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Mutations in the retinal pigment epithelium gene encoding RPE65 are
a cause of the incurable early-onset recessive human retinal degen-
erations known as Leber congenital amaurosis. Rpe65-deficient mice,
a model of Leber congenital amaurosis, have no rod photopigment
and severely impaired rod physiology. We analyzed retinoid flow in
this model and then intervened by using oral 9-cis-retinal, attempting
to bypass the biochemical block caused by the genetic abnormality.
Within 48 h, there was formation of rod photopigment and dramatic
improvement in rod physiology, thus demonstrating that mechanism-
based pharmacological intervention has the potential to restore
vision in otherwise incurable genetic retinal degenerations.

Two fundamental processes of vertebrate vision sustain light
perception: transformation of the light signal into chemical

changes within photoreceptor cells and a regeneration process
involving the retinal pigment epithelial cells (RPE). Isomeriza-
tion of the visual pigments’ chromophore, 11-cis-retinal to
all-trans-retinal, triggers a set of reactions collectively termed
phototransduction (1, 2). The photolyzed product all-trans-
retinal is reduced first in photoreceptors and then converted
back to 11-cis-retinal in the RPE in an enzymatic process
referred to as the visual cycle (3, 4). Molecular details are
available on phototransduction events; however, the visual cycle
is just attaining an understanding at the molecular level.

RPE65 is an RPE-specific protein (5, 6) postulated to play an
important role in the visual cycle (7). Key to this hypothesis was
the finding that Rpe65-deficient (Rpe652y2) mice display a
block in the visual cycle (7). The molecular defect in these mice
leads to absence of 11-cis-retinal and rhodopsin, accumulation of
all-trans-retinyl esters, severe impairment of rod photoreceptor
function, and eventual retinal degeneration (7). In addition to
the value of these experiments to increase knowledge of the
molecular basis of vision, there is human clinical relevance.
Mutations in the RPE65 gene account for '10% of the child-
hood-onset retinal degenerations known as Leber congenital
amaurosis (LCA) and some cases of recessive retinitis pigmen-
tosa (8–10). Better understanding of mechanism in this murine
model could lead to therapeutic strategies for these otherwise
incurable human afflictions (11).

In this study, we took a first step toward intervention in LCA
by targeting the visual cycle block in the Rpe652y2 mouse with
the goal of bypassing the biochemical defect. We probed mech-
anisms at a biochemical level, by characterizing the retinoid
content and flow in the mouse model; and then, we performed
9-cis-retinal oral gavage experiments on the Rpe652y2 mice.
The results show that rod photopigment was formed and rod
retinal function was rapidly restored in the Rpe652y2 animals
following oral treatment with the retinoid. Such experiments
raise the hope that mechanism-based pharmacological interven-
tions may be able to alter the blinding disease sequence of
incurable genetic retinal degenerations.

Materials and Methods
Rpe65 Mice and Retinoid Analyses. Experiments were in accor-
dance with institutional guidelines. Animals were maintained in

complete darkness, and all manipulations were completed under
dim red light. Progeny of matings were genotyped by Rpe65-
specific 3-primer PCR (7, 12). Typically, 8- to 12-week-old mice
were used in experiments. Retinoids were analyzed on a Hewlett
Packard 1100 series HPLC, equipped with a diode-array detector
and Hewlett Packard CHEMSTATION A.06.03 software, allowing
full integration (13). The latter feature allowed the online
recording of UV spectra and identification of retinoid isomers
according to their specific absorption spectra. A normal phase,
narrow-bore column (Alltech, silica 5u solvent miser, 2.1 3 250
mm) and an isocratic solvent composed of 4% ethyl acetate in
hexane at a flow rate of 0.5 mlymin were used to separate
retinoids. Rhodopsin measurements were performed as de-
scribed recently (13). Typically, two mouse eyes were used per
assay and repeated three to six times. The data are presented
with SEM. In addition, all experimental procedures related to
the analyses of dissected mouse eyes, derivatization, and sepa-
ration of retinoids have been described in detail previously
(14, 15)

Analysis of Oil Droplet-Like Structures. Eyes from Rpe651y1 and
Rpe652y2 mice were enucleated and anterior segments re-
moved. The posterior pole was incubated in water to release
hydrophobic structures with densities lower than water. The
sample was centrifuged at 30,000 3 g for 15 min at 4°C. The top
layers were harvested and extracted with hexane and analyzed by
HPLC.

