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Regeneration of Photopigment Is Enhanced in Mouse Cone
Photoreceptors Expressing RPE65 Protein
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As cone photoreceptors mediate vision in bright light, their photopigments are bleached at a rapid rate and require substantial recycling
of the chromophore 11-cis-retinal (RAL) for continued function. The retinal pigment epithelium (RPE) supplies 11-cis-RAL to both rod
and cone photoreceptors; however, stringent demands imposed by the function of cones in bright light exceed the output from this
source. Recent evidence has suggested that cones may be able to satisfy this demand through privileged access to an additional source of
chromophore located within the inner retina. In this study, we demonstrate that the protein RPE65, previously identified in RPE as the
isomerohydrolase of the RPE–retinal visual cycle, is found within cones of the rod-dominant mouse retina, and the level of RPE65 in cones
is inversely related to the level in the RPE. The light sensitivity of cone ERGs of BALB/c mice, which had an undetectable level of cone
RPE65, was enhanced by approximately threefold with administration of exogenous chromophore, indicating that the cones of these
animals are chromophore deficient. This enhancement with chromophore administration was not observed in C57BL/6 mice, whose
cones contain RPE65. These results demonstrate that RPE65 within cones may be essential for the efficient regeneration of cone pho-
topigments under bright-light conditions.

Introduction
Vitamin A aldehyde, 11-cis-retinal (RAL), acts as the chro-
mophore within rod and cone photoreceptors by covalently
binding opsin G-protein-coupled receptors to form photopig-
ment. When photons are absorbed by the photopigment, 11-cis-
RAL is isomerized to the all-trans conformation, triggering the
phototransduction cascade for propagating neuronal signals to
the visual cortex. To replenish photopigments, all-trans RAL is
recycled back to 11-cis-RAL through a series of enzymatic
steps known as the visual cycle. The most well known pathway
is a cycling of vitamin A derivatives (retinoids) from photore-
ceptors through the retinal pigment epithelium (RPE), known
as the RPE–retinal visual cycle (Travis et al., 2007). Within the
RPE, the protein RPE65 acts as the isomerohydrolase to con-
vert all-trans retinoids back to 11-cis-forms (Jin et al., 2005;

Moiseyev et al., 2005; Redmond et al., 2005). Once 11-cis-RAL
is regenerated, it is shuttled to photoreceptors to reform pho-
topigment. The levels of RPE65 in the RPE have been shown to
vary in different strains of wild-type mice (Lyubarsky et al.,
2005).

Numerous studies have suggested that the mechanisms by
which rods and cones obtain chromophore may differ (Wang
and Kefalov, 2011). Cones function in daylight to mediate
high-resolution color vision, and their rates of sensitivity re-
covery (Perry and McNaughton, 1991) and photopigment re-
generation (Schnapf et al., 1990) are greater than that of rods
(Baylor et al., 1979, 1984), which function in low-light condi-
tions. Concurrently, the rate of photopigment regeneration
that is necessary for sustaining cone function in bright light
exceeds the capabilities of the RPE to recycle chromophore
(Mata et al., 2002).

A second visual cycle may exist to supplement cones with
chromophore (Muniz et al., 2007). This alternate pathway is lo-
calized entirely within the retina (intraretinal visual cycle) and
functions in parallel with the RPE–retinal visual cycle. Cones can
use vitamin A alcohol, 11-cis-retinol (ROL), as a source of chro-
mophore, presumably by oxidizing 11-cis-ROL to 11-cis-RAL
through an uncharacterized dehydrogenase activity (Jones et al.,
1989; Ala-Laurila et al., 2009). Rods lack this capability, and thus
11-cis-ROL is not a viable substrate for these photoreceptors
(Kono et al., 2008). Müller cells may contribute to the intraretinal
visual cycle by producing 11-cis-ROL from all-trans ROL (Das et
al., 1992; Wang and Kefalov, 2009; Wang et al., 2009); however,
the mechanism is currently not known.

There is evidence to support the existence of RPE65 within
cones, in addition to the RPE. The detection of Rpe65 mRNA has
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been reported in isolated salamander cones (Ma et al., 1998), and
immunohistochemistry (IHC) analysis of retinas from a variety
of animal species confirmed the presence of the protein (Znoiko
et al., 2002). These findings have generated debate because inde-
pendent studies failed to reproduce the results (Seeliger et al.,
2001; Hemati et al., 2005). The current study was undertaken to
reevaluate the localization of RPE65 protein within cones of dif-
ferent mouse strains/lines and to determine whether there is a
relationship between the presence of RPE65 within cones and
their function.

