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Lecithin retinol acyl transferase (LRAT) and retinal pigment epithelium protein 65 (RPE65) are key enzymes of the retinoid cycle. In
Lrat �/� and Rpe65 �/� mice, models of human Leber congenital amaurosis, the retinoid cycle is disrupted and 11-cis-retinal, the
chromophore of visual pigments, is not produced. The Lrat �/� and Rpe65 �/� retina phenotype presents with rapid sectorial cone
degeneration, and the visual pigments, S-opsin and M/L-opsin, fail to traffic to cone outer segments appropriately. In contrast, rod opsin
traffics normally in mutant rods. Concomitantly, guanylate cyclase 1, cone T�-subunit, cone phosphodiesterase 6�� (PDE6��), and GRK1
(G-protein-coupled receptor kinase 1; opsin kinase) are not transported to Lrat �/� and Rpe65 �/� cone outer segments. Aberrant
localization of these membrane-associated proteins was evident at postnatal day 15, before the onset of ventral and central cone degen-
eration. Protein levels of cone T� and cone PDE6�� were reduced, whereas their transcript levels were unchanged, suggesting posttrans-
lational degradation. In an Rpe65 �/�Rho �/� double knock-out model, trafficking of cone pigments and membrane-associated cone
phototransduction polypeptides to the outer segments proceeded normally after 11-cis-retinal administration. These results suggest that
ventral and central cone opsins must be regenerated with 11-cis-retinal to permit transport to the outer segments. Furthermore, the
presence of 11-cis-retinal is essential for proper transport of several membrane-associated cone phototransduction polypeptides in these
cones.

Key words: cone visual pigments; LRAT (lecithin retinol acyl transferase); RPE65; retinoid isomerase; membrane protein trafficking;
Leber congenital amaurosis

Introduction
Photon absorption by photosensitive visual pigments in rod
and cone photoreceptors initiates signal transduction and vi-
sion (Palczewski, 2006). Visual pigments are G-protein-
coupled receptors using as their ligand 11-cis-retinal, which
isomerizes to the all-trans form with light. Regeneration of

11-cis-retinal in the retinoid cycle is essential for maintaining
normal visual function (Wald, 1968). After photobleaching,
all-trans-retinal separates from rhodopsin and cone opsins
and is reduced to all-trans-retinol (Maeda et al., 2007). All-
trans-retinol, in turn, is exported to the retinal pigment epi-
thelium (RPE), where it is converted into retinyl esters by
lecithin retinol acyltransferase (LRAT). All-trans retinyl esters
are the substrate for RPE protein 65 (RPE65), recently identi-
fied as the retinoid isomerase that generates 11-cis-retinol (Jin
et al., 2005; Moiseyev et al., 2005; Redmond et al., 2005). After
oxidation to 11-cis-retinal, the chromophore is exported back
to the photoreceptors for the regeneration of functional
pigments.

LRAT and RPE65 knock-out mice have been shown to lack
11-cis-retinal for visual pigment regeneration. In the Lrat�/�

mouse, only trace amounts of all-trans-retinyl esters were de-
tected, consistent with blockage of the retinoid cycle at the ester-
ification step (Batten et al., 2004). In the Rpe65�/� mouse, retinyl
esters accumulate, and 11-cis-retinal cannot be produced (Red-
mond et al., 1998b). Administration of exogenous 9- or 11-cis-
retinal can significantly improve rod function in Rpe65�/� mice,
even as old as 18 months (Van Hooser et al., 2002; Rohrer et al.,
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2003). Cones and rods are supported by the retinoid cycle in a
similar, but not identical, manner. In primates, RPE65 and its
substrate all-trans-retinyl esters are localized at highest concen-
trations in the RPE cells that cover the foveal region of the retina
(Jacobson et al., 2007). The possibility has been raised that addi-
tional processes may exist that generate 11-cis-retinal for cones
supplementing the major RPE65-dependent pathway (Mata et
al., 2005; Muniz et al., 2007; Schonthaler et al., 2007). Residual
function of RPE65-Leber congenital amaurosis (LCA) cones and
prolonged cone photoreceptor survival in human patients sup-
port this speculation (Jacobson et al., 2007).