Preparation of Retinoids and Oral Gavage. Retinoids were prepared
as follows: 9-cis-retinal (15 mg, 52.8 mmol, Sigma) was dissolved
in absolute EtOH (1 ml), and solid NaBH4 (6.0 mg, 159 mmol)
was added. After 30 min at 0°C, water (2 ml) was added and
9-cis-retinol was extracted with hexane (4 3 1 ml). Hexane was
evaporated under a stream of argon at 30°C, and 9-cis-retinol (10
mg) was used in gavage experiments without further purification.
9-cis-Retinol (20 mg, 70 mmol) was dissolved in dry CH2Cl2 (300
ml) and mixed with solutions of palmitoyl chloride (34.8 mg, 127
mmol) in CH2Cl2 (500 ml) and diisopropylethylamine (23 mg, 142
mmol) in CH2Cl2 (500 ml). The reaction mixture was kept at 0°C
for 6 h. CH2Cl2 was evaporated under a stream of argon and the
ester was purified on Whatman TLC plates by using 10:89:1%
(vol) ethyl acetate:hexane:Et3N.

9-cis-Retinal, 9-cis-retinol, and palmitoyl-9-cis-retinyl ester
(0.25 ml), at a final concentration of 10 mgyml in vegetable oil,
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were administered to Rpe652y2 mice by using a 1-ml syringe
and a 20-gauge, 3.5-cm long gavage needle.

Mouse Electroretinograms (ERGs). Mice were anesthetized with
ketamine (65 mgykg, i.p.) and xylazine (5 mgykg, i.p.); corneal
anesthesia was attained with topical proparacaine HCl (1%), and
pupils were dilated with tropicamide (1%) and phenylephrine
(2.5%). Full field ERGs were recorded from one eye of each
animal by using a computer-based system (EPIC-XL, LKC Tech-
nologies, Gaithersburg, MD) and contact lens electrodes. De-
pending on stimulus strength, murine ERGs can have two major
features, a cornea-negative a-wave and a cornea-positive b-wave.
Dark-adapted luminance-response functions for b-waves were
obtained with blue (Wratten 47A) flash stimuli (23.8 to 20.3 log
scot-cdzszm22). B-wave amplitudes were measured convention-
ally from baseline or a-wave trough to positive peak. ERG
photoresponses (a-waves with a saturated amplitude) were
evoked under dark-adapted conditions with 2.2 and 3.6 log
scot-cdzszm22 f lashes. Leading edges of the two ERG photore-
sponses were fitted (as an ensemble) with a model of rod
phototransduction activation (16). Leading edges of ERG pho-
toresponses represent the sum of light induced dark-current
shut-off in rod photoreceptor outer segments (17). Amplification
constant for photoreceptors (18) can be calculated under ap-
propriate assumptions. A ganzfeld stimulus of 1 scot-cdzszm22

presented to a pigmented mouse has been estimated to produce
from '100 (19) to 1,500 (20) isomerizations per mouse rod.

Human Studies. A patient with LCA, her parents, her sibling, and
normal control subjects were included. Informed consent was
obtained from subjects after explanation of the procedures; all
studies conformed to the Declaration of Helsinki. DNA was
extracted from peripheral blood and screened for coding
sequence mutations in the RPE65 gene (21). The patient and
family members underwent complete eye examinations, Gold-
mann kinetic perimetry, and optical coherence tomography
(OCT). Selected members had ERGs and static threshold
perimetry (22). For static threshold perimetry in the patient,
dark-adapted and light-adapted (2.7 log troland) testing used
white stimuli (22). Details of the ERG, psychophysical and
OCT methods, and normal data have been published (22, 23).

