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Inactivating mutations in the retinoid isomerase (RPE65) or lecithin:retinol acyltransferase (LRAT) genes
cause Leber congenital amaurosis (LCA), a severe visual impairment in humans. Both enzymes participate
in the retinoid (visual) cycle, the enzymatic pathway that continuously generates 11-cis-retinal, the chromo-
phore of visual pigments in rod and cone photoreceptor cells needed for vision. We investigated human
RPE65—-LCA patients and mice with visual cycle abnormalities to determine the impact of chronic chromo-
phore deprivation on cones. Young patients with RPE65 mutations showed foveal cone loss along with shor-
tened inner and outer segments of remaining cones; cone cell loss also was dramatic in young mice lacking
Rpeé65 or Lrat gene function. To selectively evaluate cone pathophysiology, we eliminated the rod contri-
bution to electroretinographic (ERG) responses by generating double knockout mice lacking Lrat or Rpe65
together with an inactivated rod-specific G protein transducin gene (Gnat1~/~). Cone ERG responses were
absent in Gnat1~'~Lrat™'~ mice which also showed progressive degeneration of cones. Cone ERG
responses in Gnat1~'~ Rpe65~'~ mice were markedly reduced and declined over weeks. Treatment of
these mice with the artificial chromophore pro-drug, 9-cis-retinyl acetate, partially protected inferior retinal
cones as evidenced by improved ERGs and retinal histochemistry. Gnat1~'~ mice chronically treated with
retinylamine, a selective inhibitor of RPE65, also showed a decline in the number of cones that was amelio-
rated by 9-cis-retinyl acetate. These results suggest that chronic lack of chromophore leads to progressive
loss of cones in mice and humans. Therapy for LCA patients should be geared toward early adequate delivery
of chromophore to cone photoreceptors.

INTRODUCTION through a series of metabolic transformations called the reti-
noid cycle (3).
Leber congenital amaurosis (LCA) is a group of inherited The importance of RPE65 for rod photoreceptor function

retinal diseases that causes severe visual impairment in early and integrity was demonstrated in the Rpe65 ' mouse (4)
human life with eventual blindness (1,2). Among the many and RPE65-mutant dog (5). It was that cone photoreceptor
genes associated with LCA are RPEG65 (retinal pigment cells in the Rpe65 '~ mouse degenerate more rapidly than
epithelium-specific protein 65 kDa) and LRAT (lecithin:retinol ~ rod photoreceptors (6), and similar observations were pub-
acyltransferase). The gene products are enzymes involved in lished for the Lrat”'~ mouse (7,8). In double knockout
continuous production of the chromophore, 11-cis-retinal, Rpe65 “/“Rho~’~ mice, the addition of chromophore
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increased proper transport of cone opsins to outer segments
(OSs) while partially preserving cone structure and function
in the compromised retina lacking rods due to elimination of
rhodopsin (Rho) (7). The R91W Rpe65 mutant associated
with human LCA but expressed in mice (9) exhibited slow
production of chromophore, cone pigment mislocalization
and cone degeneration, but when this mutant was expressed
on a Rho '~ -background, partial restoration of cone function
occurred, suggesting a competition between rods and cones for
11-cis-retinal (10). These are critical findings because of both
the importance of cones for human high resolution spatial
vision and color perception (11) and the need to evaluate
cone status in any potential therapy for LCA (12). Children
with RPE65—LCA manifest cone photoreceptor loss in the
first decade of life. The central retinal RPE layer of normal
primate retina also shows higher retinoid isomerase activity
than the more peripheral RPE, so we speculated that early
cone photoreceptor loss in RPE65—LCA indicates that
robust RPE65-based visual chromophore production is import-
ant for cones (13). Residual cone structure and function could
be supported by a retinal-based alternative pathway for chro-
mophore production (14).

Availability of animal models for LCA led to rapid develop-
ment of gene transfer and pharmacological interventions to
restore vision as a prelude for treating these diseases in
humans (15-18). Moreover, the outcomes of the first human
gene transfer trials in the RPE65 form of LCA have recently
been reported (19—21). Rod and cone function was restored
in the retinal area of gene transfer (22).

Here, we used high resolution in vivo microscopy to study
cone cell morphology in young patients lacking functional
RPEG65. Pure cone cell electroretinographic (ERG) responses
were recorded and retinal morphology was examined in
mice lacking either Rpe65 or Lrat together with genetically
disabled rod function, Gnatl '~ Progressive degeneration
of cones in Gnatl ~'~Rpe65~'~ and Gnatl ™'~ Lrat™'~ mice
was ameliorated by treatment with the pro-drug, 9-cis-retinyl
acetate (17,23). We also used retinylamine treatment of
Gnatl '~ mice to determine if chronic depletion of chromo-
phore by a retinoid cycle inhibitor leads to cone degeneration
(24-27).

