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In conditions of limited chromophore supply rods
entrap 11-cis-retinal leading to loss of cone
function and cell death
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RPEG65 is a retinoid isomerase required for the production of 11-cis-retinal, the chromophore of both cone and
rod visual pigments. We recently established an R91W knock-in mouse strain as homologous animal model
for patients afflicted by this mutation in RPE65. These mice have impaired vision and can only synthesize
minute amounts of 11-cis-retinal. Here, we investigated the consequences of this chromophore insufficiency
on cone function and pathophysiology. We found that the R91W mutation caused cone opsin mislocalization
and progressive geographic cone atrophy. Remnant visual function was mostly mediated by rods. Ablation of
rod opsin corrected the localization of cone opsin and improved cone retinal function. Thus, our analyses
indicate that under conditions of limited chromophore supply rods and cones compete for 11-cis-retinal
that derives from regeneration pathway(s) which are reliant on RPE65. Due to their higher number and the
instability of cone opsin, rods are privileged under this condition while cones suffer chromophore deficiency
and degenerate. These findings reinforce the notion that in patients any effective gene therapy with RPE65
needs to target the cone-rich macula directly to locally restore the cones’ chromophore supply outside the
reach of rods.

INTRODUCTION

Vertebrate retinas have two types of photoreceptor cells med-
iating vision—rods and cones. Rods are exquisitely sensitive
to light but cones are more critical for daytime vision, acuity
and color discrimination. Despite this functional specializ-
ation, cone and rod visual pigments use the same chromophore
(11-cis-retinal) to capture light. The retinal pigment epi-
thelium protein of 65 kDa (RPE65) was shown to be a retinoid
isomerase essential for the synthesis of 11-cis-retinal. RPE65

is catalyzing the conversion of all-frams-retinyl esters to
11-cis-retinol (1-3) and mutations in this enzyme cause blind-
ness in humans (OMIM 180069) (4—-6). Pathogenic mutations
are found in different regions of the RPE65 gene where they
may cause RPE65-deficiency or affect protein structure,
modulate docking of binding protein partners and/or influence
catalytic activity (3,7).

Studies on different animal models with RPE65 mutations
indicated that the cause and timeframe of cell death is different
for cones and rods. In animals with no RPE65, e.g. no
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Figure 1. Geographical distribution and temporal cone loss caused by the R91W mutation. (A) Relative mRNA levels of cone markers as indicated. Expression
was determined in retinas of wild-type and R91W mice at 4, 8, 12 and 24 weeks of age by real-time PCR. Average mRNA levels + SD (black bars) are expressed
relatively to age-matched wild-type controls, which were set to 1 (white bars). RNA isolated from three independent retinas per time-point and genotype was
amplified in triplicates. (B) Cones were quantified by counting the number of MWL-, SWL- or GNAT2-positive outer segments in dorso-ventrally oriented
retinal sections cut trough the optic nerve. Graphs represent values relative to 4-week-old RO1W (set to 1) for a given cone-marker and region of the retina
(mean + SEM). An age-dependent decrease of cone marker labeling was observed resulting in an almost complete absence of cones at 32 weeks of age.
GNAT?2, cone-specific transducin a-subunit; MWL, middle wavelength cone opsin; SWL, short wavelength cone opsin.

11-cis-retinal production, rod cell death is proposed to result
from constant activation of the phototransduction cascade by
unliganded opsin (8). Even though this ‘death signal’ is
present from birth, substantial degeneration occurs only late.
Cones, however, appear to be more sensitive to chromophore
deficiency. Patients with mutations in RPE65 show cone photo-
receptor loss early in life (9) and in Rpe65 '~ animals, most of
the cones degenerate within few weeks after birth (10).

In mouse models, early interventions, such as Rpe65 gene
replacement or retinoid supplementation therapy, rescue
cone function and preserve cones against degeneration (10—
13). The beneficial effect for cones has been directly attributed
to 11-cis-retinal since it stabilizes cone opsin and promotes
proper cone opsin trafficking from the inner to the outer seg-
ments (14,15). Thus, while rods are quite resistant to chromo-
phore deficiency, cones are more vulnerable and degenerate
earlier. This observation is clinically relevant and of special
importance for choosing the treatment window to further
improve the outcome of human trials using RPE65 gene
therapy (16—19).

Studies addressing cone function and degeneration have
been mainly conducted in RPE65 null animals (20—22) that
lack the visual chromophore. Current literature, however, indi-
cates that more than 50% of RPE65 mutations in patients are
missense mutations. Recently, we generated a mouse model
carrying the R91W mutation in RPE65 (23), which is the
most common missense mutation found in patients (24). As
these patients retain useful vision at younger ages (25), it
was suggested that the mutant RPE65 protein has some capa-
bility to produce 11-cis-retinal. In R91W mutant mice, we
showed that—though strongly reduced—RPE65 protein
levels enable visual function superior to that found in

RPE65 null mutants. Indeed, small but detectable amounts
of 1l-cis-retinal exist in the eyes of this mouse mutant.
Thus, R91W mutant mice represent a unique animal model
to analyze the consequences of very limited I1-cis-retinal
supply for retinal function and integrity.

Here, we focused on the consequences of this phenotype for
cone structure and function. We analyzed the time course and
characteristics of cone degeneration. Our analysis provides
evidence that in R91W mutants rods and cones compete for
11-cis-retinal and that cone degeneration is caused by
11-cis-retinal insufficiency. Our data reinforce the notion
that both photoreceptor types depend on RPE65 for chromo-
phore supply.

RESULTS
Cone loss

Previous studies in Rpe65 '~ mice have shown that cone
markers are reduced very early during and after postnatal
development (10). RPE65 gene delivery (12,13) or adminis-
tration of 9- or 11-cis-retinal (10,11) prevents the downregula-
tion of cone-specific gene expression. Recently, we have
shown that 5—10% of normal 11-cis-retinal levels can be pro-
duced by a hypomorphic RPE65 protein carrying the ROIW
amino acid substitution (23). Here, we sought to analyze the
influence of these limited amounts of 11-cis-retinal on the
structural and functional integrity of cones.

