting from slower turnover of
chromophore in RDH8/ABCA4-deficient photoreceptors.
As the early survival of cones in TKO mice and their
eventual degeneration mimic the clinical phenotypes of
Stargardt disease and age-related macular degeneration,
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TKO mutant animals represent an excellent model for
investigating the mechanisms of cone loss in these visual
disorders.
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