Results and Discussion
Analysis of Retinoid Flow in Rpe65 Mice. Baseline studies of retinoids
and rhodopsin in the eyes of Rpe651y1, Rpe651y2, and
Rpe652y2 mice were performed by using HPLC and UVyvisible
spectroscopy (Fig. 1). In dark-adapted Rpe651y1 mice, the major
retinoid components were retinyl ester (250 6 24 pmolyeye, .95%
as all-trans-retinyl esters) and 11-cis-retinal (565 6 34 pmolyeye)
(Fig. 1A) (13, 24). Only small amounts (,40 pmolyeye) of all-trans-
retinal and 11-cis-retinol were present. Rpe651y2 mice had reti-
noid components similar to those of Rpe651y1 mice (Fig. 1A).
Consistent with previous results (7), Rpe652y2 mice showed
elevated levels of retinyl esters (1,250 6 25 pmolyeye) and no
detectable amounts of any other retinoids, including 11-cis-retinal.
Osmotic shock treatment of Rpe652y2 mouse eyes revealed the
presence of retinyl esters at '1,000-fold higher concentration as
compared to Rpe651y1. This suggested that the major retinoid
component of droplet-like deposits seen in the RPE of Rpe652y2
mice (7) was all-trans-retinyl ester. There was no detectable rho-
dopsin in Rpe652y2 mice but rhodopsin in Rpe651y2 mice (578 6
54 pmolyeye) was like that in Rpe651y1 mice (542 6 33 pmolyeye)
(Fig. 1B). Our analysis confirms that the isomerization step is
affected in Rpe652y2 mice (7).

We sought to clarify the role of RPE65 in the retinoid cycle by
examining the kinetics of retinoid flux after significant bleach in
Rpe651y2 mice. Such an analysis in Rpe652y2 mice is uninfor-
mative because of the lack of any retinoids other than all-trans-

retinyl esters. After a flash that bleached '40% rhodopsin, all-
trans-retinal was reduced with a t1y2 of '15 min in Rpe651y2 mice
(Fig. 1Ca). This rate was comparable to the rate obtained for
Rpe651y1 mice. No significant accumulation of all-trans-retinol
was detected as compared to total amounts of retinoids (b). There
was a delayed abnormal accumulation of all-trans-retinyl esters in
Rpe651y2 mice that peaked at 30 min (c) and then declined at a
rate of '2.6 pmolymin. No significant accumulation of 11-cis-
retinol was found (d), suggesting that the oxidation to 11-cis-retinal
is unaffected. The rate of 11-cis-retinal formation was 2.1 pmolymin
(e), comparable to the rate of retinyl ester decrease and '5-times
slower than the rate for Rpe651y1 mice. In agreement with these
results, the rate of rhodopsin regeneration in Rpe651y2 mice was
2.2 pmolymin and also '5-times slower than the regeneration rate
for Rpe651y1 mice (not shown). Using Western analysis and
scanning spectrometry, we measured that Rpe651y2 mice con-
tained '50% of RPE65 protein as compared to Rpe651y1 mice
(not shown). RPE65 could be thus a nonenzymatic protein, and a
lack of RPE65 blocks the retinoid cycle at the level of the hydrolysis
of retinyl ester or isomerization.

Bypassing the Visual Cycle Defect of Rpe652y2 Mice. To bypass this
defect in the retinoid cycle, we introduced synthetic cis-retinoids
by oral gavage in Rpe652y2 mice at an age (8–12 wk) when
there were only minimal changes in photoreceptor morphology