To approach this question, we examined the mRNA levels
of cone-specific markers in 2-, 4-, 8-, 12- and 24-week-old
RI1IW and corresponding wild-type animals (Fig. 1A). All
of the tested cone markers {cone opsins [middle wavelength
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Figure 2. Cone loss in different Rpe65-related genetic backgrounds monitored in vivo. Fundus autofluorescence in transgenic mouse lines expressing GFP under
the control of a cone opsin promotor (coGFP) monitored by scanning laser ophthalmoscope. Mice were on different Rpe65 genetic backgrounds (RO1W,
Rpe65 '~ and Rpe65™™) as indicated and fluorescence was monitored every 3 weeks until 12 weeks of age in individual animals. Shown is the temporal
cone loss of one representative mouse per genotype. coGFP transgenic mice on a wild-type Rpe65 background served as controls (Rpe65™ ). Note the accel-

erated loss of GFP-positive cells from the ventral retina in Rpe65 '~ animals.

(Mwl), short wavelength (Swl)] and cone-specific transducin
a-subunit (Gnat2)} were transcriptionally downregulated as
early as at 2 weeks of age (Fig. 1A). At 4 weeks, a time-point
when the mouse retina can be considered mature, Mwl
expression was reduced to 84% and by 24 weeks only 52%
of wild-type levels were expressed (Fig. 1A). The Swl
marker was even more suppressed: to 43% in 4 weeks and
to only 6% in 24-week-old animals (Fig. 1A). Expression of
Gnat2 was 55-32% in the period between 4 and 24 weeks
of age (Fig. 1A).

We additionally analyzed these cone markers by immunos-
taining in 4-, 8-, 16-, 24-, 32- and 40-week-old animals and
quantified the number of cells positive for MWL, SWL and
GNAT2-cone opsin (Fig. 1B). A dorso-ventral gradient of
expression for MWL and SWL cones has been described in
the mouse retina (26). In order to analyze the spatial localiz-
ation of cones, we quantified their dorso-ventral distribution
in RO1W (see Materials and Methods) at different ages. We
compared it with 4-week-old wild-type animals, levels of
them were set to 1 for dorsal, ventral or total expression,
respectively (Fig. 1B). By 4 weeks of age, the most prominent
cone loss occurred in the ventral retina of R91W mice. The
MWL and SWL opsins were reduced to 58% and 68%,
respectively, when compared with age-matched wild-type con-
trols (Fig. 1B). Degeneration continued gradually and by 16
weeks of age the ventral retina of R91W mice was virtually
cone-free. The dorsal retina was better preserved at all time-
points tested (Fig. 1B). At 4 weeks of age, the amount of
MWL- and SWL-positive cells in the dorsal retina was
comparable to the respective wild-type control (Fig. 1B).
However, at the same time-point, GNAT2 levels were
already reduced to 47%. After 32 weeks of age,

GNAT2-positive cells were no longer detectable, but some
MWL- and SWL-positive cells remained in the retina of
RI1IW mice (Fig. 1B).

The SWL cones seemed to be the most strongly affected
cone type. Between 4 and 8 weeks of age, more than 50%
of SWL-positive cells were lost in R91IW animals. In the
same period, MWL dropped only by 40% (Fig. 1B and data
not shown). By 24 weeks, only 16% of SWL cones remained
in the upper central retina, whereas 27% of the MWL marker
was still detectable.

To explore the morphological consequences of Rpe65
mutations on cone degeneration in vivo, we crossed ROIW
and Rpe65 ™'~ strains to a transgenic mouse line that expresses
GFP under the control of a cone opsin promoter (coGFP).
Using scanning laser ophthalmoscopy (SLO) to detect
GFP-positive cells, we followed cone degeneration in individ-
ual animals in the period between 3 and 12 weeks of age
(Fig. 2). The loss in GFP signal, which is representative for
cone loss, was detectable already at 6 weeks of age in both
Rpe65 mutant mice strains (Fig. 2). The signal started disap-
pearing in the ventral region of both Rpe65 '~ ;coGFP and
R91W;coGFP retinas. However, while in Rpe657/7;coGFP
mice this polarization was strongly established already at 6
weeks of age, degeneration in R91W;coGFP mice proceeded
more gradually (Fig. 2). These data are in line with our immu-
nostaining data showing that the ventral retina in R91W
animals was more prone to cone degeneration.

Cone opsin mislocalization

Lack of 11-cis-retinal has been implicated in improper cone
opsin trafficking, which results in cone degeneration (14,15).
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Figure 3. Cone opsin mislocalization in R91W can be corrected by ablation of rod outer segments. Retinas of age-matched 4-week-old mice of indicated geno-
types were analyzed. (A) Representative light microscopy photographs of retinal morphology. Note the slightly better structural preservation of OS in ROTW

mice when compared with Rpe65

(Rpe65~' " ;tho™' ™, R91W;rho ™~ '~ and tho™ '™,

Rpe65~'";rtho™ '~
of rod OS almost fully corrected cone opsin mislocalization in R91W;rho™’

single mutant animals. No gross morphological differences were detected among the three rho
respectively). (B—D) Immunolocalization of short wavelength (SWL) cone opsin at low (B and C) or higher
magnification (D). Nuclei were contrasted with DAPI (C). SWL localized to cone outer segments in all animals. However, in ROIW, Rpe65 '~
mutant mice, SWL mislocalized to synaptic termini in the OPL, to perinuclear regions in the ONL and to cellular protrusions. Ablation
but not in Rpe65~’~;rho ™’

/

mutant mice
and

mice. RPE, retinal pigment epithelium; OS, outer

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar: 25 wm.

Here, we analyzed the impact of limited amounts of
11-cis-retinal in R91W mice on cone structural integrity.

We compared retinal morphology of six different mouse
strains  (wt, R9IW, Rpe65 ' Rpe65 '~ ;tho '™,
ROIW;rtho '~ and rho /") at 4 weeks of age by light
microscopy (Fig. 3A) and by immunostaining of SWL cone
opsin (Fig. 3B-D). As previously reported (23) the first
signs of degeneratlon were already present in 4-week-old
R91W and Rpe65 '~ animals, visible as shorter and less
densely packed photoreceptor outer segments (Fig. 3A). We
did not observe major differences in retinal morphology
between animals on a rho '~ background (Fig. 3A:
Rpe657/ “;rtho ', R91W;rhof/7 and rho / 7). Immunostain-
ing of SWL cone opsin in wild-type mice predominantly
stained cone outer segments (Fig. 3B: wt). In RIIW
animals, however, a strong cone opsin specific signal was

detected in synaptic termini of photoreceptors and a weak
permuclear staining was observed as well (Fig. 3B: R91W).
In Rpe65 '~ animals, the staining pattern was qualitatively
similar, but signal intensity was generally lower and a
reduced number of cones was observed (Fig. 3B: Rpe65 /7).