RESULTS

Foveal cone abnormalities in the early decades of life of
human LCA due to RPE65 mutations

High resolution optical imaging revealed the cone-rich fovea
of the normal human retina in cross-sections (Fig. 1A). The
cone photoreceptor cell layer (ONL, outer nuclear layer) and
the inner segment (IS) and OS laminae could be identified at
this resolution. Representative RPE65—LCA patients at ages
6, 7 and 10 had reduced foveal ONL as well as abnormally
thinned IS and OS layers (Fig. 1A). Quantified foveal cone
ONL, IS and OS laminae in a group of five normal subjects
(age range, 5—15 years) were compared with eight similar-
aged RPE65-LCA patients (age range, 6-20 years)
(Fig. 1B). All three cone parameters were significantly differ-
ent in RPE65—LCA patients when compared with normal
(for ONL, IS and OS, P < 0.001), suggesting loss of a

subset of foveal cone cells and abnormal structure of the
retained cells.

Early onset cone cell degeneration in Gnatl '~ Lrat™'~

and Gnatl '~ Rpe65~'~ mice

Retinal structure. We counted the number of cones in four
zones (width 100 wm) of the inferior and superior retina. In
4-week-old double knockout animals, decreased numbers of
cone photoreceptor cells were evident in Gnatl '~ Lrat™'~
mice (inferior retina, 75.6 + 6.0%, superior retina 85.6 +
9.4%, Fig. 2A, upper panel and C) and Gnatl ~'~ Rpe65 '~
mice (inferior retina, 79.6 + 5.8%; superior retina, 92.3 +
7.4%, Fig. 2B upper panel, D) when compared with
Gnatl ~'~ mice of the same age. Interestingly, severe degener-
ation of cone cells was most prominent in the inferior retina of
double knockout mice by 6 weeks of age (Gnatl '~ Lrat ™'~
mice, 35.7 + 12.7%; Gnatl '~ Rpe65~'~ mice, 20.3 +
2.6%) when compared with that noted in 4-week-old
Gnatl~'~ mice. In contrast, progressive cone cell death
was relatively slow in the superior retina of both double
knockout strains (Gnatl '~ Lrat™'~ mice, 94.0 + 17.0%,
Gnatl ~'~Rpe65~'~ mice, 53.2 + 15.5%) by 6 weeks of age
(Fig. 2C and D). Some progression of cone cell death was
seen in the superior retina of these animals between 6 and
8 weeks of age (Gnatl ™'~ Lrat™'~ mice, 66.5 + 16.3%;
Gnatl ' “Rpe65~'~ mice, 50.2 + 14.6%), whereas no
further cone cell death was detected in the inferior retina of
either strain between these ages (Gnatl '~ Lrat™'~ mice,
Fig. 2A, lower panel and C; Gnatl 7/7Rpe65 - mice,
Fig. 2B, lower panel and D). Cone cell death progressed
slightl/y faster in Gnatl ~'~ Rpe65~'" than that in Gnatl '~
Lrat™"~ mice. At 6 months of age, only a few cone cells
were seen in peripheral areas of the superior retina in both
strains, whereas no such cell death was observed in
Gnatl '~ mice (data not shown).

Retinal function. To determine the function of cone photo-
receptor cells in Gnatl '~ Lrat™'~ and Gnatl ™'~ Rpe65~'~
mice, we recorded ERG responses. Interestingly, no functional
ERG responses were obtained from Gnat! ~'~ Lrat™'~ mice at
4 weeks of age (Fig. 2E), even though more than ~70% of the
cone photoreceptors were present (in the sampled retinal
regions) when compared with Gnatl '~ mice (Fig. 2A and
C). Lrat™’~ single knockout mice demonstrated residual
ERG responses (28). Gnatl ~'~Rpe65~'~ mice also showed
a discrepancy between ERG recordings and histological
assessments, but residual responses at high light intensities
were recorded at 4, 6 and 8 weeks of age (~6.5% at 4
weeks of age; ~5.9% at 6 weeks of age; ~3.6% at 8 weeks
of age compared with responses at 1.6log cds/m” in
Gnatl '~ mice at 4 weeks of age Fig. 2F).

Treatment with 9-cis-retinyl acetate reduces cone cell
death in Gnatl '~ Lrat™'~ and Gnatl '~ Rpe65~'~ mice

Gnatl ~'~Lrat™'~ and Gnatl ~'~ Rpe65~'~ mice were treated
with the artificial pro-drug, 9-cis-retinyl acetate, from
post-partum day 10 (P10) to P21 by periodic intraperitoneal
(PI) injection and then from P22 to P56 by oral gavage (see
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Figure 1. Foveal cone morphology of young LCA patients with RPE65 mutations. (A) Cross-sectional scans along the horizontal meridian of the central retina of
a normal child (upper panel) and three children with LCA due to RPE65 mutations (lower panels). Arrows and brackets indicate ONL, outer nuclear layer; OLM,
outer limiting membrane; IS, inner segment; OS, outer segment. (B) Mean foveal ONL, IS and OS thickness in a group of young subjects with normal vision
(ages 5—15 years) and in eight young patients with RPE65—LCA (ages 6—20 years). Mean values for the parameters from the RPE65—LCA group are also

shown (Avg). Error bars represent + 2 SD.