Unlike rods, cone photoreceptors degenerate rapidly (Znoiko
et al., 2005), and notably, cone opsins (both S-opsin and M/L-
opsin) (Ebrey and Koutalos, 2001) were found to mislocalize in
the Rpe65�/� cones and unable to traffic to the cone outer seg-
ments (COSs) properly (Rohrer et al., 2005). Administration of
11-cis-retinal before onset of degeneration [postnatal day 10
(P10)] prevented cone opsin mistrafficking and slowed the rate of
degeneration (Rohrer et al., 2005). Here, we explored the conse-
quences of 11-cis-retinal absence in Rpe65�/� and Lrat�/� mice
on trafficking of integral and peripheral membrane-associated
proteins (PMPs) to cone outer segments. We show that cone
opsins mislocalized to the inner segment and synaptic pedicle at
P15, and polypeptides of the cone phototransduction cascade
[including guanylate cyclase 1 (GC1) and G-protein-coupled re-
ceptor kinase 1 (GRK1)] failed to transport to the cone outer
segments in both models. Early and repeated administration of
exogenous 11-cis-retinal to Rpe65�/�Rho�/� double knock-out
pups prevented these mislocalizations. These results are consis-
tent with a key role of 11-cis-retinal bound to cone opsins for
retinal protein sorting, transport, and targeting and, ultimately,
cell survival.

Materials and Methods
Mouse lines. Lrat �/� mice were generated and genotyped as described
previously (Batten et al., 2004). Rpe65 �/� mice (Redmond et al., 1998a)
were provided by T. Michael Redmond (Laboratory of Retinal Cell and
Molecular Biology, National Eye Institute). RPE65 �/�Rho �/� mice
were the generous gift from Mathias Seeliger (University of Tübingen,
Tübingen, Germany). Unless otherwise noted, all experiments were con-
ducted on cyclic light-reared, age-matched animals. Animal experiments
were performed in accordance with the policy on the Use of Animals in
Neuroscience Research and conformed to the recommendations of the
Association of Research for Vision and Ophthalmology. The procedures
were approved by the Medical University of South Carolina Animal Care
and Use Committee and the Institutional Animal Care and Use Commit-
tee at the University of Utah.

11-cis-Retinal injections. Lrat�/� and Rpe65 �/�Rho �/� mice were
housed in the dark starting at day P10. Experimental animals were in-
jected intraperitoneally with 11-cis-retinal (0.5 mg per dose) in 100 �l of
vehicle (1.0% ethanol, 10% bovine serum albumin, and 0.9% NaCl) on
days P10, P13, and P17. Mice were killed at age P20 for the cone antigen
localization experiments. Littermate control mice were injected on the
same schedule with vehicle alone.

PNA labeling in flat-mounted retinas. Eyes were isolated and placed in
PBS, pH 7.4. After removing the cornea, the RPE– choroid layer was
separated from the retina–lens complex, which was fixed in 4% formal-
dehyde solution in PBS for 4 h at 4°C. After washing with PBS (three
times for 30 min each at 4°C), the retinas were incubated with the 0.2
mg/ml FITC-conjugated peanut agglutinin (PNA; lectin Arachi hy-
pogaea; Sigma, St. Louis, MO) overnight at 4°C. Retinas were washed
with PBS (three times for 20 min each at 4°C), mounted on a slide and
coverslipped after application of an anti-fade solution (Prolong; Invitro-
gen, Eugene, OR). The samples were viewed by fluorescence microscopy
(Axioplan II; Zeiss, Jena, Germany) using a 100 W mercury light source
and FITC filters. Images were captured and processed (AxioVision soft-

ware version 4.5; Diagnostic Instruments, Sterling Heights, MI). Cones
were counted from five fields (far dorsal, dorsal, central, ventral, and far
ventral) per flat-mounted retina and averaged for six mice of each geno-
type. Data are expressed as the mean number of cones/mm 2 � SEM. For
overall changes in cell numbers between the two retinoid cycle mutants
and wild-type (WT) retinas, data were analyzed by repeated-measures
ANOVA followed by Dunnett’s post hoc test ( p � 0.05); for analysis of
regional differences in cone cell counts, one-way ANOVA followed by
pairwise Tukey’s post hoc test was used ( p � 0.05).