Using tho™/'~ animals, we analyzed if structural ablation of
rod opsin in R91W would rescue cone opsin mislocalization.
This experiment was based on the assumption that
11-cis-retinal in R91W;rho '~ mice should be exclusively
available to cones. As control we used R 665_/_;rh0_/_
animals. Ablation of rod opsin in Rpe65 ' mice had o
effect on cone opsm mlslocahzatlon (Rpe65~'~;rho ™',
Fig. 3B). In contrast, in R91W;rho ™'~ mice cone opsin local-
ization was corrected. It was absent from synaptic termini and
was found predominantly in outer segments (Fig. 3B:
R91W;rho /™). Immunostaining was almost indistinguishable
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to single rho '~ mutants (Fig. 3B: tho’ 7). To ensure that the
rescue effect was indeed mediated by 11-cis-retinal, we
measured the retinoid content in the eyes by HPLC. The
11-cis-retinal and 1l1-cis-retinol content in eyes of
4-week-old R91W;rho '~ animals was 1.3 + 0.1 pmol and
2.0 + 0.2 per eye, respectively. No 1l1-cis-retinoids were
detected in Rpe65 '~ ;rho '~ double mutants, as reported
before (27).

These data show that the rescue of cone opsin misrouting
observed in R91W;rho '~ can be attributed to the availability
of 11-cis-retinal for cones and suggest that cone and rod opsins
compete for the chromophore.

Photoreceptor competition for the visual chromophore

Ablation of RPE65 eliminates cone function and remnant
minimal visual responses can be attributed to rod function
due to the presence of 9-cis-retinal forming the visual
pigment isorhodopsin (28,29). R91W mice contain similar
amounts of 9-cis-retinal, but, in contrast to Rpe657/ " mice,
they also contain small amounts of 11-cis-retinal (23). Accord-
ingly, RO1W mice are about 1 log unit more sensitive to light
than Rpe65 '~ animals under scotopic conditions. The pre-
vious functional analysis indicated that electroretinogram
(ERG) responses under photopic conditions might originate
from both the rod and the cone system (23).

To specifically analyze the source of vision in R91W mutant
mice, we abolished rod function by intercrossing RIIW
knock-in mice with rho '~ and Gnatla™’~ knock-out
animals. Rho ™'~ mice do not develop rod outer segments
but initially have a functional cone system (30). Similar to
the rtho™’~ animals, Gnatla™’~ mice have no rod function,
but, in contrast, develop normal rod outer segments with
regular rod opsin content (31). Functionally, retinas of both
mouse strains are considered as pure-cone retinas.

We generated R91W:Gnatla™’~, R91W;rho '~ double
mutant and R91W;Gnatla™' " ;tho ™/~ triple mutant mice and
compared their function with the previously described wild-
type, ROIW, rho’~ and Rpe65 ' ;tho '~ mutant mice
(Fig. 4A and B). By the time of analysis all mice were
4-weeks-old.

Dark-adapted ERG intensity series revealed severely
depressed responses in R91W mice when compared with wild-
type animals (Fig. 4A). As expected, minimal or no responses
were detected under the same conditions in rho ™'~ and all
double- or triple mutant animals due to the functional rod abla-
tion (Fig. 4A).

To analyze light-adapted responses, photopic flash intensity
series across a 6-log-unit intensity range was recorded in all
genotypes (Fig. 4B). Under this condition, R91W and
rtho '~ revealed very similar threshold sensitivities when
compared with wild-type animals (Fig. 4B). Ablation of rod
opsin in RO1IW (R91W;rho ™' ™) caused an additional reduction
in sensitivity by 1—1.5 log units (Fig. 4B). However, photo-
receptors in R91W;Gnatla '~ animals lacking rod function
but not rod outer segments were much more desensitized
than those in R9O1W;rho '~ animals (Fig. 4B). The severely
desensitized response in R91W;Gnatla '~ was not due to
the absence of 11-cis-retinal. HPLC analysis of the retinoid
content showed that R91W;Gnatla™'~ contained 23.7 +

1.2 pmol, an amount similar to single mutant R91W animals
(23). The mice with the Dbetter ERG response
(R91W;rho’7) had with 1.3 + 0.1 pmol per eye an even
lower content of 11-cis-retinal.

The strongly reduced cone function in R91W;Gnatla™’~
mice thus suggested that in the presence of limited amounts
of 11-cis-retinal, a substantial cone response can only be gen-
erated when rod opsin is absent, as in R91W;rho ™’ ~. To prove
this principle and to exclude a possible non-specific effect of
the Gnatla™’~ knock-out, we generated R91W:rho '~ ;
Gnatla™/~ triple mutant animals. We found no difference in
ERG responses between R91W;rho '~ double mutants and
R9IW;Gnatla'~;rho '~ triple mutants (Fig. 4B). This
suggests that 11-cis-retinal in the triple mutants (captured by
rod opsin in R91W;Gnatla~’~ animals) was now available
for cone opsins, supporting our hypothesis of chromophore
competition between rod and cone opsins.

DISCUSSION

We investigated the cone pathophysiology resulting from
11-cis-retinal chromophore insufficiency. We show that (i)
the R91W mutation causes an early progressive geographic
cone atrophy characterized by a ventro-dorsal gradient of
degeneration; (ii) cone opsin mislocalization in R91W can
be rescued by the ablation of rod opsin; and (iii) ablation of
rod opsin increases cone function in R91W mice.
Collectively, our data suggest that rod opsin and cone
opsins compete for the available 11-cis-retinal. In a situation
where only 5-10% of normal 1l-cis-retinal levels are
present (as in R91W knock-in mice), rod opsins seem to
entrap almost all available chromophore. Rods may outcom-
pete cones for the following reasons: (i) rods massively out-
number cones; (ii) cones have much higher spontaneous rate
of chromophore dissociation (32); and (iii) rods have a
larger interface with the RPE—the major chromophore source.
The genetic ablation of rod opsin increases the availability
of 11-cis-retinal and improves cone structure and function.
The functional ablation of rods (Gnatla™'~), however, is not
sufficient, which indicates that rod opsin works as a ‘chromo-
phore trap’ preventing cone function. Our data also suggest
that mice do not have an isolated pathway of chromophore
delivery specifically reserved for cones, as supply of the chro-
mophore for both rods and cones depends on RPE6S.