Materials and Methods for regimen). Mice tolerated the treat-
ment without loss of weight or gross changes in behavior.
Levels of 9-cis-retinal determined in the eyes of Gnatl '~
Lrat~'~ and Gnatl '~ Rpe65~'~ mice were similar to those
found in Gnatl ~'“mice at 4 weeks of age (Gnatl '~ Lrat™'~
mice, 460.6 + 15.0 pmol/eye; Gnatl '~ Rpe65~'~ mice,
481.0 + 89.2 pmol/eye; Gnatl '~ mice, 471.4 + 7.1 pmol/
eye, respectively) and these levels were maintained during
the remaining experimental period (data not shown). No sig-
nificant difference in cone photoreceptor cell numbers was
observed between 9-cis-retinyl acetate-treated groups and
vehicle-treated control mice of both strains at 4 weeks of
age and the cone population was maintained at the 4 weeks
level when both 9-cis-retinyl acetate-treated double knockout
strains reached 6 weeks of age (Fig. 3C and D). In contrast,
the comparable vehicle-treated control double knockout
strains had a substantial loss of cones, most notably in the
inferior retina, by 6 weeks of age that did not change signifi-
cantly by 8 weeks of age (Fig. 3C and D). However, by
8 weeks of age the number of cones was also reduced in
the 9-cis-retinyl acetate-treated double knockout animals
(Gnatl ' Lrat”' mouse, 55.74+2.5% in the inferior
retina, 71.1 + 16.1% in the superior retina, Fig. 3A and C;

Gnatl 7/7Rpe657/7 mice, 46.8 + 10.8% in the inferior
retina, 73.9 + 21.2% in the superior retina, Fig. 3B and D),
although not to the extent found in vehicle-treated controls.
ERG recordings were used to evaluate effects on retinal
function of 9-cis-retinyl acetate treatment in Gnatl '~
Lrat™’~ and Gnatl ™'~ Rpe65~'~ mice. In contrast to
Rpe65~'~ mice, Lrat~’~ mice do not store retinoids in the
liver or in the RPE (23,28). To adequately compare ERG
responses of these two strains of mice, fully regenerated
visual pigments should be tested. Thus, photo-bleaching of
regenerated visual pigment in both these strains of mice was
minimized to compare the effects of 9-cis-retinyl acetate treat-
ment. Therefore, these mice were maintained in the dark
during treatment. The choice of Gnatl ~'~ mice also enabled
us to evaluate cone-specific ERGs under scotopic conditions
along with the corresponding retinal morphology and
compare the findings with those obtained in inbred strains
such as C57BL/6 or 129SV mice. As shown in Fig. 4A, treat-
ment with 9-cis-retinyl acetate partially preserved b-waves in
both double knockout strains and there was significant func-
tional improvement when compared with vehicle control
groups (Gnatl_/_Lmt_/_ mice: 15.7 +54% at 4 weeks
of age, 20.2 +4.1% at 6 weeks of age and 9.6 + 3.5% at
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Figure 2. Histological and functional evaluation of cone photoreceptor cells in Gnatl '~ Rpe65~'~ and Gnatl ~'~ Lrar™'~ mice. (A and B) Cone photoreceptor

cells were stained with PNA (green, cone outer segments) and DAPI (red, nuclei) and representative images of immunohistochemical (IHC) sections from the
second zone from the center (Z22) in the superior and inferior retina are shown. Cone photoreceptor cells in both the superior and inferior retina of 4-week-old (4
w) Gnatl ™'~ Lrat™'~ mice (A, upper panel) and Gnatl ~'~ Rpe65~'~ mice (B, upper panel) were slightly decreased. However, severe cone photoreceptor cell
death was observed in the inferior retinas of both double knockout strains at 8 weeks of age, even though cone photoreceptor cells in the superior retina were still
maintained (A and B, lower panels). ONL, outer nuclear layer; OS, outer segment. Bar indicates 10 wm. (C and D) Populations of cone photoreceptor cells were
quantified in 4-, 6- and 8-week-old mice at four zones in the superior and inferior retina, respectively, and age-related changes in these cone cell numbers are
shown. Cones were markedly reduced in both strains between 4 and 6 weeks of age, most prominently in the inferior retina when compared with both those in
4-week-old Gnatl '~ mice, and those in 4-week-old double knockout mice of both strains (P < 0.0001). (E and F) Scotopic single flash ERG responses were
obtained from Gnatl ™'~ Lrat ™'~ mice and Gnatl '~ Rpe65~'~ mice at 4, 6 and 8 weeks of age and compared with 4-week-old Gnat! ~'~ mice. ERG b-wave
amplitudes are plotted. ERG responses were severely reduced in both double knockout strains when compared with those of Grnatl ~'~ mice. No responses were
obtained from Gnatl '~ Lrat™'~ mice at these sequential ages; only the data obtained from 4 weeks of age are plotted (E). Gnatl '~ Rpe65~'~ mice showed
markedly diminished but measurable responses at higher light intensities (F, P < 0.0001). Bars indicate SDs, n = 4-7.