Immunolocalization by confocal microscopy. Age-matched mouse eyes
were immersion fixed for 2 h using freshly prepared 4% paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4, and cryoprotected. Eyes were
coembedded, frozen, and sectioned at 12 �m thickness before incuba-
tions for immunocytochemistry as described by Bhosale et al. (2004) and
Baehr et al. (2007). Affinity-purified primary antibodies (15–25 �l) were
applied to each group of two to four sections in a humidified, rotating
chamber overnight at 4°C. Propidium iodide (1:3000 dilution; Invitro-
gen) was added to the solution containing FITC-conjugated secondary
antibody. The sections were viewed using a Zeiss LSM 510 inverted laser-
scanning confocal microscope with a 40� 1.3 numerical aperture oil
objective lens and optical slit setting of �0.9 �m. Antibodies and dilu-
tions used in this study were described previously (Baehr et al., 2007).

Immunoblotting. Wild-type and Lrat �/� retinas (one each) at age of
P15–P16 were homogenized by sonication. Equal amounts (1/15 of total
amount) of the proteins from each retina were loaded on a 12.5% SDS-
PAGE gel. After separation, the proteins were transferred to a nitrocellu-
lose filter and probed with primary antibodies as described previously
(Zhang et al., 2007). The signals were visualized by ECL (NEN/Perkin-
Elmer, Waltham MA).

Quantitative reverse transcription-PCR. Semiquantitative real-time re-
verse transcription (RT)-PCR was performed using total RNA from WT,
Lrat �/�, and Rpe65 �/� retinas. Total RNAs were extracted from P15
retina, and real-time RT-PCR was performed with 25 ng of RNA as
described previously (Baehr et al., 2007). Primers [Gnat2 forward, 5�-
atgacctgtgctacagacacacagaac; Gnat2 reverse, 5�-gcatgaagcctcagattcta-
agcttgc; phosphodiesterase 6c (Pde6c) forward, 5�-cagcgccg-
aagacaaaaagtccaaaac, Pde6c reverse, 5�-ttctgtcacttcttggtcactggacag;
Gapdh forward, 5�-accccttcattgacctcaactacatgg; Gapdh reverse, 5�-
atttgatgttagtggggtctcgctcct] amplified �150 bp fragments. Results were
normalized to Gapdh signals for each sample (Baehr et al., 2007).

Results
Lrat�/� cone photoreceptors degenerate rapidly
In 1-month-old Lrat�/� retinas, cones were unevenly distributed
with more cones surviving dorsally than in the ventral and central
retina (Fig. 1A). A similar distribution pattern was observed in
Rpe65�/� mice (Znoiko et al., 2005). Using a repeated-measures
ANOVA, cone cell numbers across all five regions were found to
vary with genotype, an effect that was region specific (genotype �
region, F(8,16) � 18.9; p � 0.0001). Dunnett’s post hoc test ( p �
0.05) confirmed that compared with retinas of WT mice, the total
cone population in Rpe65�/� and Lrat�/� mice was significantly
reduced; however, the overall cone population did not differ be-
tween the Rpe65�/� and Lrat�/� retinas. To determine whether
cone densities in individual retina areas differ between Lrat�/�,
Rpe65�/�, and control mice, cell counts were analyzed by one-
way ANOVA followed by a pairwise Tukey’s post hoc analysis
( p � 0.05) (Fig. 1B). The one-way ANOVA across the three
genotypes revealed that all regions but the far-dorsal retina varied
with genotype ( p � 0.0001). Post hoc analysis in the remaining
four retina areas showed regional differences in cone cell num-
bers in the central, ventral, and far-ventral retina between
Lrat�/� and Rpe65�/� mice, but not in the dorsal retina; all
pairwise comparisons between Lrat�/� and control and
Rpe65�/� and control mice were statistically significant. We ob-
served a similar dorsal–ventral pattern in dark-reared animals,
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thereby ruling out light damage as the cause of rapid central
progression of cone loss.