Materials and Methods
Animals. Experimental procedures and animal care protocols adhered to
the Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research and were ap-
proved by the Institutional Animal Care and Use Committee of the Med-
ical University of South Carolina. C57BL/6 mice were obtained from The
Jackson Laboratory. BALB/c, 129Sv, and albino C57BL/6 (C57BL/6-Tyrc/
BrdCrHsd) mice were obtained from Harlan Laboratories. Rpe65�/�

mice were a generous gift from T. Michael Redmond (National Eye In-
stitute, Bethesda, MD). All lines of mice used for experiments were F1

Figure 1. Localization of RPE65 protein within the cone OS. A, Frozen sections prepared from 4-week-old C57BL/6 (top) and BALB/c (middle) eyecups and 2-week-old Rpe65�/� eyecups
(bottom) were costained for RPE65 (PETLET antibody), S-opsin, and nuclei (DAPI). B, Analysis of sequential single-plane images acquired as a z-series (1–3) and the merged image (M) from a
single-cone OS is displayed, showing the distribution of RPE65. C, C57BL/6 eyecup section costained for RPE65 and GS, showing the absence of RPE65 in the Müller glia. D, Visualization of IS in C57BL/6
mouse eyecup using propidium iodide (PI) allows for additional analysis of RPE65 localization within the cone, demonstrating that the majority of RPE65 is localized at the base of the cone OS. E,
FITC-conjugated PNA was used to counterstain the glycoprotein sheath surrounding C57BL/6 mouse cone OS and IS, and a single-plane image was acquired to show the glycoprotein sheath
surrounding RPE65 immunostaining within the OS. ONL, Outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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progeny generated from mating the various strains, and members of
either sex were evaluated.

Anti-RPE65-specific primary antibodies. Two anti-RPE65-specific anti-
bodies were used for the current study. The PETLET polyclonal rabbit anti-
body has been described previously to detect immunoreactive RPE65
protein (Znoiko et al., 2002) and was used at a concentration of 2 �g/ml for
IHC analysis and 0.2 �g/ml for immunoblot analysis. The 8B11 monoclonal
mouse antibody was a generous gift from Debra A. Thompson (University of
Michigan, Ann Arbor, MI) (Hemati et al., 2005) and was used at a dilution of
2 �g/ml for IHC analysis and 0.2 �g/ml for immunoblot analysis.

Other primary antibodies. The antibody raised against short-wavelength
(S-) cone opsin and used for IHC was obtained from Santa Cruz Biotech-
nology (catalog #sc-14363) and was used at a concentration of 0.4 �g/ml.
The anti-S-opsin (catalog #AB5407) and anti-mid-wavelength (M-) opsin
(catalog #AB5405) antibodies for immunoblot analysis were obtained from
Millipore Bioscience Research Reagents and were both used at a concentra-
tion of 0.1 �g/ml. The anti-�-actin antibody for immunoblot analysis was
obtained from Sigma-Aldrich (catalog #A1978) and was used at a concen-
tration of 0.5 �g/ml. FITC-conjugated peanut agglutinin (PNA lectin) was
obtained from Sigma-Aldrich (catalog #L7381) and was used at a concentra-
tion of 2 �g/ml for IHC analysis. The antibody raised against glutamine
synthetase (GS) was obtained from BD Biosciences (catalog #610517) and
was used at a concentration of 0.1 �g/ml.

Immunoblot analysis. Procedures were modified from methods de-
scribed previously (Tang et al., 2010). To prepare mouse whole-eyecup
homogenates, eyes were enucleated and dissected to remove cornea and
lens. The peroxidase-conjugated secondary antibodies used were goat
anti-rabbit IgG (1 ng/ml concentration; Vector Laboratories) and horse
anti-mouse IgG (1 ng/ml concentration; Vector Laboratories).

IHC analysis of flat-mounted retina. Procedures have been described
previously (Tang et al., 2010). Retinas were incubated with appropriate
primary antibodies overnight at 4°C, washed with PBS [2�, 10 min,
room temperature (RT)], and then incubated with Alexa Fluor-488 and
-594 secondary antibodies (0.4 �g/ml concentration; Invitrogen) for 2 h
at RT. To calculate cone density, cones were counted based on S-opsin
staining within the central region of the retina immediately ventral of the
optic nerve head at 20� magnification and expressed as cones/mm 2.