Fig. 1. Retinoid and rhodopsin analysis in Rpe65 mice. (A) Chromatogram
of retinoids extracted from eyes of Rpe651y1, Rpe651y2, and Rpe652y2
mice. The extraction procedures and derivatization with hydroxylamine to
improve quantitative extraction of retinaldehydes were described previ-
ously (see ref. 13). Peaks are represented as follows: (1, 2) all-trans-retinyl
and 11-cis-retinyl esters (truncated to fit in scale); (3,39) anti- and syn- of
11-cis-retinal oximes; (4,49) anti- and syn- of all-trans-retinal oximes; (5)
11-cis-retinol, and (6) all-trans-retinol. (B) Difference spectrum of bleached
rhodopsin and rhodopsin extracted from eyes of Rpe651y2 and
Rpe652y2 mice. The level of rhodopsin in Rpe651y2 mice is within the
range of rhodopsin found in control Rpe651y1 mice (F) and undetectable
in Rpe652y2 mice. (C) Aberrant kinetics of retinoid and rhodopsin recov-
ery in Rpe651y2 mice after a flash. Photolyzed rhodopsin releases all-
trans-retinal (a), which is reduced to all-trans-retinol (b), and then trans-
ported to the RPE and esterified to retinyl esters (c). All-trans-retinol, or its
derivative, is isomerized to 11-cis-retinol (d), which in turn, is oxidized to
11-cis-retinal (e). The rates of retinoid formations are compared to the rate
obtained for Rpe651y1 mice (%).
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(7). We chose commercially available 9-cis-retinal because it
forms the visual pigment isorhodopsin (25), which when
bleached, undergoes conformational changes through the same
photoproducts as 11-cis-retinal regenerated rhodopsin, and is
thermodynamically more stable than 11-cis-retinal. In addition,
isorhodopsin has an absorption maximum hypsochromicly
shifted by 8 nm (l 5 494 nm), as compared to rhodopsin (l 5
502 nm). This difference provided additional verification of the
genetic status of tested mice. 9-cis-Retinal also is not detectable
in the Rpe651y1 retina; thus, if isorhodopsin is formed, it
resulted from added retinoids and not from activation of the
metabolic pathway that would lead to 11-cis-retinal production.
If formation of isorhodopsin triggers production of 11-cis-
retinal, both isomers could be concurrently detected. Further-
more, 9-cis-retinal injected i.p. into vitamin A-deprived rats has
been shown to result in formation of isorhodopsin (26).

Administration of 9-cis-retinal (2.5 mg) led to production of
isorhodopsin as confirmed by hypsochromic shift on UVyvisible
spectroscopy (Fig. 2 A). The maximal effect was observed at '48
h after gavage (2.5 mgyanimal). Lower doses (0.5 mgyanimal)
also led to the production of isorhodopsin, but at lower levels
(Fig. 2B). 9-cis-Retinol and 9-cis-retinyl ester yielded '30% of
the isorhodopsin formed by 9-cis-retinal gavage. We attributed
this finding to the high instability of retinol and retinyl esters at
gastric low pH (K.P., unpublished data). Mice administered
all-trans-retinal did not show any detectable rhodopsin or free
11-cis-retinal. Under similar conditions, mice treated with 11-
cis-retinal formed only '50% of rhodopsin compared to 9-cis-
retinal-dependent formation of isorhodopsin. Transmission of
9-cis-retinal from mothers to their offspring during pregnancy or
through nursing was demonstrable but limited. When an
Rpe652y2 female (mated with an Rpe652y2 male) was ad-
ministered 2.5 mg of 9-cis-retinal at approximately day 12 of
pregnancy, 20 6 9 pmolyeye isorhodopsin was formed in the
offspring. Oral gavage of 9-cis-retinal to Rpe651y1 and
Rpe651y2 mice led to a trace level of 9-cis-isomers in the eye.