Mistargeting of cone pigments
Shortly after eye opening, COSs are well established in P15 WT
mice, as evidenced by anti-M/L-opsin labeling (Fig. 2A). In the
P15 Lrat�/� mouse, M/L-opsin was seen partially mislocalized,
with some M/L-opsin present in the short COSs, the somata, and
synaptic pedicles (Fig. 2B, arrows), quite similar to the P15
Rpe65�/� mouse (Fig. 2C). Mislocalization and mistrafficking of
both S-opsin and M/L-opsin have been shown previously to oc-
cur in the Rpe65�/� and the Rpe65�/�Rho�/� mouse (Rohrer et
al., 2005). At P15–P20, COSs were still present in the Lrat�/�

mouse based on weak immunolabeling for M/L-opsin, but at

P30, cone degeneration and COS disintegration appeared to be
far advanced in both models (Fan et al., 2008).

Mistargeting of PMPs, GC1, and R9AP in Lrat �/� cones
We observed a similar cone pigment mislocalization in a mouse
lacking GC1 (Gucy2e), an enzyme responsible for cGMP synthe-
sis in rods and cones (Baehr et al., 2007). This knock-out mouse,
a model for recessive cone dystrophy, presented with defects in
transport of PMPs essential for cone phototransduction. We
therefore investigated the presence of PMPs in the Lrat�/� COSs
and found, by analogy with the Gucy2e�/� mouse, that acylated
and prenylated proteins of the cone phototransduction cascade
were diminished (Fig. 3). PDE6��, the catalytic subunit of cone
PDE6, was undetectable in COSs by immunocytochemistry at
predegenerate P15 (Fig. 3B), whereas WT COSs showed robust
presence of this polypeptide (Fig. 3A). Similarly, both acylated
cone T� and farnesylated cone T�, strongly present in P15 WT
COSs (Fig. 3C,E), were essentially absent in residual mutant
COSs (Fig. 3D,F). Faint immunolabeling of apparently down-
regulated polypeptides was observed in cone inner segments
(CISs) and COSs (Fig. 3D,F, arrows). In contrast, cone arrestin, a
soluble protein distributed throughout the cell, was unaffected in
the Lrat�/� cones (supplemental Fig. S3A, available at www.
jneurosci.org as supplemental material). In P30 mutant cones,
cone PDE6�� (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material) and cone T� (data not
shown) were undetectable by immunocytochemistry. Absence of
these signal-amplifying polypeptides is predicted to attenuate
cone phototransduction severely.

GRK1 (opsin kinase) levels are very high in P15 WT COSs, as
indicated by the intense yellow fluorescence generated by cola-
beling with anti-mouse cone arrestin (mCAR) (Fig. 3I, arrows)
and the strongly labeled COSs [supplemental Fig. S2 (arrows),
available at www.jneurosci.org as supplemental material]. In
contrast, GRK1 was much diminished in P15 Lrat�/� COSs (Fig.
3J). A farnesylated protein associated with the synaptic ribbon,
complexin III (CPX III) (Reim et al., 2005), trafficked normally
to the cone pedicles (Fig. 3G,H), suggesting that mistrafficking in
Lrat�/� cones may be specific for PMPs associated with the
COSs.

GC1, the sole particulate guanylate cyclase of cones, is ex-
pressed at high levels and accumulates predominantly in WT
COSs, as revealed by colabeling with mCAR (Fig. 3K). At P15,
GC1 levels were apparently much reduced in Lrat�/� COSs (Fig.
3L). Another transmembrane protein expressed at high levels in
cones, R9AP, the membrane anchor of the GTPase-activating
complex RGS9/G�5, also is much reduced in mutant COSs (Fig.
3M,N). Severely reduced levels of GRK1, GC1, and R9AP in
Lrat�/� COSs are predicted to affect phosphorylation of cone
pigments and cone phototransduction.

Membrane-associated cone phototransduction protein levels
are reduced
By immunoblot, cone-specific PDE6�� and cone T� polypep-
tides were less abundant in P15 Lrat�/� than in age-matched WT
retinas (Fig. 4A). GRK1, abundantly present in rod outer seg-
ments (ROSs), which degenerate very slowly (Batten et al., 2005),
and the rod-specific PDE6� subunit were unaffected. Lower lev-
els of cone T� and cone PDE�� could be caused by effects on gene
regulation or posttranscriptional/posttranslational events. We
therefore measured P15 Gnat2 and Pde6c mRNA levels relative to
those of the housekeeping Gapdh mRNA to probe for changes in
gene regulation (Fig. 4B). Quantitative RT-PCR results showed