8 weeks of age; Gnatl '~ Rpe65~'~ mice: 15.3 +2.7% at
4 weeks of age, 19.1 + 7.9%, at 6 weeks of age and 14.6 +
5.6% at 8 weeks of age when compared with responses

that chromophore deficiency might explain the cone cell dys-
function and death observed in Gnatl ' Lrat™'~ and
Gnatl ~'~Rpe65~'~ mice. To test this hypothesis, we pro-

of Gnatl ™'~ mice at 4, 6 and 8 weeks of age, respectively,
to light at 1.6log cd s/m* Fig. 4B, N=4-7 for each
time point, P < 0.0001). These observations suggest that
9-cis-retinoids can regenerate cone visual pigments in photo-
receptor cells and help retain cone function in Gnatl '~
Lrat '~ and Gnatl '~ Rpe65~'~ mouse retina.

9-cis-Retinyl acetate preserves cone cell function in
retinylamine-treated Gnatl '~ mice with induced
chromophore deficiency

Considering the positive effects of 9-cis-retinyl acetate treat-
ment in the mouse genetic models of LCA, we speculated

duced a phenotype mimicking 11-cis-retinal deficiency in
Gnatl '~ mice. Mice were gavaged with retinylamine fol-
lowed 6h later by strong light bleaching (500 cd/m® for
30 min). Then they were maintained in the dark for 1 week
(from days 1-7). This regimen was shown to decrease
11-cis-retinal levels in the eyes of such mice to ~5% at day
2 and ~25% by day 7 (27). In the present study, this protocol
was repeated once, i.e. mice were gavaged again on day 8 with
the same dose of retinylamine followed by bleaching 6 h later
and then dark-adapted for another week (days 8 —14) before
being studied. The effects of 11-cis-retinal deficiency on
cone cell structure and function in Gnatl '~ mice then
were evaluated on day 14 by the same procedures used
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~ and Gnatl '~ Rpe65~'~ mice after 9-cis-retinyl acetate (9cRAc) treatment.

Gnatl ™'~ Lrat™'" and Gnat] ~'~ Rpe65 ™'~ mice were treated with 9-cis-retinyl acetate (from P10 to P21, 1.0 pg/g body weight; from P22 to P56, 50 pg/g body
weight; see Materials and Methods for regimen) and cone photoreceptor cells were quantified immunohistochemically at 6 and 8 weeks (6—8 w) of age by PNA
(green, outer segments) and DAPI (red, nuclei) staining. Representative images from Z2 in the superior and the inferior retina of 8-week-old 9-cis-retinyl acetate-

treated and vehicle-treated Gnat! ~'~ Lrat™'~ mice (A) and Gnatl '~ Rpe65 '~

mice (B) are shown. Cone photoreceptor cells were better preserved in retinas

of 9-cis-retinyl acetate-treated mice (upper panels) than in vehicle-treated controls (lower panels). Populations of cone photoreceptor cells also were significantly

greater, especially in the inferior retina of both strains when compared with vehicle-treated controls at 6 and 8 weeks of age (Gnatl '~ Lrat™'~

mice, C;

Gnatlf/pre657/7 mice, D). ONL, outer nuclear layer; OS, outer segment. For (A and B) bars indicate 10 wm. For (C and D) bars indicate SDs. n = 4-7,

P < 0.0001 for inferior retina.

for Gnatl ™'~ Lrat™'~ and Gnatl '~ Rpe65~'~ mice. This
2-week-protocol caused major cone cell degeneration of
both the inferior and the superior retina (Fig. 5C, inferior
retina; D, superior retina; G, cone cell number) as well as sub-
stantial retinal dysfunction (Fig. 5H) in Gnatl '~ mice
depleted of chromophore by treatment with retinylamine.
Bleaching combined with vehicle instead of retinylamine
failed to affect cone cell morphology (Fig. 5A, inferior
retina; B, superior retina), cone cell numbers (Fig. 5G) or
ERG responses (Fig. 5SH) when compared with untreated
control Gnatl '~ mice. To evaluate possible cone cell
preservation effects of 9-cis-retinyl acetate treatment in this
model, we gavaged these retinylamine-treated animals with
9-cis-retinyl acetate during periods of dark-adaptation after
bleaching on days 2, 4, 6, 9, 11 and 13 during the 2 weeks
experimental period and evaluated them on day 14. The
cone photoreceptor cell population was maintained in the
retina of mice treated with 9-cis-retinyl acetate (Fig. SE,
inferior retina; F, superior retina; G, cone cell number) and
ERG recordings provided results consistent with the histologi-
cal findings (Fig. SH). These observations clearly indicate that
the level of visual chromophore is critical for cone cell survi-
val and function. Moreover, treatment of chromophore-
depleted Gnatl '~ mice with the artificial pro-drug chromo-
phore, 9-cis-retinal acetate, can partially preserve cone cell
structure and function.