Formation of isorhodopsin in Rpe652y2 mice treated with
9-cis-retinal was confirmed by HPLC analysis of retinoids (Fig.
2C). Because of precolumn derivatization, 9-cis-retinal was
isolated as a mixture of syn- and anti-9-cis-retinal oximes (peak
7,79). Because the amounts of 9-cis-retinal oximes were similar
to the amounts of isorhodopsin (,8% differences between
samples), these results suggest that the aldehyde is present
almost exclusively in the bound form to opsin. Bleaching pro-
duced all-trans-retinal (seen as oximes 4 and 49). Next, the
all-trans-retinal is reduced to all-trans-retinol and most likely
esterified, whereas 9-cis-retinal recovered with time (Fig. 2C). In
all samples, there were also high levels of free all-trans-retinol,
likely because of high concentrations of all-trans-retinyl esters.
This elevated level of all-trans-retinol was not observed in the
eyes of Rpe651y1 mice. The analysis of isomeric composition of
isolated retinyl esters, after saponification and rechromatogra-
phy, showed accumulation of 9-cis-retinol ('150–250 pmolyeye)
and the presence of dominant all-trans-retinol (Fig. 2C, Inset).
Bleaching led to formation of all-trans-retinal, which was me-
tabolized rapidly (,15 min), and to small amounts of 11-cis-
retinal (Fig. 2C, peak 3). The rate of isorhodopsin recovery after
a flash in Rpe652y2 mice was similar to recovery of rhodopsin
in Rpe651y1 animals (Fig. 2D) suggesting normal kinetics of
this ‘‘artificial’’ retinoid cycle.

Restored Retinal Physiology in Rpe652y2 Mice After 9-cis-Retinal.
The impact of 9-cis-retinal administration on the visual phys-
iology of Rpe652y2 mice was determined in vivo with ERG.
Rod retinal function of untreated Rpe652y2 mice was de-
tectable but impaired (Fig. 3). Dark-adapted ERGs were
performed serially in an Rpe652y2 mouse before and 48 h
after 9-cis-retinal gavage (Fig. 3 A and B). Before treatment,

ERG b-wave threshold was elevated by '3 log units compared
to Rpe651y1; to the brighter stimuli, only a small b-wave was
present and it resembled the normal response at threshold. The
posttreatment recording had a lower b-wave threshold and
increased amplitude. ERG photoresponses in this animal
before treatment (Fig. 3B) had an abnormal maximum ampli-
tude (Rmax 5 106 mV; normal mean 6 SD 5 335 6 54 mV, n 5
7) and sensitivity (S 5 1.44 log scot-cd21z m2zs23; normal 5
3.14 6 0.13 log scot-cd21z m2zs23). The posttreatment param-
eters nearly doubled (Rmax 5 188 mV; S 5 1.79 log scot-
cd21zm2z s23) (Fig. 3B). Cross-sectional comparison of ERG
photoresponse parameters in six other mice supported the

Fig. 2. Formation of isorhodopsin and kinetics of the retinoid flow in
Rpe652y2 mice 48 h after 9-cis-retinal gavage. (A) Comparison spectra of
rhodopsin from Rpe651y1 mice and isorhodopsin from Rpe652y2 mice 48 h
after 9-cis-retinal gavage (2.5 mg). Arrows denote differences in the absorp-
tion maximum for rhodopsin and isorhodopsin. (B) Isorhodopsin formation in
Rpe652y2 mice at different time points after 0.5 mg or 2.5 mg of 9-cis-retinal
gavage (n 5 2). (C) Chromatograms illustrate the dark recovery of retinoids in
Rpe652y2 mice 48 h after 9-cis-retinal gavage (2.5 mg) after a flash that
bleached '45% of isorhodopsin. (C, Inset) isomeric composition of retinyl
esters (8, 9-cis-retinol). (D) Dark recovery of isorhodopsin in Rpe652y2 mice
48 h after 9-cis-retinal gavage after a flash. For comparison, dark recovery of
rhodopsin is shown for Rpe651y1 (open hexagons) (7, 79). anti- and syn- of
9-cis-Retinal oximes; all other peaks are as in the Fig. 1 legend.
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serial data in the one animal: three were untreated Rpe652y2
mice and three were Rpe652y2 mice 48 h after treatment with
9-cis-retinal (Fig. 3C). Posttreatment responses had greater
Rmax and S values (Rmax 5259 6 111 mV; S 5 2.60 6 0.62 log
scot-cd21zm2zs23) than responses from the untreated mice
(Rmax 5113 6 13 mV; S 5 1.58 6 0.14 log scot-cd21zm2zs23).