Figure 1. Cone distribution in Lrat �/� and Rpe65 �/� retinas. A, Flat mount. Lrat �/�

cones were visualized in mice at 4 weeks of age with FITC-conjugated peanut agglutinin (green)
binding to the extracellular cone sheaths. Magnification, 20�. B, Bar graph depicting cone
density. Cones were counted from five fields per flat-mounted retina, averaged in six mice from
each group. Data are expressed as the mean number of cones/mm 2 � SEM. Overall cone cell
counts did not differ between the two retinoid cycle mutants based on repeated-measures
ANOVA followed by Dunnett’s post hoc test ( p � 0.05), whereas regional differences could be
identified using one-way ANOVA followed by pairwise comparison using Tukey’s post hoc test
(*p � 0.05). White bars, Rpe65 �/� mice; black bars, Lrat �/� mice; gray bars, WT mice.
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that levels of Gnat2 and Pde6c mRNAs in P15 WT, Lrat�/�, and
Rpe65�/� retinas were similar, suggesting that reduction of cone
T� and PDE6�� protein levels occurs posttranslationally.

11-cis-Retinal is essential for normal cone opsin trafficking
In the Rpe65�/� retina, cone opsins and peripheral membrane
proteins mislocalize in a manner similar to that observed in
Lrat�/� photoreceptors (Fig. 5). S-opsin was faintly detectable
only in the inner segments at P15 (Fig. 5B), whereas M/L-opsin
was, in part, apparently transported to the COSs (Fig. 5F). Thus,
both Lrat�/� and Rpe65�/� cones possess shortened COSs that
can be labeled by antibodies directed against M/L-opsin (Fig. 5F)
and cone arrestin (Fig. 3 J,L), as well as cone sheaths that are
positive for PNA-lectin (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). PDE6��, cone T�, and
GC1 labeling in Rpe65�/� retina (Fig. 5 J,N,R) was nearly iden-
tical to that seen in Lrat�/� mice (Fig. 3B,D,L). After adminis-
tration of 11-cis-retinal to Rpe65�/�Rho�/� pups (on postnatal
days 10, 13, and 17), both opsins were seen in the COSs at P20
(Fig. 5D,H), as observed at P25 in a previous study (Rohrer et al.,
2005). S-opsin appeared to be localized normally, whereas the
effect on M/L-opsin localization was corrected only partially (Fig.
5D,H). Relative to untreated mutant mice, more COSs were la-
beled after 11-cis-retinal treatment, indicating improved opsin
migration into the COSs. 11-cis-retinal treatment in the Lrat�/�

mouse on Rho�/� background produced less pronounced results
because of the large pool of rod opsin competing for the injected
11-cis-retinal (data not shown). These results establish that
11-cis-retinal is essential for normal cone opsin trafficking during
postnatal cone development.

Administration of 11-cis-retinal corrects abnormal trafficking
of peripheral membrane proteins in Rpe65 �/� mutant mice
PDE6�� and cone T� were essentially undetectable in COSs of
P15 Lrat�/� (Fig. 3B,D) and Rpe65�/� (Fig. 5 J,N) retinas. Only

weak punctuate labeling could be detected in P15 Rpe65�/� (Fig.
5 J,N) and P20 Rpe65�/�Rho�/� (Fig. 5K,O) CISs, consistent
with failure of these peptides to traffic to the COSs. No mislocal-
ization to the pedicle was observed for these PMPs (data not
shown). Differential expression of GC1, an enzyme present in
rods and cones, was also examined. As expected, GC1 levels were
maintained in WT and mutant ROSs (Fig. 5Q,R), consistent with
the slow degeneration of Rpe65�/� rods and presence of opsin in
the ROSs (Redmond et al., 1998b). However, although anti-GC1
antibody identified COSs readily in P15 WT retina (Fig. 5Q, ar-
rows), the identical antibody solution was unable to detect COSs
in P15 Rpe65�/� (Fig. 5R) or P20 Rpe65�/�Rho�/� retinas (Fig.
5S). This result was interpreted to suggest that GC1 had not trans-
ported to the mutants’ COSs. As with restoration of cone pigment
distributions to the cone outer segments (Fig. 5D,H), adminis-
tration of exogenous 11-cis-retinal resulted in normal trafficking
of PDE6�� (Fig. 5L), cone T� (Fig. 5P), and GC1 (Fig. 5T) to the
COSs.