IHC analysis of frozen eyecup sections. Procedures have been described
previously (Tang et al., 2010). Sections of the central retina (optic nerve
was visible) were incubated overnight at 4°C with the appropriate pri-
mary antibodies and then incubated with the corresponding secondary
antibodies and either 4�,6-diamidino-2-phenylindole (DAPI) (2 �g/ml
concentration; catalog #D1306; Invitrogen) or propidium iodide (1

�g/ml concentration; catalog #P3566; Invitrogen). Samples were ana-
lyzed by confocal microscopy (Leica TCS SP5 AOBS Confocal Micro-
scope System; Leica Microsystems).

Fluorescence quantification within frozen eyecup sections. Age-matched
animals were killed, and eyes were prepared and sectioned as described
previously (Tang et al., 2010). To minimize differences in the fluores-
cence signal attributable to the sample preparation procedure, two eye-
cups from each of the three groups of animals (total of six) were
embedded and oriented in a single cassette so that each section contained
eyecup samples from all three animal groups. Sections were processed for
immunostaining with primary antibodies against RPE65 (PETLET) and
S-opsin and imaged by confocal microscopy. For each section, micros-
copy settings were initially optimized for imaging RPE65 fluorescence
within C57BL/6 cones and then remained the same for imaging cones
from other groups of animals. Single-plane images were acquired
through the center of cones that were aligned parallel to the plane of
analysis, and images of 10 cones were selected from each group of ani-
mals and imported into Adobe Photoshop CS3 software (Adobe Sys-
tems) for quantification. A region of analysis (ROA) was drawn around
S-opsin fluorescence to calculate the area of the cone outer segment (OS)
and was used to measure RPE65 fluorescence contained within. The ROA
was then shifted to an immediately adjacent region outside of the cone to
measure background fluorescence, which was subtracted from the fluo-
rescence obtained from within the cone. The adjusted value was then
divided by the area of the ROA to account for the variability in cone OS
size among the different strains/lines of mice and was finally expressed as
a fold change of C57BL/6 values.

Retinoid delivery. The current protocol for delivering exogenous reti-
noids to mice was modified from a previously described method (Parker
et al., 2009). Retinoids were handled under dim red light. 11-cis-RAL
(0.375 mg/animal) was dissolved in 200 �l of vehicle (10% ethanol/10%
bovine serum albumin in 0.9% NaCl), and a single injection was made
into the peritoneal cavity of mice (6 weeks of age) 12 h before recording
of rod and cone ERGs. The amount of 11-cis-RAL used for this study has
been validated previously for evaluating chromophore deficiency in
mouse cones (Parker et al., 2009); however, this amount is less than that
used previously to rescue cones in Rpe65�/� and Lrat�/� mice (Fan et al.,
2008; Zhang et al., 2008). For control, age- and strain/line-matched mice
were injected with saline in the peritoneal cavity. After injection, all ani-
mals were dark adapted until the onset of recordings.

Measurement of cone and rod function. Procedures were modified from
previously described methods (Parker et al., 2009). Mice were anesthe-
tized with xylazine (20 mg/kg) and ketamine (80 mg/kg), and pupils were

Figure 2. Specificity of anti-RPE65 antibodies. Immunostaining of the 8B11 anti-RPE65 antibody was evaluated with 4-week-old C57BL/6 retinas and eyecups. A, The 8B11 antibody failed to
detect RPE65 within cones of the flat-mounted retina. B, Evaluation of eyecup sections provided confirmation, with 8B11 immunostaining detected only within the RPE. C, Immunoblot analysis of
whole eyecup homogenates prepared from 2-week-old C57BL/6 and Rpe65�/� mice with the PETLET antibody showed detection of a 61 kDa major band corresponding to RPE65 protein in the
C57BL/6 sample but not in the Rpe65�/� sample. The 8B11 antibody also detected RPE65 protein in the C57BL/6 sample but none in the Rpe65�/� sample. Blots were stripped and reprobed for
�-actin, shown as insets. Arrows represent location of RPE65 band; M, marker; DIC, differential interference contrast; ONL, outer nuclear layer.
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dilated with phenylephrine hydrochloride
(2.5%) and atropine sulfate (1%). ERG re-
sponses were measured using contact lens elec-
trodes placed on both eyes with a drop of
methylcellulose. ERGs were recorded with the
UTAS E-2000 system (LKC Technologies) us-
ing 10 ms flashes of increasing white-light in-
tensities under scotopic or photopic
conditions. Based on previously described ret-
ina light loads for mice with and without pig-
mentation (Lyubarsky et al., 2004), we
provided approximately equivalent retinal
light stimulus for pigmented (C57BL/6 and
BALB/c � Rpe65�/�: �3.1, �2.1, �1.1, �0.1,
0.9, 1.9, and 2.9 log cd � s/m 2) and albino
(BALB/c: �3.6, �2.6, �1.6, �0.6, 0.4, 1.4, and
2.4 log cd � s/m 2) mice. A white background
light was turned on for 3 min before and main-
tained for the duration of cone ERG recordings
to induce and maintain rod desensitization,
which has been shown previously to bleach a
large fraction of all three mouse photopig-
ments (Lyubarsky et al., 2004). Similarly, this
light source was also adjusted to provide equiv-
alent retina illumination for pigmented (30 cd/
m 2) and albino (10 cd/m 2) mice. Cone b-wave
amplitudes were measured from baseline to
peak of b-wave. For rod ERG recordings, the
a-wave amplitude was measured from baseline
to trough of a-wave, and the b-wave amplitude
was measured from the trough of a-wave to
peak of b-wave. Cone b-waves were plotted
with fitted curves using the hyperbolic satura-
tion function, C/Cmax � I/I(I � I0.5). The light
sensitivity of the normalized response was de-
fined as SF � [C/Cmax]/I and was simplified to
SF � I0.5 within the linear range of responses,
that is sensitivity was given by the midpoint of
the fitted functions.