DISCUSSION

Early onset of cone photoreceptor cell death has been observed
in several mouse models of human LCA (6—9,29-33) and in

human RPE65—-LCA as well (13,34). Moreover, we have
reported that 9-cis-retinoids are effective prophylactic agents
for the treatment of retinal degeneration in mouse models of
LCA and other human retinopathies (17,18,23,35,36). Here,
we confirm and extend the observations of early loss of
cones in young RPE65—LCA patients with higher resolution
imaging and in double knockout Gnatl '~ Lrat™'~ and
Gnatl ~'~Rpe65~'~ mice. The effect of 9-cis-retinyl acetate
was evaluated on cone photoreceptor histology and function
in Gnatl ™'~ Lrat™'~ and Gnatl '~ Rpe65~'~ mice, and the
results were compared with those found in Gnatl ™'~ mice
with disabled rod signaling. Pharmacological inhibition of
the retinoid cycle followed by exposure to bright light also
led to cone loss in Gnatl ~'~ mice that was largely prevented
by supplementation with 9-cis-retinyl acetate, an artificial
chromophore pro-drug.

Differences in retinal degeneration between
Gnatl ™'~ Lrat™'~ and Gnatl ™'~ Rpe65~'~ mice

At first glance, cone histology and electrophysiology
appeared similar in Gnatl '~ Rpe65~'~ and Gnatl ™~
Lrat™'~ mice, but there were subtle differences. Cones in
Gnatl ~'~Rpe65~'~ mice seemed to degenerate faster in
both the inferior and superior retina. Residual production of
chromophore or formation of 9-cis-retinal (37) may lead to
generation of functional cone visual pigments that induce
faster degeneration than when the retina is devoid of retinoids
such as in Lrat™'~ mice (23,28,38), or more rapid degener-
ation might result from altered physiology of RPE cells in
Rpe65~'~ mice as they accumulate large amounts of retinoids
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Figure 4. Functional evaluation of cone photoreceptor cells in Gnatl ™~/ 7R/pe(557/ ~ and Gnatl ~'" Lrat™'~ mice after 9-cis-retinyl acetate (9cRAc) treatment.
ERG responses were obtained in 4-, 6- and 8-week-old Gnatl '~ Rpe65~'~ and Gnatl ~'~ Lrat™'~ mice on the day following the last day of treatment with
9-cis-retinyl acetate (from P10 to P21, IP injection of 1.0 pg/g body weight; from P22 to P56, gavage with 50 wg/g body weight; see Materials and
Methods for regimen). (A) Representative traces of scotopic single flash ERG recordings are shown for Gnat! '~ and for both strains of 4-week-old double
knockout mice either treated with 9-cis-retinyl acetate or vehicle solution. Comparison of these recordings shows that both double knockout strains had
reduced responses relative to the Gnatl ~'~ mouse and that treatment with 9-cis-retinyl acetate partially preserved ERG responses in both double knockout
strains. (B) ERG b-wave amplitudes indicate that treatments with 9-cis-retinyl acetate improved responses in Gnatl “'“Lrat™’~ mice (left panel) and
Gnatl ™'~ Rpe65~'~ mice (right panel) at 4, 6 and 8 weeks of age. No b-wave responses were detected in vehicle-treated Gnat! ~'~Lrat™'~ mice at 4, 6
and 8 weeks of age (only data from 4-week-old Gnatl ™'~ Lrat™'~ mice are presented). Gnatl ~'~ Rpe65~'~ mice showed some residual responses during

the experimental period. Bars indicate SDs; n = 4-7, P < 0.0001.

in retinosomes (38), structures that store retinyl esters. Greater
damage to the inferior than the superior retina found in many
animal models supports the first contention because the
inferior retina is exposed to higher levels of illumination.
However, significant differences in subsets of genes in the
inferior versus superior retina may also contribute to this
difference because these genes can modify cellular responses
of photoreceptors (39). Cone cell death was observed to pro-
gress similarly in untreated Gnat! ' Lrat”'~ and
Gnatl '~ Rpe65~'~ mice irrespective of light exposure and
S cones were more susceptible to 11-cis-retinal deficiency
than M/L cones (data not shown).

Preservation of cones in Gnatl ™'~ Lrat™'~ and

Gnatl '~ Rpe65~'~ mice treated with 9-cis-retinyl acetate

Consistent with previous results (6—8), treatment with the arti-
ficial pro-drug chromophore, 9-cis-retinyl acetate, appeared to
preserve retinal histology more effectively in Gnatl '~
Rpe65~' than in Gnatl '~ Lrat™'~ mice, possibly because
of superior initial cone status in the Gnatl '~ Rpe65 '~
animals. Thus, 4-week-old Gnatl '~ Rpe65 '~ mice retained
ERG responses, whereas Gnatl '~ Lrat~'~ did not (Fig. 4B
and C), but artificial chromophore treatment preserved cone
function in both double knockout strains as evidenced by
their similar ERG responses (Fig. 4B and C).