Discussion
The main observations of our study of Lrat�/� and Rpe65�/�

cone photoreceptors are as follows: (1) mutant cones develop and
form short COSs, but degenerate rapidly in the ventral (inferior)
and central retina regions; (2) cone transmembrane proteins (S-
opsin, M/L-opsin, GC1, and R9AP) and peripherally membrane-
associated proteins (T�, PDE6��, and GRK1) fail to traffic prop-
erly to the outer segment; (3) cone T� and PDE6�� protein levels
are decreased as a result of posttranslational degradation; and (4)
early treatment with 11-cis-retinal promotes correct targeting of
opsins and membrane-associated phototransduction compo-
nents to the cone outer segments of Rpe65�/�Rho�/� double
knock-out mice.

Cones of both Lrat�/� and Rpe65�/� mutants degenerate
rapidly after eye opening (Fig. 1), although cone losses sectorially
reveal significant differences in the rate of degeneration. Cone

Figure 2. Confocal immunolocalization of M/L-opsin in WT, Lrat �/�, and Rpe65 �/� cones at postnatal day 15. A–C, M/L-opsin in WT and mutant retinas at P15 � 1 d. Note that M/L-opsin
mislocalizes in part to the inner segment, perinuclear region, and synaptic terminal of mutant cones (B, C, arrows). Immunoreactivity for M/L-opsin in the mutant retinas is mislocalized early (P15)
and nearly absent at P30 (data not shown). All retina sections passed through the optic nerve, and in each case, photoreceptors were imaged ventral (inferior) to the nerve where the degeneration
was most advanced. Nuclei are contrasted with propidium iodide (red). Scale bar, 10 �m. OS, Outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars and
abbreviations are the same for Figures 2, 3, and 5 and supplemental Figures S1–S3 (available at www.jneurosci.org as supplemental material).
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degeneration proceeds rapidly in the cen-
tral retina, but is delayed dorsally (Znoiko
et al., 2005); cones survive much longer in
far-dorsal regions. Incomplete cone loss
and residual cone function were also ob-
served in RPE65-LCA patients (Jacobson
et al., 2007). Mechanisms leading to in-
creased sensitivity of central cones to
RPE65 loss are currently not understood.
In human, the central RPE layer shows a
fourfold higher retinoid isomerase activity
than the more peripheral RPE, suggesting
that robust RPE65-based visual chro-
mophore production is important for
macular cones (Jacobson et al., 2007). Ad-
ditional processes may exist that generate
11-cis-retinal, supplementing the major
RPE65-dependent pathway in far-dorsal
cones (Mata et al., 2005; Muniz et al., 2007;
Schonthaler et al., 2007).

Immunohistochemistry indicates that
cone opsins distribute throughout the mu-
tant cone photoreceptors with only minor
targeting to the COSs (Fig. 2). Failure to
traffic properly appears to be a post-Golgi
targeting disorder, because opsins are ex-
ported from the endoplasmic reticulum
(ER) but apparently do not reach the outer
segment. The congruence of cone opsin
mislocalizations in Lrat�/� and Rpe65�/�

mice suggests that these targeted deletions
converge at a common degenerative path-
way, e.g., protein sorting during vesicular
transport. Using a variety of double-
labeling techniques, we found that GC1
was severely reduced in mutant COSs
(Figs. 3, 5) suggesting that the cone pig-
ments, GC1, and R9AP, which differ in
abundance by several orders of magnitude
(Liu et al., 2007), may be linked in a com-
mon transport pathway. In addition to the
mislocalization of cone pigments and GC1
in Lrat�/� and Rpe65�/� cones, we were
unable to detect the peripherally
membrane-associated proteins (cone T�,
cone T�, PDE6��, and GRK1) in the mu-
tant COSs (Fig. 5). Common features of
these proteins are posttranslational preny-
lation and acylation, and association with
the ER for processing (Zhang et al., 2007).
It is likely that these proteins also require
vesicular transport to the outer segments.
For GRK1 and cone PDE6��, but not rod
and cone transducins, this transport is me-
diated by the prenyl binding protein,
PrBP/� (Zhang et al., 2007). Absence of
these nondiffusible PMPs in Rpe65�/�

and Lrat�/� COSs suggests that their
transport also depends on the presence of
11-cis-retinal and cone pigment
formation.