Statistical analysis. Differences in RPE65 lev-
els between C57BL/6 and BALB/c, 129Sv, and
each of the cross-strains were tested using
ANOVA and Tukey’s post hoc tests for individ-
ual means. Amounts of RPE65 in eyecups of
the various strains/lines of mice were normal-
ized to �-actin values and expressed as a fold of
values obtained for C57BL/6 mice. Amounts of
RPE65 in BALB/c and BALB/c � Rpe65�/�

cones were normalized to values from C57BL/6
cones, and the fold change was plotted on a log
scale. Two-way ANOVA was used to test for
differences in log-transformed values between
cones and eyecups across strains. Differences in
cone b-wave amplitudes and rod response am-
plitudes between 11-cis-RAL-treated and un-
treated mice across the indicated stimulus
intensities were also tested using two-way
ANOVA. A two-sided p � 0.05 was considered
significant. All analyses were conducted using
SAS version 9.1 (SAS Institute).

Results
RPE65 protein localization within the C57BL/6 mouse cone
To investigate the RPE65 staining within mouse cones, frozen
sections were prepared from eyecups of 4-week-old C57BL/6 and
BALB/c and 2-week-old Rpe65�/� mice. The PETLET polyclonal
antibody has been shown to have a high specificity for mouse RPE65
(Redmond and Hamel, 2000). The RPE of wild-type mice served as

a positive control, and RPE65 staining was detected within the RPE
of C57BL/6 and BALB/c eyecups but not in Rpe65�/� eyecups (Fig.
1A). RPE65 staining was detected in C57BL/6 mouse cones (Fig. 1A,
top) but not in the cones of BALB/c (middle) or Rpe65�/� (bottom)
mice. Costaining with an antibody for S-opsin confirmed that these
cells are cones. z-series images were collected from C57BL/6 cones,

Figure 3. Variation of amount of cone RPE65 among mouse strains/lines. Whole eyecup homogenates were prepared from
4-week-old eyecups. A, RPE65 protein per eyecup was quantified from immunoblots for six animals (n � 6) from each group using
densitometry analysis. Errors are shown as �SD. *p � 0.05. B, RPE65 immunofluorescence was quantified for cones (n � 10)
from each indicated group, background fluorescence was subtracted, and values are plotted on a logarithmic scale in red as fold of
amount quantified for C57BL/6 cones (C57BL/6 � 1.00 � 0.22; BALB/c � Rpe65�/� � 0.31 � 0.07; BALB/c � 0.08 � 0.02)
with the amount of RPE65 per eyecup calculated from A displayed in blue. *p � 0.001. Errors are represented as �SD. C, Retinas
(2 week-old Rpe65�/� mice; 4-week-old for all other strains/lines) from each group are costained for RPE65 and S-opsin and flat
mounted for analysis. Status of the amino acid at position 450 of RPE65 is indicated for each group. Images are taken from the
central region of the retina immediately ventral to the optic nerve head. D, RPE65 is detected within cones of albino C57BL/6 mice.
ONL, Outer nuclear layer.
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showing that the majority of RPE65 was localized at the base of the
OS region with punctate particles appearing apically (Fig. 1B). Be-
cause the isomerase of the intraretinal visual cycle has been impli-
cated to exist within Müller cells, we evaluated whether RPE65 is also
present within this cell type by costaining C57BL/6 eyecup sections
for RPE65 and glutamine synthetase, a glial marker. Our results in-
dicate that RPE65 is absent from Müller cells and is localized only to
the RPE and cones within the C57BL/6 mouse eyecup (Fig. 1C). To

determine whether RPE65 was also present within the inner segment
(IS) region of the cone, counterstaining with propidium iodide (Fig.
1D) or FITC-conjugated peanut agglutinin (Fig. 1 E) was per-
formed. These results suggest that RPE65 was not localized
within the IS.