Deprivation of chromophore and cone degeneration

Chronic deprivation of chromophore through the RPE65
pathway resulting from treatment with the retinoid inhibitor,
retinylamine, leads to the demise of cone photoreceptors in
Gnatl~'~ mice (24). This observation suggests that the
classic visual cycle is essential for cone cell health, even if
cone visual pigments are generated by an alternative
pathway (40,41). It also confirms that cones are much more
sensitive than rods to the lack of chromophore. This increased
sensitivity could arise from differences in vectorial transport
between cone opsins and rod opsin. The chromophore-free
opsin of rhodopsin is properly transported to rod OSs,
whereas chromophore-free cone pigments and other transduc-
tion proteins mislocalize to synaptic terminals (7). Impor-
tantly, this anomaly can be largely prevented by
administration of the chromophore precursor, 9-cis-retinyl
acetate, suggesting specificity for retinoid treatment and
supporting efficacy data for certain retinoids used for the
experimental treatment of transgenic animals.

Implications for human trials involving chromophore
inhibition and supplementation of the retinoid cycle

Two opposing pharmacological treatments have been suggested
for retinal degenerations related to a malfunctioning retinoid
cycle (3). First, therapies have been proposed to prevent
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Figure 5. Cone photoreceptor cell degeneration due to chromophore deficiency in Gnatl ~'~ mice is prevented by 9-cis-retinyl acetate (9cRAc) administration.
To determine whether the cone photoreceptor cell death observed in Gnat! '~ Lrat ™'~ and Gnatl '~ Rpe65 '~ mice might be induced by 11-cis-retinal
deficiency, a phenotype mimicking this condition was produced in Gnarl ~'~ mice by administration of the retinoid cycle inhibitor, retinylamine. Four-week-old
Gnatl ™'~ mice were gavaged with retinylamine (Ret-NH,)(250 p.g/g body weight) followed 6 h later by strong light bleaching (500 cd/m? for 30 min) on day 1
and maintained in the dark for a week (from days 1—7); the same regimen was repeated during the following week (from days 8—14). Cone photoreceptor cell
death and function were evaluated by viewing retinal histology (PNA, green for cone photoreceptors; DAPI, red for nuclei), counting cone cell numbers, and
recording ERGs on day 14. To determine the effects of artificial chromophore replenishment on cone photoreceptor cells, mice undergoing the 2 week retiny-
lamine/bleaching chromophore depletion regimen were supplemented with 9-cis-retinyl acetate gavaged at 50 pug/g body weight three times a week (day 2, 4, 6,
9, 11 and 13). Cone photoreceptor immunohistochemistry, populations and function were then evaluated on day 14. No significant effects on cone photoreceptor
immunohistochemistry (A and B, bar indicates 10 wm), population (G) or ERG responses (H) were observed after light exposure in Gnatl '~ vehicle-treated
control mice, whereas chromophore deprivation by retinylamine gavage and light exposure induced drastic cone photoreceptor degeneration in both the inferior
and the superior retina (C, D, G ***, P < 0.0001) of Gnatl '~ mice. Retinal dysfunction in these animals was also evidenced by ERG recordings (H ***, P <
0.0001). However, cone photoreceptor immunohistochemistry, populations and function were maintained in 9-cis-retinyl acetate-treated Gnarl '~ mice com-
parably to vehicle-treated control animals (E, F, G, H). OS, outer segments; ONL, outer nuclear layer. Bars indicate SDs; n = 3—6/each group.

accumulation of toxic all-frams-retinal and its condensation
products. Our recent data suggest that all-trans-retinal is the
major responsible toxic agent and its condensation products
are more likely to represent surrogate markers due to reduced
clearance of this aldehyde (42). It has been proposed that
retinal degenerations resulting from accumulation of toxic
pigments, such as Stargardt disease due to 4ABCA4 mutations,
can be treated pharmacologically by inhibiting the retinoid

cycle or limiting the supply of vitamin A to the eyes (3).
However, considering the importance of retinoids for main-
taining cone cell function as shown here, the benefits of
reducing toxic all-trans-retinal production along with its
condensation products could be outweighed by more rapid
cone cell degeneration.

Supplementation with native or artificial chromophore also
has been suggested as a remedy for impaired synthesis of
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visual chromophore (17,18,23,36). Cis-retinoids administered
systemically appear to be helpful in maintaining not only rods,
but also cones, as demonstrated here. There does not appear
to be any major drawback to this treatment with respect to the
structure and function of the retina. Short-term clinical safety
trials of these artificial chromophore pro-drugs are underway in
normal volunteers (clinicaltrials.gov: NCT00765427).