Cone degeneration

We have shown by RT—-PCR, immunofluorescence and by
SLO in vivo analysis that cone markers were very early
reduced in R91W mice. The ventral retina was most affected
and was devoid of cones already at 16 weeks of age. It has
been shown that the mouse ventral retina is enriched with
SWL opsin (26) and SWL cones are reduced particularly
early in Rpe65 '~ mice (10). Thus, the geographic cone
atrophy was qualitatively similar in Rpe65 knock-out and
R91W knock-in mice, and in both models, SWL cones were
more severely affected than MWL cones. However, in
Rpe65 knock-outs, SWL cone opsin loss is more pronounced:
Swl RNA is reduced by more than 50% by 2 weeks of age as
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Figure 4. Effect of the R91W mutation on retinal function. Electroretinogram (ERG) evaluation of 4-week-old wt, R91W, tho™~, ROIW;rtho '™,
R91W;Gnatla~’~, R91W;Gnatla '~ ; rho '~ and Rpe65 ' ;rho” '~ mice. Single flash ERGs were recorded under dark-adapted (A, scotopic) and light-adapted
(B, photopic) conditions. Additional deletion of tho in R91W and Rpe65 '~ enabled the examination of pure cone function in the absence of the rod system. The
vertical lines indicate the timing of the light flash. Note that an initial negative deflection in the higher intensity range (above 1.5 log cd* s/mz) is no retinal

electrical response but a flash artifact.

opposed to a reduction of only 10% in R91W knock-in mice
(data not shown). We also qualitatively followed cone cell
loss in Rpe65 mutant animals in vivo by using coGFP reporter
animals monitored by SLO. This method clearly showed that

the cone degeneration in R91W animals proceeded more
slowly than in Rpe65 knock-out mice. It has to be noted that
in coGFP mice the interference with opsin production or the
presence of GFP is toxic for cones leading to their death by
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about 6 months of age, with some individual variability (data
not shown). Thus, the true cone status can probably only be
assessed during the first 3—4 months of life in coGFP line
and the respective double mutant mice.

By immunofluorescence, we noted a certain discrepancy in
the number of GNAT2-positive cells when compared with
MWL- and SWL-positive cells. At 4 weeks of age, fewer
GNAT2-positive cells were detected than MWL or SWL cone
opsin-labeled cells. This discrepancy cannot be explained by
lower transcriptional activity since mRNA expression of all
three markers was comparably reduced. This may suggest that
in degenerating cone cells, GNAT2 is less stable than cone
opsins. A similar conclusion has been made in young Lrat™’~
and Rpe65 '~ mice where posttranslational degradation was
accounted as reason for decreased GNAT?2 levels (14).

Cone preservation and chromophore competition

An optimal delivery of 11-cis-retinal to cones has not only a
functional relevance but it is also important for structural
maintenance. Recently, Rohrer et al. (11) detected cone
opsin mislocalization in Rpe65 '~ mice, which was corrected
upon administration of 11-cis-retinal or 9-cis-retinal (10).
Based on this observation, the authors hypothesized that
cones degenerate because of opsin mislocalization as a
direct result of 1l-cis-retinal starvation. Later studies
showed, accordingly, that viral Rpe65 gene delivery to
Rpe65~'~ mice restores cones (12,13). Finally, 11-cis-retinal
has been shown to be necessary for proper trafficking of
membrane-associated phototransduction components from
their synthesis place within the cone inner segment trough
the connecting cilium to the outer segment (14,15). Retinas
of RO1W single mutant mice receive only small [S—10% of
wild-type (23)] amounts of 1l-cis-retinal. Immunostaining
data show that cone opsin in R91W animals is mislocalized.
This suggests that most of the available 11-cis-retinal in
R91W animals ends up in rods for reasons explained below.
This further suggests that chromophore starvation is the
cause for cone degeneration in R91W animals—as for
11-cis-retinal deficient animals (Rpe65 '~ and Lrat™' 7). As
RIIW mice show delayed cone cell death compared with
retinas without measurable chromophore, our results suggest
that the progression of cone degeneration can be directly
attributed to the degree of impairment in the 11-cis-retinal
supply.

In situations of limited 11-cis-retinal delivery to retinas
where the vast majority of photoreceptors are rods, the chro-
mophore uptake is presumably based on a ‘tyranny of the
majority’ rule, which favors rods over cones. Additionally,
the thermodynamic stability of the rod opsin—11-cis-retinal
holocomplex and the proximity to the RPE as chromophore
source are also favorable for rods. A competition between
rods and cones for limited amounts of chromophore has
been previously described in vitro (33). In our experiments,
a competitive chromophore uptake is supported by the fact
that even though comparable amounts of 11-cis-retinal were
found in age-matched RO1W single- and R91W;Gnatla™'~
double mutant animals (~25 pmol/retina), the later had only
minor ERG responses under photopic conditions. This
argues that most 11-cis-retinal in R91W is captured by rods

and that the retinal function recorded in R91W under photopic
conditions is almost completely mediated by the rod system.
However, once rod opsin is taken away from the retina
(R91W;rho’7), the chromophore becomes available for
cones resulting in a corrected opsin targeting and improved
cone function.