The specificity of the antibody is of importance for detecting
RPE65 in cones. Using the 8B11 monoclonal anti-RPE65 anti-
body, staining within cones was not detected in flat-mounted

Figure 4. Effects of exogenous 11-cis-RAL on cone and rod function. Six-week-old animals (n � 5 per group) were intraperitoneally injected with 0.375 mg of 11-cis-RAL (treated) or saline
(untreated) 12 h before ERG recordings. A, Summaries of cone responses are shown for mice exhibiting high (C57BL/6 ), intermediate (BALB/c � Rpe65�/�), and undetectable (BALB/c) levels of
RPE65 within cones (Fig. 3B). An approximate threefold increase in the sensitivity of cone b-waves is observed for BALB/c and BALB/c � Rpe65�/� mice. B, No significant differences were observed
in rod responses between treated and untreated mice. C, D, Sample cone (C) and rod (D) ERG traces are shown for treated and untreated BALB/c mice. Errors are represented as �SD.
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4-week-old C57BL/6 mouse retina (Fig. 2A), in agreement with
results previously reported with this antibody by Hemati et al.
(2005). Additional confirmation was provided through similar
analysis of frozen C57BL/6 eyecup sections, with 8B11 antibody
staining detected only within the RPE (Fig. 2B). We conclude
that the PETLET antibody exhibits both higher affinity and
greater specificity for RPE65 than the 8B11 antibody, with immu-
noblot analysis providing additional support (Fig. 2C). Because
the amount of RPE65 protein within cones is minute compared
with that found within the RPE, the lower affinity and specificity
of the 8B11 antibody may account for the discrepancies in the
previously reported data (Hemati et al., 2005), thereby settling
this controversy.

Variation of total RPE65 protein in eyecup across mouse
strains/lines
The quantity of RPE65 protein within the whole eyecup has been
shown previously to vary among mouse strains/lines (Lyubarsky
et al., 2005), a feature that may be related to the status of the
amino acid at position 450 of the protein (Wenzel et al., 2001).
BALB/c mice possess a variant of the Rpe65 gene that encodes for
leucine at position 450 (Leu450) (Wenzel et al., 2001) and exhibit
an �11-fold greater amount of the protein per eyecup compared
with C57BL/6 mice (Lyubarsky et al., 2005), which encode for
methionine (Met450) (Wenzel et al., 2001). Previous studies have
shown that the amount of RPE65 in the RPE can be varied by
crossing BALB/c mice with C57BL/6 and Rpe65�/� mice (Lyubar-
sky et al., 2005). To determine whether the absence of RPE65
protein from BALB/c cones was related to the higher amount of
RPE65 in the RPE, we generated mice with varying amounts of
RPE65 by crossing the different lines. Performing similar crosses
with 129Sv mice served to confirm our results, because these mice
also express the Leu450 variant of the Rpe65 gene (Wenzel et al.,
2001). Because the amount of RPE65 protein that is present
within cones is negligible compared with that in the RPE, we
assume that a change in the amount of RPE65 protein per eyecup
reflects a change in the RPE. Quantification of RPE65 within the
eyecups using densitometry analysis of the various strains and
crosses is summarized in Figure 3. Relative to the amount of
RPE65 protein present in C57BL/6 eyecups, animals homozygous
for the Leu450 variant of Rpe65 gene (BALB/c, BALB/c � 129Sv,
129Sv) exhibited the greatest amount per eyecup of all the mouse
strains/lines evaluated. Those that are mixed Leu/Met450 vari-
ants (BALB/c � C57BL/6, 129Sv � C57BL/6) or are heterozygous
for the Leu450 variant of the gene (BALB/c � Rpe65�/�, 129Sv �
Rpe65�/�) exhibited an intermediate amount. Finally, animals
that are heterozygous for the Met450 variant (C57BL/6 �
Rpe65�/�) exhibited the lowest amount. Our results from
C57BL/6, BALB/c, and the corresponding crossed mice are in
agreement with those published previously (Lyubarsky et al.,
2005).