Another strategy to restore the function of enzymes involved
in chromophore regeneration has been focal sub-retinal gene
therapy. Proof-of-concept studies have been performed in
small and large animal models of human genetic diseases result-
ing in retinoid cycle blockade and the results indicate increases
in retinal-visual function (12,15,16,43). Human RPE65-LCA
has recently been treated with gene replacement therapy that
has been shown to be safe and efficacious after focal sub-retinal
delivery of a vector-gene (19—22). The next steps for this mode
of treatment will determine the safety of increasing the area of
injection and dose, ‘second eye treatments’ in the same individ-
ual, and the value of more efficient or specific vectors. Trials in
younger and younger patients are being performed on the basis
of the assumption that there will be a greater measurable benefit
due to less degeneration, even though the human disease is
characterized by a major loss of photoreceptors in the first
decade of life (13,34).

The current study also adds experimental data to support the
finding that cone loss occurs early in the life of both humans with
RPE65—-LCA and relevant mouse models. Also shown is the
potential value of early chromophore supplementation in main-
taining the structure and function of cones. Another simple sug-
gestion is that early detection of RPE65—LCA should be
followed promptly by sub-retinal gene therapy, no matter how
young the patient. However, there are currently a number of con-
cerns associated with sub-retinal vector gene delivery that need
to be addressed. Examples include surgical trauma to the
macula—fovea (19,21), the amount of retina that can be detached
without post-operative complications, possible immune reac-
tions to a persistent vector (44) and the safety of enrolling indi-
viduals with high baseline serum antibody levels to the
adeno-associated viral vector. We suggest that prophylactic
therapy with oral retinoids starting at an early age be seriously
considered if proven safe in normal subjects over a wide spec-
trum of ages. This strategy could preserve cone (and rod) struc-
ture and function, while candidacy for ocular delivery of
vector-genes is assessed. Additionally, there are large
numbers of adults with RPE65—LCA who have partial residual
vision that may be worth treating (45). A pharmacologically
based provocative test would support the need for either
ocular gene delivery or possibly chronic oral administration of
retinoids as a substitute or supplement to gene therapy.

MATERIALS AND METHODS

Human studies

LCA patients with RPE65 mutations (n = 8; ages 6—20 years)
and normal subjects (n = 5; ages 5—15 years) were studied
(13,34,45). Informed consent or assent was obtained; all pro-
cedures followed guidelines in the Declaration of Helsinki
and were approved by the institutional review board of the
University of Pennsylvania.

Optical coherence tomography

Cross-sectional images of retina were obtained with optical
coherence tomography (OCT). Principles of the method and
our recording and analytical techniques have been published
(34,46,47). Data were acquired with ultra-high speed and
high resolution (~5 wm axial, 15 pwm lateral) imaging by
using frequency domain OCT (RTVue-100, Optovue Inc.,
Fremont, CA, USA). Horizontal scans (4096 longitudinal
reflectivity profiles, LRPs, covering 4.5 mm) crossing the ana-
tomical fovea were obtained. Post-acquisition processing of
OCT data at the fovea was performed with custom programs
(MATLAB 6.5, MathWorks, Natick, MA, USA). Measure-
ments of retinal laminar thicknesses were made by using the
average of seven foveal LRPs corresponding to a nominal
lateral sampling distance of ~8 wm. ONL thickness was
defined as the major intraretinal signal trough delimited by
the signal slope maxima (34,45—-47). IS and OS layer thick-
nesses were defined on the basis of the amalgamation of
current hypotheses dealing with the correspondence between
OCT signals and histologically defined layers (46,48—51).
Specifically, IS thickness was defined to extend from the
scleral boundary of the ONL (immediately vitreal to the
signal peak presumed to correspond to the outer limiting mem-
brane) to the next major signal peak in the scleral direction
(presumed to correspond to the IS/OS boundary). OS thickness
was defined to extend from the IS/OS boundary to the next
major signal peak in the scleral direction. This latter peak is
first of a complex of multiple peaks and it presumably corre-
sponds to reflections originating from OS tips (48).

Animals

Mouse lines. Lrat”'~ mice were generated and genotyped as
described previously (28). Rpe65 '~ mice (4) were provided
by T. Michael Redmond (Laboratory of Retinal Cell and Mol-
ecular Biology, National Eye Institute). Gnatl '~ mice (52)
were the generous gift from Janet Lem (Tufts University,
Boston). Gnatl '~ Lrat™'~ and Gnatl ™'~ Rpe65~'~ double
knockout mice were generated by cross-breeding Gnatl '~
mice with Lrat ™'~ or Rpe65~'~ mice, respectively; progeny
were genotyped as described previously (17,28,53). Only
mice with the leucine variant at the 450 amino acid position
of RPE65 were used.