Statistically significant differences in ERG photoresponse
parameters were found when Rpe651y1, untreated
Rpe652y2, and treated Rpe652y2 groups were compared
[(Rmax, F(2, 12) 5 13.65, P 5 0.0008; S, F (2, 12) 5 28.68, P ,
0.0001); one-way ANOVA]. The group of untreated
Rpe652y2 mice had significantly smaller mean Rmax (P ,
0.05; Tukey’s studentized range test accounting for multiple
comparisons) and mean S (P , 0.05) when compared to results

of Rpe651y1 and Rpe652y2 mice treated with 9-cis-retinal
(Fig. 3D).

Role of RPE65 in the Visual Cycle. Our experimental results in
Rpe651y2 and Rpe652y2 mice taken together with the
postulated steps in the visual cycle provide significant insight
into the potential role of RPE65. The observation that the
recovery of rod pigment is '5-fold slower in Rpe651y2 mice
as compared to Rpe651y1 mice weighs against enzymatic
properties of this protein; the anticipated reduction in the rate
of a hypothetical enzymatic step in Rpe651y2 mice would be
#2-fold. We cannot exclude the possibility that RPE65 may
play a dual role: in addition to its putative enzymatic function,
it also could be a structural protein. This protein is not
involved in the reduction of all-trans-retinal, transport to RPE,
and esterification, which are unaffected in Rpe651y2 mice.
RPE65 also is not cis-retinyl specific retinyl hydrolase because
9-cis-retinyl ester is liberated promptly after bleach. RPE65 is
not essential in the oxidation of the chromophore and trans-
port back to ROS, considering that regeneration of isorho-
dopsin occurs even in the absence of RPE65. In newborn
Rpe652y2 mice, all-trans-retinol trapped from the circulation
deposits in RPE in the form of retinyl ester, but there is no
rhodopsin formation, suggesting that retinyl esters are seques-
tered and not available for isomerization. Droplet-like struc-
tures analyzed after osmotic shock extraction also show major
accumulation of retinyl ester in Rpe652y2 mice. The defect in
Rpe652y2 mice is between retinyl ester and 11-cis-retinol
production; however, three pieces of evidence weigh against
RPE65 being the isomerase. First, dramatic reduction in rate
of rod pigment recovery in Rpe651y2 mice suggest that this
protein is not an enzyme. Second, there must be partial
production of 11-cis-retinal as demonstrated physiologically by
an insensitive but detectably functional rod system in
Rpe652y2 mice. Third, there was a small amount of 11-cis-
retinal formation detectable after a bleach in Rpe652y2
animals with orally administered 9-cis-retinal, suggesting that
part of the all-trans-retinal released from bleached isorhodop-
sin may be available for 11-cis-retinal production without the
RPE65 protein. Our results are in agreement with a recently
reported biochemical observation that removal of RPE65
affected isomerization only to a small degree (27). RPE65 has
been shown to interact with 11-cis-retinol dehydrogenase (28),
and our data suggest that it could be involved in the intracel-
lular distribution of retinyl esters in RPE. Specifically, RPE65
could be an organizer protein (an adapter) that secures the
redistribution of retinyl esters, or a derivative, through the
RPE for proper isomerization.

Human Relevance of These Murine Studies. An implicit assumption
and the motivation for this work is that it may be clinically
relevant. But what is the phenotype of the human disease it
could benefit? There are many descriptions and subcategori-
zations of LCA from the premolecular era (for example refs.
29 and 30), but no detailed genotype-phenotype reports in the
current literature to which the detailed studies in the murine
model can be compared. We studied a homozygote with a
putative null mutation in the RPE65 gene with in vivo mea-
surements of retinal function and ‘‘structure’’ (Fig. 4). The
patient was shown to have a homozygous 20-bp deletion at
codon 97 in RPE65 (21, 31). From infancy onward, the patient
had reduced vision, nystagmus, and a severely abnormal ERG.
The parents and a male sibling were heterozygous for this
deletion.