Inverse relationship of RPE65 quantities within the RPE
and cones
Mouse strains/lines that exhibit greater amounts of RPE65 pro-
tein per eyecup also have been shown to exhibit a faster rate of rod
photopigment regeneration (Lyubarsky et al., 2005), suggesting
that the robustness of the RPE–retinal visual cycle is dependent
on the amount of RPE65 protein in the RPE. We observed a
correlation between the levels of RPE65 expressed in the RPE and
in cones; that is, mouse strains with a robust RPE–retinal visual
cycle are less likely to have RPE65 expressed within cones. The
lack of detectable RPE65 protein within BALB/c cones (Fig. 1A)

may be related to its high amount in the RPE, which could enable
the RPE–retinal visual cycle to meet the chromophore demands
of cones in bright light. The RPE–retinal visual cycle in C57BL/6
mice is less robust because of an 11-fold lower amount of RPE65
(Fig. 3A); therefore, its cones may be more dependent on the
intraretinal visual cycle for chromophore and express a greater
amount of proteins involved in that pathway such as RPE65. To
further investigate, retinas from each mouse strain/line were flat
mounted and costained for RPE65 and the S-opsin as a marker
for cone OS. Images of flat-mounted retina from the different
crosses are shown in Figure 3C. Strains with the greatest amount
of RPE65 protein (BALB/c, BALB/c � 129Sv, 129Sv) did not ex-
hibit detectable RPE65 staining within cones. When the amount
of RPE65 was reduced to intermediate (BALB/c � C57BL/6,
129Sv � C57BL/6, BALB/c � Rpe65�/�, and 129Sv � Rpe65�/�)
or lower (C57BL/6 � Rpe65�/�) levels relative to that observed in
C57BL/6 mice, RPE65 staining was detected within cones. The
lack of RPE65 within BALB/c cones was not related to the lack of
pigmentation, because pigmented 129Sv mice showed a similar
result and RPE65 was detected in cones of albino C57BL/6 mice
(Fig. 3D). Furthermore, the absence of RPE65 in cones is not
believed to be related to the exclusive expression of the Leu450
variant by BALB/c and 129Sv mice, because BALB/c � Rpe65�/�

Figure 5. Comparable cone levels in retinas of C57BL/6, BALB/c � Rpe65�/�, and BALB/c
mice. A, Cone densities measured by S-opsin staining from the central region of BALB/c ( p �
0.82; n � 5) and BALB/c � Rpe65�/� ( p � 0.46; n � 5) retina flat mounts did not differ
significantly from that of C57BL/6 mice (n � 5). B, This was further confirmed from quantifi-
cation of both M- and S-cone opsin proteins per eyecup using immunoblot analysis, indicating
the amounts of both M- and S-opsins from BALB/c (n � 5) and BALB/c � Rpe65�/� (n � 5)
eyecups did not differ significantly from that of C57BL/6 (n � 5) eyecups after normalization to
�-actin. Errors are represented as �SD.
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and 129Sv � Rpe65�/� mice also exclusively express this variant,
yet the protein is present within cones (Fig. 3C). We were able to
compare the relative amount of RPE65 protein among cones of
BALB/c, BALB/c � Rpe65�/�, and C57BL/6 mice through quan-
tifying fluorescence from RPE65 staining in eyecup sections pre-
pared from litters that were born on the same day. Displayed as a
fold of fluorescence detected in C57BL/6 cones (1 � 0.22), BALB/
c � Rpe65�/� cones exhibited intermediate levels (0.31 � 0.07),
whereas BALB/c cones exhibited the lowest levels (0.08 � 0.02). This
is opposite of that observed from quantifying RPE65 protein per
eyecup (Fig. 3A), in which BALB/c � Rpe65�/� and BALB/c eyecups
exhibited �2 and 11 times more of the protein than C57BL/6 eye-
cups, respectively. The inverse relationship between the quantities of
RPE65 in the two cell types among the three groups of animals ana-
lyzed is summarized in Figure 3B. The mechanism regulating this
observation is currently unclear. It is possible that 11-cis-RAL could
act as an inhibitory signal for Rpe65 transcription in cones. Addi-
tional studies will be required to understand how the expression of
RPE65 within the RPE may affect the expression of the protein
within cones.