As abundant plasma membrane struc-
tural proteins, cone pigments presumably

Figure 3. Immunolocalization of peripheral membrane-associated proteins, GC1, and R9AP in P15 WT and Lrat �/� retinas.
P15 littermate WT and Lrat �/� eyes were coembedded, and central retina sections were probed simultaneously. Sections of P15
WT and Lrat �/� retinas were probed using anti-PDE6�� (A, B), anti-cone T� (C, D), anti-cone T� (E, F ), anti-CPX III (G, H ),
anti-GRK1 (I, J ), anti-GC1 (K, L), and anti-R9AP (M, N ) antibodies. Bright red nuclei in B and H indicate apoptotic photoreceptors.
I–L, Central retina sections were probed simultaneously with either monoclonal anti-GRK1 antibody (I, J, green) or anti-GC1
antibody (K, L, green) and polyclonal anti-cone arrestin antibody to identify cones (I–L, red). Colocalization of mCAR with GRK1 (I,
yellow at arrows) or GC1 (K, arrows) is evident in WT COSs, whereas in Lrat �/� sections, COSs are largely devoid of GRK1 (J ) and
GC1 (L).
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contribute to COS stability, as does rhodopsin to rod outer seg-
ment formation and stability (Humphries et al., 1997; Lem et al.,
1999). The transmembrane protein GC1 occurs in the COSs at
much lower abundance with an unknown contribution to mem-
brane stability. Therefore, Lrat�/� and Rpe65�/� cone degener-
ation may be attributed, in large part, to the severe reduction of
cone opsins in the outer segment membrane causing destabiliza-
tion. The pattern of cone opsin mislocalization observed in
Lrat�/� and Rpe65�/� mice resembles those reported in retinas
of Cnga3�/� mice (Michalakis et al., 2005), GC1 knock-out mice
(Baehr et al., 2007; Karan et al., 2007), and, to some extent, CFH
(complement factor H) knock-out animals (Coffey et al., 2007).
Common to all, cone outer segments are unstable and cone pho-
toreceptors degenerate.

Cone opsin mislocalization can be corrected, and degenera-
tion arrested, by repeated administration of 11-cis-retinal at an
early age (Fig. 5D,H,L,P,T). The 11-cis-retinal experiments in-
volved Rpe65�/� mice with a Rho�/� background to maximize
this therapeutic effect, by minimizing the competition by rod
opsin for the 11-cis-retinal, because rods are known to compete
favorably with cones for limited amounts of chromophore (Ma-
tsumoto et al., 1975; Shichida et al., 1990). Chromophore linkage
to the cone opsins is known to be weaker, especially to M/L-
opsin, implying that cone opsins may possess more accessible

binding sites (Kefalov et al., 2005). Our data suggest that 11-cis-
retinal binding to cone opsin is required for correct targeting of
pigment. In the absence of appropriate cone opsin trafficking,
many COS-associated proteins also do not traffic properly to the
COSs. One explanation might be that 11-cis-retinal induces a
conformational change in cone opsins that is required for recog-
nition by a chaperone or for formation of a vesicular transport
carrier that will permit other COS proteins to be cotransported
and targeted correctly.
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Figure 5. Immunocytochemistry of P15 Rpe65 �/� and P20d Rpe65 �/�Rho �/� retina: 11-cis-retinal administration pro-
motes trafficking of cone opsin and peripheral membrane proteins. Left, Immunocytochemistry of WT and Rpe65 �/� cryosec-
tions of 15-d-old retinas. Note that M/L-opsin is mislocalized (F ), whereas S-opsin is barely detectable (B) in central, inferior
Rpe65 �/� retina. Right, Effect of 11-cis-retinal application on P20 Rpe65 �/�Rho �/� cones. P20d indicates that mice were
kept in the dark after application. Note that in untreated animals, COS antigens are mislocalized or undetectable, whereas in
11-cis-retinal treated animals, COSs are elongated and COS antigens are present. Antibodies tested include the following: anti-S-
opsin (A–D); anti-M/L-opsin (E–H ); anti-PDE6�� (I–L); anti-cone T� (M–P); and anti-GC1 (Q–T ). Nuclei are revealed by
propidium iodide (red).
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