Biochemical and genetic evidence for a cone-specific visual
cycle involving Miiller cells and a novel type of all-frans to
11-cis-retinol isomerase different from RPE65 has been pro-
vided by studies in lower vertebrates (34—39). Our findings,
however, argue against separate pathways for the regeneration
of cone and rod-specific visual pigments in mice. We clearly
show that chromophore delivery to both rods and cones strictly
depends on functional RPE65. In R91W animals, no other
enzyme can compensate for the reduced activity of the
mutant RPE65 protein and only the physical ablation of the
rod opsin chromophore trap enables cones to incorporate suf-
ficient chromophore to correctly localize opsin to their outer
segments. Furthermore, a putative RPE65-independent cone
visual cycle involving Miiller cells would be expected to be
only marginally affected by the presence or absence of rods.
The close physical proximity of cones and Miiller cells
would strongly reduce the ability of rods to compete for the
chromophore regenerated and released by Miiller cells specifi-
cally for cones. Indirect evidence from the current literature
further supports the importance of a strong RPE65 activity
for proper cone function: the RPE65 protein from the cone-
dominated chicken retina is a more efficient enzyme than
RPEG65 from rod dominated species (40) and the central RPE
layer of primates, which localizes to the cone-rich area of
the retina, has a higher RPE65 protein expression and activity
than the RPE in the peripheral, rod-rich retina (9). The result-
ing wealthier local chromophore pool in the macular region of
the primate retina and the physical absence of competing rods
in this area may less strongly affect chromophore delivery to
cones in the fovea allowing initial useful central vision by
RPEG65 patients. Since blue cones are reported to be comple-
tely absent from the central fovea (41,42) and instead localize
to rod-dominated regions of the human retina, blue cones may
be in strong competition with rods for the available chromo-
phore. Except for the macular region, the human retina is com-
parable to the mouse retina. Our data thus predict that blue
cones in RPE65 patients may be more affected than other
cone types and may not receive sufficient chromophore for
proper function and survival, as proposed recently (43).
Indeed, most patients with RPE65 mutations report early dif-
ficulties with blue color vision (43,44) supporting our con-
clusions based on the R91W mouse model.

To our knowledge, this study demonstrates for first time an
in vivo competition between rods and cones for limited
amounts of chromophore and its functional and pathological
consequences. Our data suggest that a successful RPE65
gene therapy requires delivery of the functional gene directly
to the macular region to supply cones and avoid chromophore
‘theft’ by rods. The importance of 11-cis-retinal supplemen-
tation for the cone structural integrity should also be con-
sidered in therapies aiming at the inhibition/slowing of the
visual cycle and thus at the reduction of available chromo-
phore in the retina. It seems important that the therapeutic
value of visual cycle inhibitor compounds should be carefully
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Table 1. PCR primers used for genotyping
Genotype Forward (5'-3") Reverse (5'-3") Size (bp)
coGFP CAATTAAGAGATCAGGTAGTGT AGTTCACCTTGATGCCGTTCTT 641
RO1IW? GCTGGTCTTGCCTGTATCA GTCAGAGACAGTGCTGTGTT 998
Rpf:65+/+ GATGTGGGCCAGGGCTCTTTGAAG CCCAATAGTCTAGTAATCACAGATG 546
Rpe657/7 GATGTGGGCCAGGGCTCTTTGAAG GGGAACTTCCTGACTAGGGGAGG 459
Rho™* TCTCTCATGAGCCTAAAGCT ATGCCTGGAACCAATCCGAG 470
Rho ™/~ TCTCTCATGAGCCTAAAGCT TTCAAGCCCAAGCTTTCGCG 310
Gnatla™* TATCCACCAGGACGGGTATTC GCGGAGTCATTGAGCTGGTAT 387
Gnatla™/~ TATCCACCAGGACGGGTATTC GGGAACTTCCTGACTAGGGGAGG 273

“PCR product was additionally cut with Tagl restriction enzyme. Expected fragments: 998 bp for knock-in and 619 bp + 379 bp for wild-type.

evaluated with respect to their specific impact on the cone
visual system.

MATERIALS AND METHODS
Mice

All procedures concerning animals were in accordance with
the regulations of the Veterinary Authority of Zurich and
with the statement of ‘The Association for Research in
Vision and Ophthalmology’ for the use of animals in research.
All animals were raised in cyclic light (12:12 h; 60 lux at cage
level).

The knock-in mice with an amino acid exchange of Arg by
Trp at position 91 in Rpe65 (R91W) on a 129S6 genetic back-
ground are described elsewhere (23). Wild-type (129S6),
Rpe65~'~ (20), tho™'~ (30) and Gnatla™’~ (31) mice were
maintained at the animal facility of the University Hospital
Zurich. Transgenic coGFP mice, in which GFP expression is
driven by 5’ regulatory sequences of the human red pigment
(45), were provided by Thomas Hughes, Yale University
School of Medicine. The R91W;rho ', Rpe65_/_;rho_/_,
R91W;Gnatla™’~, R91W;rho ' ;Gnatla™’~, R91W;coGFP,
Rpe65 '~ ;coGFP double- or triple transgenic mice were gen-
erated by classical breeding schemes. Genotyping was per-
formed by PCR on tail genomic DNA using primer pairs
indicated in Table 1.

Histology

Animals were sacrificed and the nasal part of the eye was
marked for orientation. The enucleated eyes were fixed over-
night in 2.5% glutaraldehyde prepared in 0.1 M cacodylate
buffer and processed as described previously (46). Semi-thin
sections (0.5 wm) of Epon-embedded tissue were prepared
from the central retina, counterstained with methylene blue
and analyzed using a light microscope (Axiovision, Zeiss,
Jena, Germany).

Immunofluorescence and cone quantification

Animals were sacrificed, their eyes were marked nasally, enu-
cleated and perforated at the cornea to allow better penetration
of the fixative. After fixation for 1 h in 4% PFA (in PBS), the
eyes were cryoprotected in 25% sucrose solution. The eyes
were embedded in albumin from hen egg white (Fluka,

Buchs, Switzerland) and cut dorsal to ventral through the
optic nerve head. Sections (14 wm) were blocked for at least
1 h at room temperature in PBS containing 0.2% Triton
X-100 and 10% normal goat serum (Dako, Zug, Switzerland)
or 10% normal horse serum (Jackson Immunoresearch, West-
grove, PA, USA). Primary antibodies used were: rabbit anti-
GNAT2 (Santa Cruz, CA, USA), goat anti-SWL-opsin
(Santa Cruz) and rabbit anti-MWL (Chemicon, Temecula,
CA, USA). The immunostaining procedure was as described
previously (13).

The most transversal sections, cut through the optic nerve,
were chosen to quantify the number of cells positive for
GNAT2, MWL and SWL-cone opsins, respectively. The
immunoreactive outer segments were counted from periphery
to periphery using a BX60 microscope equipped for epifluor-
escence (Olympus Suisse SA, Aigle, Switzerland) and coupled
to the analySIS® 3.0 software (Soft Imaging System). At least
four eyes per condition and genotype were analyzed.