Enhanced sensitivity after chromophore supplementation in
cones lacking RPE65
To investigate whether the quantity of cone RPE65 had an effect
on the ability of cones to regenerate photopigment under bright-
light conditions, we intraperitoneally injected 11-cis-RAL into age-
matched (6-week-old) C57BL/6, BALB/c � Rpe65�/�, and BALB/c
mice (treated group) 12 h before recording rod (scotopic) and cone
(photopic) ERGs using white-light stimuli and compared them with
corresponding lines of mice receiving saline injections (untreated
group). Both the stimuli and the background light were adjusted to
provide an equivalent amount of retina illumination in pigmented
(C57BL/6 and BALB/c � Rpe65�/�) and albino (BALB/c) mice, as
described in previous studies (Lyubarsky et al., 2004). In both
BALB/c and BALB/c � Rpe65�/� mice, 11-cis-RAL treatment re-
sulted in significant ( p � 0.05) increases in the cone response,
prompting additional evaluation of cone sensitivity. An approxi-
mate threefold increase in the sensitivity of the cone b-wave in the
presence of a background light that is expected to bleach a large
fraction of photopigments was observed in both strains/lines of
mice, with negligible change in the saturated amplitude (Fig. 4A).
Because the bleaching rate constants must be the equivalent in
treated and untreated mice of the same strain/line, the only plausible
explanation for the increased sensitivity is that exogenous 11-cis-
RAL provides an effective source of chromophore that exceeds the
native sources by threefold for cones in BALB/c and BALB/c �
Rpe65�/� mice but not in C57BL/6 mice.

Rod responses (both a- and b-waves) were not altered signif-
icantly after 11-cis-RAL treatment in any of the three strains/lines
of mice (Fig. 4B). The density of cones within the retina and total
cone opsin levels were evaluated, revealing no significant differ-
ence in the number of cones among the three groups of mice (Fig.
5). Because white light was used as a stimulus, we were unable to
differentiate the relative contributions of M- and S-opsin pigments
to the increase in BALB/c � Rpe65�/� and BALB/c cone sensitivity
after 11-cis-RAL administration. We also observed that the overall
b-wave amplitudes of cone ERGs recorded from BALB/c mice were
lower than those recorded from the other two groups; however, this
may be an effect of a possible inherent difference in the characteris-
tics of bipolar cells between various strains of mice and not attrib-
utable to differences in the efficiency of cone photopigment
regeneration. These data show that chromophore supplementa-
tion uniquely enhanced the sensitivity of cones with decreased or

undetectable amounts of RPE65 relative to C57BL/6 cones. Be-
cause C57BL/6 mice have much less RPE65 overall in the retina,
we conclude that the RPE65 expressed in their cones is effective
for providing 11-cis-RAL, and thus cone RPE65 may be essential
for maintaining full chromophore levels under bright-light
conditions.

Discussion
Absence of RPE65 immunostaining within BALB/c and 129Sv
mouse cones
The existence of RPE65 within cones has been a controversial
topic, because discrepancies between the findings of various
groups have remained unresolved. Using the polyclonal PETLET
anti-RPE65 antibody, Znoiko et al. (2002) reported the detection
of staining within the flat-mounted retinas of mice, including
C57BL/6, BALB/c, and 129Sv strains. Using the same antibody,
our IHC results show that positive staining is observed only
within C57BL/6 cones. After extensive evaluation of BALB/c and
129Sv mouse eyecups, we have been unable to detect the presence
of RPE65 protein within cones of these two strains. This is an
important clarification, because the presence of RPE65 within
mouse cones differs across strains and is further explored in the
current study. Our results with the 8B11 antibody suggest that its
lower affinity and specificity resulted in the lack of detection of
RPE65 within cones, consistent with the previously reported data
(Hemati et al., 2005).

Involvement of RPE65 within the intraretinal visual cycle
The lack of RPE65 staining observed within BALB/c and 129Sv
mouse cones prompted additional investigation. The robustness
of the RPE–retinal visual cycle for recycling chromophore is de-
pendent on the amount of RPE65 present within the RPE (Wen-
zel et al., 2001). The rod photopigment regeneration rate of
BALB/c mice is more than three times faster than that of C57BL/6
mice because of an 11-fold increase in the amount of RPE65
protein within the RPE (Wenzel et al., 2001; Lyubarsky et al.,
2005); however, RPE65 was undetectable in cones of the BALB/c
retina (Fig. 1A, middle). The appearance of RPE65 within cones
(Fig. 3C) correlated only with animals that expressed reduced
amounts of RPE65 within the RPE relative to BALB/c and 129Sv
mice (Fig. 3A). Functionally, the ability of cones to regenerate
photopigment efficiently in bright-light conditions appears to be
dependent on the amount of cone RPE65 that is present (Fig.
4A). These results suggest that cone RPE65 may be involved in
the intraretinal visual cycle to promote the regeneration of cone
photopigment in animals in which the RPE–retinal visual cycle
cannot meet its chromophore demands. At the present time, we
cannot rule out the possibility that the appearance of RPE65
within cones is related to the C57BL/6 genotype. Developing and
evaluating an Rpe65 conditional knock-out mouse model from
the C57BL/6 background is an essential step to verifying our cur-
rent findings.