The homozygote, at age 11, had loss of peripheral visual field
by kinetic perimetry (Fig. 4A). In the remaining field, dark-
adapted thresholds were elevated by .6 log units, and there
was .2 log units elevation under light-adapted conditions.

Fig. 3. Restoration of retinal function in Rpe652y2 mice 48 h after
9-cis-retinal gavage. (A and B) Serial ERG recordings in an Rpe652y2 mouse
before and 48 h after 9-cis-retinal gavage compared to a representative
Rpe651y1 mouse. (A) Dark-adapted ERGs to increasing intensities of blue
light stimuli (shown to the left of the traces) in an Rpe652y2 mouse show
an elevated b-wave threshold compared to Rpe651y1. The same stimuli
after 9-cis-retinal treatment elicit ERGs at a lower threshold and with larger
amplitude b-waves. (B) Leading edges (initial 4 –15 ms depending on
response) of dark-adapted ERG photoresponses (symbols) evoked by 3.6
and 2.2 log scot-cdzszm22 flashes are fit with a model of phototransduction
(smooth lines). The amplitude and sensitivity of the Rpe652y2 mouse
photoresponses are reduced. After 9-cis-retinal treatment, photoresponses
have larger amplitude and higher sensitivity. (C) Photoresponses in three
Rpe651y1 mice are compared to an untreated group of Rpe652y2 mice
and a treated group of Rpe652y2 mice. Lines are the model of rod
phototransduction activation fitted to a pair of photoresponses; only
maximal responses are shown for clarity. (D) Maximum amplitude and
sensitivity parameters of dark-adapted photoresponses in untreated and
treated (48 h after 9-cis-retinal gavage) Rpe652y2 mice compared to the
results in Rpe651y1 mice. Untreated animals have significant differences
(**, P , 0.05) in both parameters when compared to Rpe651y1 or treated
Rpe652y2 mice. Error bars represent 1 SEM and are smaller than symbols
for some data.
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Light adaptation did not change the visual sensitivity of the
patient whereas it elevated normal thresholds by 4 log units
(Fig. 4B). An empirical model of light adaptation fit to the
patient data are consistent with .3.8 log units loss of cone
sensitivity and .6.2 log units loss of rod sensitivity (32).
Electrophysiology was consistent with psychophysics: there
were no detectable rod ERGs and an abnormal cone f licker
waveform with '100-fold reduced amplitude and delayed
timing (Fig. 4C). Heterozygotes had normal clinical examina-
tions, kinetic fields, dark- and light-adapted static perimetry,
and ERGs.

Retinal structure in the context of this severe visual dysfunction
in the homozygote was assessed by using cross-sectional retinal

images acquired by OCT (Fig. 4D). The central retinal architecture
of the homozygote, at age 11, was not grossly different from that of
her age-similar heterozygous sibling (Fig. 4D), although some
retinal degeneration is suggested by a thinning of the highly
reflective (red) signal ascribed to the outer retina (photoreceptors-
RPE-anterior choroid) (22, 23, 33). Although many other such
genotype-phenotype studies are required for clarification, the re-
sults in this LCA patient suggest better preservation of structure
than function, such as has been a feature of both murine and canine
RPE65-associated retinopathies at early disease stages (7, 34, 35).

Further Questions Now Requiring Answers. A number of investiga-
tions have succeeded in slowing the rate of retinal degenerations
(for example refs. 36–40), but dramatic reversal of retinal
dysfunction in such disorders is a rarity (41–43). Our short-term
experiments that reverse dysfunction in the Rpe65-deficient
mouse prompt a multitude of questions. What effect, if any, does
this intervention have on the natural history of the disease? Will
it serve to retard the eventual retinal degeneration? The dosage
and frequency of 9-cis-retinal administration need to be opti-
mized. Will there be undue accumulation of all-trans-retinyl
esters? 9-cis-Retinal may not be the ideal compound because of
its light sensitivity. It appears to be the most efficient, among
retinoids used in this study, in regenerating visual pigment. This
isomer is more stable than 11-cis-retinal, and the aldehyde form
is resistant to the acid conditions of the stomach. Most likely,
9-cis-retinal is reduced once absorbed in the epithelial cells and
the toxicity is alleviated before the blood carries it. An encour-
aging observation made during the course of this study was that
11-cis-retinal was produced after 9-cis-retinal administration in
Rpe652y2 mice. Under certain 9-cis-retinal treatment regi-
mens, the endogenous production of 11-cis-retinal may be a
valuable long lasting effect that could lead to prolonged recovery
of vision.