RNA isolation and RT-PCR

RNA isolation from retinal tissue and reverse transcription
were performed as described previously (46). cDNA quantifi-
cation was carried out by real-time PCR using the LightCycler
480 Sybr Green 1 Master kit and a LightCycler 480 instrument
(Roche, Mannheim, Germany). cDNAs were amplified with
primers for Gnat2, Mwl and Swl (10) and normalized to
actin (47). The normalization was done using the comparative
threshold cycle method. Relative values were calculated using
a suitable calibrator sample. At least three retinas from three
different animals were analyzed in triplicates.

Electroretinography

Electroretinograms were recorded binocularly according to
previously described procedures (28,48) in anesthetized mice
with dilated pupils using a Ganzfeld bowl, DC amplifier,
and a PC-based control and recording unit (Multiliner
Vision; VIASYS Healthcare GmbH, Hoechberg, Germany).
Recordings were obtained in both scotopic (dark-adapted
overnight) and photopic (light-adapted 10 min at 30 cd/m?)
conditions.

Single white-flash stimulus intensity ranged from —4 to 1.5
log cd*s/m” under scotopic and from —2 to 4 log cd*s/m?
under photopic conditions, divided into 10 and 13 steps,
respectively. For the intensities from 2 to 4 log cd*s/m?, a



1274 Human Molecular Genetics, 2009, Vol. 18, No. 7

Mecablitz 60CT4 flash gun (Metz, Germany) added to the
Ganzfeld bowl was used. Ten responses per intensity were
averaged with an inter-stimulus interval of either 5 or 17 s
(>1 cd*s/m?). At least three animals per genotype were ana-
lyzed at 4 weeks of age.

In vivo monitoring by SLO

Scanning laser ophthalmoscopy was obtained in dark-adapted
GFP-positive mice according to procedures reported pre-
viously (49). Mice were anesthetized with ketamine
(66.7 mg/kg) and xylazine (11.7 mg/kg) and the pupils were
dilated with tropicamide eye drops (Mydriaticum Stulln,
Pharma Stulln, Stulln, Germany). SLO was performed with a
Heidelberg Retina Angiograph (Heidelberg Engineering), a
confocal scanning-laser ophthalmoscope. Laser wavelength
used for fundus autofluorescence visualization was 488 nm.

HPLC determination of retinoids

Mice were dark-adapted overnight. All the following steps
were carried out under dim red light. Animals were sacrificed,
and lens and vitreous were removed from the eye through a slit
in the cornea. The rest of the tissue including the retina and
eyecup was snap frozen in liquid nitrogen until further analy-
sis. Retinoid extraction and HPLC analysis was performed as
described previously (50). Three to six animals per genotype
were analyzed.

ACKNOWLEDGEMENTS

We thank Coni Imsand, Philipp Huber and Hedwig Wariwoda
for excellent technical assistance.

Conflict of Interest statement. None declared.

FUNDING

This work was supported by the Swiss National Science Foun-
dation (grant numbers 3100A0-105793 and 3100A0-117760),
the University of Zurich Forschungskredit and the ProVisu
foundation.

REFERENCES

1. Jin, M., Li, S., Moghrabi, W.N., Sun, H. and Travis, G.H. (2005) Rpe65 is
the retinoid isomerase in bovine retinal pigment epithelium. Cell, 122,
449-459.

2. Moiseyev, G., Chen, Y., Takahashi, Y., Wu, B.X. and Ma, J.X. (2005)
RPEG65 is the isomerohydrolase in the retinoid visual cycle. Proc. Natl
Acad. Sci. USA, 102, 12413—12418.

3. Redmond, T.M., Poliakov, E., Yu, S., Tsai, J.Y., Lu, Z. and Gentleman, S.
(2005) Mutation of key residues of RPE65 abolishes its enzymatic role as
isomerohydrolase in the visual cycle. Proc. Natl Acad. Sci. USA, 102,
13658—13663.

4. Marlhens, F., Bareil, C., Griffoin, J.M., Zrenner, E., Amalric, P., Eliaou,
C., Liu, S.Y., Harris, E., Redmond, T.M., Arnaud, B. ef al. (1997)
Mutations in RPE65 cause Leber’s congenital amaurosis. Nat. Genet., 17,
139-141.

5. Gu, S.M., Thompson, D.A., Srikumari, C.R., Lorenz, B., Finckh, U.,
Nicoletti, A., Murthy, K.R., Rathmann, M., Kumaramanickavel, G.,
Denton, M.J. and Gal, A. (1997) Mutations in RPE65 cause autosomal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

recessive childhood-onset severe retinal dystrophy. Nat. Genet., 17,
194-197.

. Morimura, H., Fishman, G.A., Grover, S.A., Fulton, A.B., Berson, E.L.

and Dryja, T.P. (1998) Mutations in the RPE65 gene in patients with
autosomal recessive retinitis pigmentosa or leber congenital amaurosis.
Proc. Natl Acad. Sci. USA, 95, 3088—-3093.

. Bereta, G., Kiser, P.D., Golczak, M., Sun, W., Heon, E., Saperstein, D.A.

and Palczewski, K. (2008) Impact of retinal disease-associated RPE65
mutations on retinoid isomerization. Biochemistry, 47, 9856—9865.

. Woodruff, M.L., Wang, Z., Chung, H.Y., Redmond, T.M., Fain, G.L. and

Lem, J. (2003) Spontaneous activity of opsin apoprotein is a cause of
Leber congenital amaurosis. Nat. Genet., 35, 158—164.

. Jacobson, S.G., Aleman, T.S., Cideciyan, A.V., Heon, E., Golczak, M.,

Beltran, W.A., Sumaroka, A., Schwartz, S.B., Roman, A.J., Windsor, E.A.
et al. (2007) Human cone photoreceptor dependence on RPE65 isomerase.
Proc. Natl Acad. Sci. USA, 104, 15123 -15128.

Znoiko, S.L., Rohrer, B., Lu, K., Lohr, H.R., Crouch, R.K. and Ma, J.X.
(2005) Downregulation of cone-specific gene expression and degeneration
of cone photoreceptors in the Rpe65-/- mouse at early ages. Invest.
Ophthalmol. Vis. Sci., 46, 1473—1479.

Rohrer, B., Lohr, H.R., Humphries, P., Redmond, T.M., Seeliger, M.W.
and Crouch, R.K. (2005) Cone opsin mislocalization in Rpe65-/- mice: a
defect that can be corrected by 11-cis retinal. Invest. Ophthalmol. Vis. Sci.,
46, 3876—3882.