Possible role of RPE65 within cones
Additional examination of the pattern of RPE65 localization
within the C57BL/6 mouse cone may provide insights into its
specific function. RPE65 protein assumes a characteristic distri-
bution pattern within the OS, with the protein being most abun-
dant at the interface with the IS and a punctate distribution
appearing apically. Subcellular characterization will require tech-
niques that offer greater resolution such as immunoelectron
microscopy.
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Within the RPE, RPE65 acts as the isomerohydrolase in the
RPE–retinal visual cycle to convert all-trans retinoids to 11-cis-
forms (Moiseyev et al., 2005). All-trans retinyl esters (RE) serve as
substrates for RPE65 (Moiseyev et al., 2003), which are generated
through the transfer of a fatty acyl group from phosphatidylcho-
line to all-trans ROL by enzymes such as lecithin:retinol acyl-
transferase (LRAT) and acyl-CoA:retinol acyltransferase (ARAT)
(Saari and Bredberg, 1989; Batten et al., 2004; Kaschula et al.,
2006; Muniz et al., 2006, 2009; Travis et al., 2007). LRAT has been
identified as the major RE synthase within the RPE to support the
RPE–retinal visual cycle (Saari and Bredberg, 1989; Batten et al.,
2004). Although ARAT has also been shown to be active within
the RPE (Kaschula et al., 2006), evidence suggests that it is the
major RE synthase within the Müller cell (Muniz et al., 2006) to
support the intraretinal visual cycle (Muniz et al., 2009). Because
neither LRAT nor ARAT have been identified to exist within
cones, cone RPE65 lacks the necessary substrate to function as an
isomerohydrolase. Interestingly, studies performed in an immor-
talized cone photoreceptor cell line (661W) have suggested the
existence of a novel mechanism for synthesizing RE that is both
LRAT and ARAT independent (Kanan et al., 2008) and may po-
tentially provide a source of RE for cone RPE65. Additional work
is needed to clarify the mechanism for this pathway as well as to
evaluate whether these observations made in vitro reflect a pro-
cess occurring in vivo.

How can cone RPE65 contribute to photopigment formation?
Within the intraretinal visual cycle, Müller cells have been impli-
cated to isomerize all-trans ROL to 11-cis-ROL (Das et al., 1992),
which is then delivered to the cone by the inter-photoreceptor
retinoid binding protein (Parker et al., 2009). There are reports
suggesting that the cell body region of the cone receives incoming
11-cis-ROL from Müller cells, because morphological data indi-
cate that Müller cell processes make multiple associations with
the cones at this region (Sarantis and Mobbs, 1992; Wang et al.,
2009), and in vitro data show that cones can use 11-cis-RAL for
photopigment production only when it is delivered through this
site (Jin et al., 1994). The ability of cones to oxidize 11-cis-ROL to
11-cis-RAL may be attributable to either an unidentified retinol
dehydrogenase (RDH) enzyme or an uncharacterized function of
a known RDH (Parker and Crouch, 2010). The characteristic
appearance of RPE65 distribution within the cone OS suggests
that RPE65 may be acting as a binding protein to shuttle 11-cis-
ROL from the IS to the OS for oxidation to 11-cis-RAL. This role
may be essential for satisfying the high demands for cone function in
bright-light conditions as newly synthesized chromophore is placed
immediately adjacent to opsins for photopigment formation. Anal-
ysis of the native crystal structure (Kiser et al., 2009) and identifica-
tion of proteins that are coeluted through affinity purification
experiments (Hemati et al., 2005) suggest that RPE65 is capable of
interacting with other proteins, such as RDHs. Therefore, RPE65
may further promote oxidation of its bound 11-cis-ROL with an
unidentified RDH to generate 11-cis-RAL. Additional experiments
are necessary to address the specific function of RPE65 within cones.

The existence of RPE65 protein within cones has been de-
bated, but these data settle this controversy. An antibody with
high sensitivity and specificity for the protein is required to detect
these relatively low amounts within cones, particularly with the
high concentrations present within the RPE. RPE65 is not present
(or at least not detectable) within cones of all strains/lines of mice;
however, our data suggest that its presence greatly enhances the
function of cones in bright-light conditions. This current study
represents the first in vivo evidence implicating RPE65 to be in-
volved in the cone-specific intraretinal visual cycle.
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