It is critically important to understand the toxicity of retinoids
and their clearance from the eye and liver (44). Analogs of
11-cis-retinal may be metabolized with different rates, and they
themselves, and their degradation intermediates, could display
different toxicity profiles. Other animal models need to be
tested, like the RPE652y2 canine model (34, 35), to understand
whether the effect of the retinoid treatment can be generalized.
This study focused on rods, but to preserve cone vision, other
compounds that lock rods in an inactive, light-insensitive state
could be useful, assuming a cascade of degeneration leading
from rod cell death to cone death (45, 46).

Could retinoid supplementation benefit patients with
RPE65-associated LCA? Beyond the many safety and efficacy
issues to be addressed experimentally, there is the immediate
concern that severe retinal pathology in RPE65-LCA, specif-
ically a major loss of photoreceptors, could nullify any poten-
tial benefit from this approach. ERG measurements of retinal
function, helpful for diagnosis and monitoring, would not
establish whether these patients are sensible candidates for
intervention. In vivo estimates of retinal morphology, however,
may be far more informative (22, 23, 33), especially when
patients of known molecular subtype and similar dysfunction
can be compared (47).

We especially thank Dr. T. Michael Redmond for providing Rpe65 mice
and help with the initial genotyping. We thank Dr. Françoise Haeseleer
for help with initial genotyping of Rpe65 mice and Dr. Maureen G.
Maguire for statistical consultation. We gratefully acknowledge the
excellent assistance of Daniel Marks, Beverly Miller, and Marcia Simo-
vich. This research was supported by National Institutes of Health Grants
EY09339 (to K.P.), EY05627 (to S.G.J.), and EY07031 (to Y.-G.H.,
Vision Training Grant), Research to Prevent Blindness, Inc., Foundation
Fighting Blindness, Inc., Daniel Matzkin Research Fund, Stephen Wynn
and Elaine Wynn Charitable Foundation, Ruth and Milton Steinbach
Fund, and the E. K. Bishop Foundation.

Fig. 4. Human phenotype of putative null mutation in RPE65. (A) Kinetic
visual fields with a V-4e test target in the homozygote (black line) compared
to normal (gray region); concentric circles are at 10o intervals and meridians
are at 15o. (B) White stimulus thresholds of the homozygote (F) shows .6 log
units of elevation under dark-adapted (DA) and .2 log units of elevation
under light-adapted (2.7 log troland) conditions. Normal thresholds (gray
symbols) on increasing background intensities (ƒ) and during the cone pla-
teau following a full bleach (‚) are fit with empirical models of background
adaptation (gray lines) to define the rod- and cone-mediated limbs. The
normal cone adaptation model was shifted by 3.8 log units to the right and up
to fit the patient data (solid line). (C) Cone flicker ERGs in homozygote are
reduced '100-fold in amplitude and abnormally delayed in timing (arrows).
Vertical gray lines mark stimulus times. A 29-Hz sinusoid was fitted to the
homozygote data (dashed lines) to estimate amplitude and timing of the small
signal. (D) Vertical OCT cross-sectional retinal images through the fovea (9o

inferior to 6o superior retina) show central retinal structure is generally intact
in the homozygote (compared to a heterozygous sibling) except for thinning
of the outer retina-choroid complex, the redywhite band toward bottom of
panel. Optical reflectivity of retinal tissue is shown on a logarithmic pseudo-
color scale: red and white are high reflectivity and blue and black are low
reflectivity. Vitreous is toward the top and sclera is toward the bottom.
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