Chen, Y., Moiseyev, G., Takahashi, Y. and Ma, J.X. (2006) RPE65 gene
delivery restores isomerohydrolase activity and prevents early cone loss in
Rpe65 —/— mice. Invest. Ophthalmol. Vis. Sci., 47, 1177—-1184.
Bemelmans, A.P., Kostic, C., Crippa, S.V., Hauswirth, W.W., Lem, J.,
Munier, F.L., Seeliger, M.W., Wenzel, A. and Arsenijevic, Y. (2006)
Lentiviral gene transfer of RPE65 rescues survival and function of cones
in a mouse model of Leber congenital amaurosis. PLoS Med., 3, e347.
Zhang, H., Fan, J., Li, S., Karan, S., Rohrer, B., Palczewski, K., Frederick,
J.M., Crouch, R.K. and Baehr, W. (2008) Trafficking of
membrane-associated proteins to cone photoreceptor outer segments
requires the chromophore 11-cis-retinal. J. Neurosci., 28, 4008—4014.
Fan, J., Rohrer, B., Frederick, J.M., Baehr, W. and Crouch, R.K. (2008)
Rpe65 —/— and Irat—/— mice: comparable models of leber congenital
amaurosis. Invest. Ophthalmol. Vis. Sci., 49, 2384—2389.

Bainbridge, J.W., Smith, A.J., Barker, S.S., Robbie, S., Henderson, R.,
Balaggan, K., Viswanathan, A., Holder, G.E., Stockman, A., Tyler, N.
et al. (2008) Effect of gene therapy on visual function in Leber’s
congenital amaurosis. N. Engl. J. Med., 358, 2231-2239.

Maguire, A.M., Simonelli, F., Pierce, E.A., Pugh, ENN.J., Mingozzi, F.,
Bennicelli, J., Banfi, S., Marshall, K.A., Testa, F., Surace, EM. et al.
(2008) Safety and efficacy of gene transfer for Leber’s congenital
amaurosis. N. Engl. J. Med., 358, 2240—-2248.

Hauswirth, W., Aleman, T.S., Kaushal, S., Cideciyan, A.V., Schwartz,
S.B., Wang, L., Conlon, T., Boye, S.L., Flotte, T.R., Byrne, B. and
Jacobson, S.G. (2008) Treatment of Leber congenital amaurosis due to
RPE65 mutations by ocular subretinal injection of adeno-associated virus
gene vector: short-term results of a phase I trial. Hum. Gene Ther., 19,
979-990.

Cideciyan, A.V., Aleman, T.S., Boye, S.L., Schwartz, S.B., Kaushal, S.,
Roman, A.J., Pang, J.J., Sumaroka, A., Windsor, E.A., Wilson, J.M. ef al.
(2008) Human gene therapy for RPE65 isomerase deficiency activates the
retinoid cycle of vision but with slow rod kinetics. Proc. Natl Acad. Sci.
US4, 105, 15112—-15117.

Redmond, T.M., Yu, S., Lee, E., Bok, D., Hamasaki, D., Chen, N., Goletz,
P., Ma, J.X., Crouch, R.K. and Pfeifer, K. (1998) Rpe65 is necessary for
production of 11-cis-vitamin A in the retinal visual cycle. Nat. Genet., 20,
344-351.

Aguirre, G.D., Baldwin, V., Pearce-Kelling, S., Narfstrom, K., Ray, K.
and Acland, G.M. (1998) Congenital stationary night blindness in the dog:
common mutation in the RPE65 gene indicates founder effect. Mol. Vis.,
4, 23.

Pang, J.J., Chang, B., Hawes, N.L., Hurd, R.E., Davisson, M.T., Li, J.,
Noorwez, S.M., Malhotra, R., McDowell, J.H., Kaushal, S. et al. (2005)
Retinal degeneration 12 (rd12): a new, spontaneously arising mouse
model for human Leber congenital amaurosis (LCA). Mol. Vis., 11,
152-162.

Samardzija, M., von Lintig, J., Tanimoto, N., Oberhauser, V., Thiersch,
M., Reme, C.E., Seeliger, M., Grimm, C. and Wenzel, A. (2008) RO1W



24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

mutation in Rpe65 leads to milder early-onset retinal dystrophy due to the
generation of low levels of 11-cis-retinal. Hum. Mol. Genet., 17, 281-292.
Thompson, D.A., Gyurus, P., Fleischer, L.L., Bingham, E.L., McHenry,
C.L., Apfelstedt-Sylla, E., Zrenner, E., Lorenz, B., Richards, J.E.,
Jacobson, S.G. et al. (2000) Genetics and phenotypes of RPE65 mutations
in inherited retinal degeneration. /nvest. Ophthalmol. Vis. Sci., 41, 4293 —
4299.

El Matri, L., Ambresin, A., Schorderet, D.F., Kawasaki, A., Seeliger,
M.W., Wenzel, A., Arsenijevic, Y., Borruat, F.X. and Munier, F.L. (2006)
Phenotype of three consanguineous Tunisian families with early-onset
retinal degeneration caused by an R91W homozygous mutation in the
RPE6S5 gene. Graefes Arch. Clin. Exp. Ophthalmol., 244, 1104—1112.
Applebury, M.L., Antoch, M.P., Baxter, L.C., Chun, L.L., Falk, J.D.,
Farhangfar, F., Kage, K., Krzystolik, M.G., Lyass, L.A. and Robbins, J.T.
(2000) The murine cone photoreceptor: a single cone type expresses both
S and M opsins with retinal spatial patterning. Neuron, 27, 513-523.
Wenzel, A., von Lintig, J., Oberhauser, V., Tanimoto, N., Grimm, C. and
Seeliger, M.W. (2007) RPE65 is essential for the function of cone
photoreceptors in NRL-deficient mice. /nvest. Ophthalmol. Vis. Sci., 48,
534-542.

Seeliger, M.W., Grimm, C., Stahlberg, F., Friedburg, C., Jaissle, G.,
Zrenner, E., Guo, H., Reme, C.E., Humphries, P., Hofmann, F. ef al.
(2001) New views on RPE6S deficiency: the rod system is the source of
vision in a mouse model of Leber congenital amaurosis. Nat. Genet., 29,
70-74.