Mouse husbandry. All mice were housed in the animal facility at
the School of Medicine, Case Western Reserve University, where
they were maintained either under complete darkness orina 12 h
light (~10 lux)/12 h dark cyclic environment. Manipulations in
the dark were done under dim red light transmitted through a
Kodak no. 1 safelight filter (transmittance > 560 nm). All exper-
iments were performed in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research and
were approved by the School of Medicine, Case Western
Reserve University Animal Care and Use Committee.

Pharmacological therapy

9-cis-Retinal was purchased from Sigma-Aldrich (St Louis,
MO, USA) and both 9-cis-retinyl acetate and retinylamine



were prepared under dim red light by methods previously
described (23,24).

Cone photoreceptor preservation in Gnatl ~“Lrat™’~ and
Gnatl '~ Rpe65 '~ double  knockout mice. 9-cis-Retinyl
acetate was dissolved in absolute ethanol (10% final concen-
tration) to which vehicle solution (10% fatty acid-free bovine
serum albumin in 0.9% NaCl) was added as previously described
for a similar treatment (30). Each litter of Gnat! ~'~ Lrat ™'~ and
Gnatl ™'~ Rpe65 '~ mice was randomly divided into groups that
either received 9-cis-retinyl acetate or control vehicle solution
injections. Mice were injected IP with 9-cis-retinyl acetate
every third day for a total of four times, starting at post-natal
day 10 (P10) at a dose of 1.0 pg/g body weight (at P10, P13,
P16, P19). At P22, oral gavage with 9-cis-retinyl acetate in
soybean oil (Spectrum Chemical MFG, Corp., CA, USA) at a
dose of 50 pg/g body weight was initiated and given every
second day until P28. After P28, mice were gavaged with the
same dose once a week until P56 (8 weeks of age). Mice in the
control group were PI with the same solution lacking 9-cis-retinyl
acetate and gavaged with soybean oil alone by the same regimen
used in retinoid-treated mice. Mice given 9-cis-retinyl acetate
together with their control littermates were housed in the dark
until the end of the experiment.

Cone photoreceptor preservation in Gnatl '~ mice with per-
sistent chromophore deprivation. Four-week-old Gnatl '~
mice were gavaged with retinylamine at a dose of 250 pg/g
body wei%ht and 6 h later were bleached with strong light
(500 cd/m”) for 30 min. Starting the next day, the same mice
were gavaged with 9-cis-retinyl acetate in soybean oil at a
dose of 50 pg/g body weight three times every second day.
Two days after the last 9-cis-retinyl acetate gavage,
Gnatl ™'~ mice were again gavaged with retinylamine at a
dose of 250 pg/g body weight and 6 h later were bleached
with strong light (500 cd/m®) for 30 min. Starting the next
day, the same mice were gavaged with 9-cis-retinyl acetate
in soybean oil at a dose of 50 pg/g body weight three times
every second day. Control mice received soybean oil vehicle
according to the same schedule.

Immunohistochemistry

For immunohistochemistry, freshly removed mouse eyes
were immersion-fixed for 6 h in freshly prepared 4% parafor-
maldehyde in 0.1 m phosphate buffer, pH 7.4 and processed
for OCT (Miles) embedment. Immunohistochemical staining
procedures employed were previously described (54).
Briefly, cross-sections of mouse eyecups were pre-incubated
with peanut agglutinin (Invitrogen) or 4'-6-diamidino-
2-phenylindole. Signals were detected with either a Cy3
conjugated secondary antibody (Jackson Immunoresearch
Laboratories, West Grove, PA, USA) or an Alexa488 conju-
gated secondary antibody (Invitrogen). Sections were analyzed
with a Leica TCS SP2 confocal microscope (Leica).

Cell counts

Cone photoreceptor cells were counted in four zones (Z1-74)
placed at equal distances between the central (within 100 wm
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of the optic nerve head) and peripheral (within 100 wm of the
retinal edge) retina. Zones in the superior and inferior retina
were counted separately. Numbers of cells in each zone
were averaged and the data were statistically analyzed by
one-way ANOVA.

Electroretinograms

All ERG studies were performed using previously published
methods (55). Briefly, mice under a safety light were anesthe-
tized by IP injection of 20 pl/g body weight of 6 mg/ml keta-
mine and 0.44 mg/ml xylazine diluted with 10 mm sodium
phosphate, pH 7.2, containing 100 mm NaCl. Pupils were
dilated with 1% tropicamide. A contact lens electrode was
placed on the eye and a reference electrode and ground elec-
trode were positioned on the ear and tail, respectively. ERGs
were recorded with a computerized system, UTAS E-3000
(LKC Technologies, Inc.).

Single-flash recording. Durations of white light flash stimuli
(from 20 ps to 1 ms) were adjusted to provide a range of illu-
mination intensities (from —3.7 to 1.6 log cd s/m?). Three to
five recordings were made at sufficient intervals (from 10 s
to 10 min) between flash stimuli to allow recovery from any
photo-bleaching effects. Statistical analysis of responses was
carried out with the one-way ANOVA test.
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