Fan, J., Rohrer, B., Moiseyev, G., Ma, J.X. and Crouch, R.K. (2003)
Isorhodopsin rather than rhodopsin mediates rod function in RPE65
knock-out mice. Proc. Natl Acad. Sci. USA, 100, 13662—13667.

Jaissle, G.B., May, C.A., Reinhard, J., Kohler, K., Fauser, S.,
Lutjen-Drecoll, E., Zrenner, E. and Seeliger, M.W. (2001) Evaluation of
the rhodopsin knockout mouse as a model of pure cone function. /nvest.
Ophthalmol. Vis. Sci., 42, 506—513.

Calvert, P.D., Krasnoperova, N.V., Lyubarsky, A.L., Isayama, T., Nicolo,
M., Kosaras, B., Wong, G., Gannon, K.S., Margolskee, R.F., Sidman, R.L.
et al. (2000) Phototransduction in transgenic mice after targeted deletion
of the rod transducin a-subunit. Proc. Natl Acad. Sci. USA, 97, 13913 —
13918.

Kefalov, V.J., Estevez, M.E., Kono, M., Goletz, P.W., Crouch, RK.,
Cornwall, M.C. and Yau, K.W. (2005) Breaking the covalent bond—a
pigment property that contributes to desensitization in cones. Neuron, 46,
879-890.

Matsumoto, H., Tokunaga, F. and Yoshizawa, T. (1975) Accessibility of
the iodopsin chromophore. Biochim. Biophys. Acta, 404, 300—308.
Goldstein, E.B. and Wolf, B.M. (1973) Regeneration of the green-rod
pigment in the isolated frog retina. Vision Res., 13, 527-534.

Hood, D.C. and Hock, P.A. (1973) Recovery of cone receptor activity in
the frog’s isolated retina. Vision Res., 13, 1943—1951.

Mata, N.L., Radu, R.A., Clemmons, R.C. and Travis, G.H. (2002)
Isomerization and oxidation of vitamin a in cone-dominant retinas: a
novel pathway for visual-pigment regeneration in daylight. Neuron, 36,
69-80.

Schonthaler, H.B., Lampert, J.M., Isken, A., Rinner, O., Mader, A.,
Gesemann, M., Oberhauser, V., Golczak, M., Biehlmaier, O.,

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Human Molecular Genetics, 2009, Vol. 18, No. 7 1275

Palczewski, K. et al. (2007) Evidence for RPE65-independent vision in
the cone-dominated zebrafish retina. Eur. J. Neurosci., 26, 1940—1949.
Fleisch, V.C., Schonthaler, H.B., von Lintig, J. and Neuhauss, S.C. (2008)
Subfunctionalization of a retinoid-binding protein provides evidence for
two parallel visual cycles in the cone-dominant zebrafish retina.

J. Neurosci., 28, 8208—8216.

Mata, N.L., Ruiz, A., Radu, R.A., Bui, T.V. and Travis, G.H. (2005)
Chicken retinas contain a retinoid isomerase activity that catalyzes the
direct conversion of all-trans-retinol to 11-cis-retinol. Biochemistry, 44,
11715-11721.

Moiseyev, G., Takahashi, Y., Chen, Y., Kim, S. and Ma, J.X. (2008)
RPEG6S5 from cone-dominant chicken is a more efficient isomerohydrolase
compared with that from rod-dominant species. J. Biol. Chem., 283,
8110-8117.

Williams, D.R., MacLeod, D.I. and Hayhoe, M.M. (1981) Punctate
sensitivity of the blue-sensitive mechanism. Vision Res., 21, 1357—1375.
Curcio, C.A., Allen, K.A., Sloan, K.R., Lerea, C.L., Hurley, J.B., Klock,
1.B. and Milam, A.H. (1991) Distribution and morphology of human cone
photoreceptors stained with anti-blue opsin. J. Comp. Neurol., 312, 610—
624.

Lorenz, B., Poliakov, E., Schambeck, M., Friedburg, C., Preising, M.N.
and Redmond, T.M. (2008) A comprehensive clinical and biochemical
functional study of a novel RPE65 hypomorphic mutation. /nvest.
Ophthalmol. Vis. Sci., 5235-5242.

Paunescu, K., Wabbels, B., Preising, M.N. and Lorenz, B. (2005)
Longitudinal and cross-sectional study of patients with early-onset severe
retinal dystrophy associated with RPE65 mutations. Graefes Arch. Clin.
Exp. Ophthalmol., 243, 417-426.

Fei, Y. and Hughes, T.E. (2001) Transgenic expression of the jellyfish
green fluorescent protein in the cone photoreceptors of the mouse. Vis.
Neurosci., 18, 615—-623.

Samardzija, M., Wenzel, A., Aufenberg, S., Thiersch, M., Reme, C. and
Grimm, C. (2006) Differential role of Jak-STAT signaling in retinal
degenerations. FASEB J., 20, 2411-2413.

Samardzija, M., Wenzel, A., Thiersch, M., Frigg, R., Reme, C. and
Grimm, C. (2006) Caspase-1 ablation protects photoreceptors in a model
of autosomal dominant retinitis pigmentosa. nvest. Ophthalmol. Vis. Sci.,
47, 5181-5190.

Tanimoto, N., Muehlfriedel, R.L., Fischer, M.D., Fahl, E., Humphries, P.,
Biel, M. and Seeliger, M.W. (2009) Vision tests in the mouse: functional
phenotyping with electroretinography. Front. Biosci., 14, 2730—2737.
Seeliger, M.W., Beck, S.C., Pereyra-Munoz, N., Dangel, S., Tsai, J.Y.,
Luhmann, U.F., van de Pavert, S.A., Wijnholds, J., Samardzija, M.,
Wenzel, A. et al. (2005) In vivo confocal imaging of the retina in animal
models using scanning laser ophthalmoscopy. Vision Res., 45, 3512—
3519.

. Wenzel, A., Oberhauser, V., Pugh, E.N. Jr, Lamb, T.D., Grimm, C.,

Samardzija, M., Fahl, E., Seeliger, M.W., Reme, C.E. and von Lintig, J.
(2005) The retinal G protein-coupled receptor (RGR) enhances
isomerohydrolase activity independent of light. J. Biol. Chem., 280,
29874-29884.



