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The congenital retinal blindness known as Leber congenital amaurosis (LCA) can be caused by
mutations in the RPE65 gene. RPE65 plays a critical role in the visual cycle that produces the
photosensitive pigment rhodopsin. Recent evidence from human studies of LCA indicates that
earlier rather than later intervention may be more likely to restore vision. We determined the
impact of in utero delivery of the human RPE65 cDNA to retinal pigment epithelium cells in a
murine model of LCA, the Rpe65� / � mouse, using a serotype 2 adeno-associated virus packaged
within an AAV1 capsid (AAV2/1). Delivery of AAV2/1-CMV-hRPE65 to fetuses (embryonic day 14)
resulted in efficient transduction of retinal pigment epithelium, restoration of visual function, and
measurable rhodopsin. The results demonstrate AAV-mediated correction of the deficit and
suggest that in utero retinal gene delivery may be a useful approach for treating a variety of
blinding congenital retinal diseases.

Key Words: adeno-associated virus, retinal degeneration, retina, mouse model, gene therapy,
neurodegeneration, in utero therapy, viral gene transfer, genetic disease, phototransduction

INTRODUCTION

Leber congenital amaurosis (LCA) is a genetically hetero-
geneous disorder that causes severe visual deficits in
infants [1]. About 10% of LCA is caused by mutations
in the gene encoding RPE65 [2,3]. RPE65 is a highly
conserved 61-kDa protein (previously thought to be 65
kDa) that is primarily expressed in the microsomal mem-
brane fraction of the retinal pigment epithelium (RPE).
Characteristically, the visual cycle in Rpe65� / � mice is
blocked, and these animals are not able to produce
biochemically detectable 11-cis-retinal. Consequently,
rhodopsin regeneration is impaired, resulting in severely
abnormal retinal function [4].

RPE65 expression is developmentally regulated. In
rats, Rpe65 message is detected as early as embryonic
day (E) 18 and protein is evident between postnatal
days (P) 4 and 5, persisting throughout adulthood [5].
While Rpe65� / � mice exhibit severe and early impair-

ment of retinal function, there is a gross preservation
of retinal structure. Nevertheless, there are some early
microscopic abnormalities, including the presence of
RPE inclusions during the first week of birth, shorter
and disorganized rod outer segments at 1 month of
age, and significantly reduced levels of opsin com-
pared to wild-type animals [4,6]. RPE65 is also strong-
ly expressed in the human fetal eye. Evidence is
mounting that the human retinal disease resulting
from RPE65 mutations may be more aggressive than
murine or canine models. Retinal histological abnor-
malities were present in an aborted fetus with an
RPE65 mutation [7] and retinal thinning has been
documented in 12- and 13-year-old LCA patients with
RPE65 mutations [8]. While LCA patients can fre-
quently retain some useful visual function through
adolescence [9], early intervention may be necessary
to correct the disease phenotype fully. In the present
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study, we have tested the efficacy of the earliest
possible intervention—in utero intervention. In addi-
tional cohorts, we administered treatments during the
first months of postnatal life. The results demonstrate
that both fetal and early postnatal intervention can
correct the LCA phenotype.

RESULTS

In Utero and Postnatal Retinal Gene Therapy: No
Impairment of Development or Growth
We introduced AAV2/1-CMV-hRPE65 into fetal (E14) and
young adult (P30 and P75) Rpe65� / � mice as shown in
the time line (Fig. 1a). During the period under study, the
eye undergoes dramatic growth and the retina transforms
from a homogeneous-appearing group of progenitor cells
to a laminated structure containing many different spe-
cialized retinal cell types. (Figs. 1b and 1c). Each animal
received a single subretinal injection of AAV2/1-CMV-
hRPE65 in one eye. The contralateral eye was left un-
touched (fetus) or received a subretinal injection of
phosphate-buffered saline (PBS; adult).

For the in utero studies, we injected 52 fetuses in 12
operations. Thirty-one pups were delivered without com-
plications and 13 survived to adulthood. (The pups that
did not survive to adulthood were neglected and canni-
balized by foster mothers.) The surviving animals devel-

oped normally, and the eyes/retinas had no apparent
macroscopic or microscopic abnormalities.

RPE65 Expression after in Utero AAV2/1-Mediated
Retinal Gene Therapy
Following fetal subretinal delivery of virus, we detected
RPE65 immunohistochemically on P0 in the RPE (Fig. 2a)
and RPE65 persisted throughout the course of the studies
(through age 5–6 months). Immunohistochemical find-
ings shown in Fig. 2b represent the 3-month time point.
Adult administration of virus also resulted in stable
transduction of RPE (data not shown). We did not detect
RPE65 protein in untreated or control-injected Rpe65� / �

retinas (Fig. 2c).

Improvement of Retinal Function after in Utero Gene
Therapy
We assayed retinal function with electroretinography
(ERG) 1–2 months after subretinal injections of AAV2/
1-CMV-hRPE65 delivered in utero (n = 13) or at the
postnatal age of 1–2.5 months (n = 30). ERG waveforms
from the two eyes (Eye 1, Eye 2) of a representative 2-
month-old Rpe65� / � mouse injected in utero at E14
exemplify the treatment effect (Figs. 3a and 3b). ERGs
in Eye 2 (defined below) resemble normal responses (Fig.
3a, left) with a near-normal threshold of �2.9 log scot-cd
s m� 2 (ERG b-wave thresholds for Rpe65+/ +, � 3.9 F 0.3

FIG. 1. Change in size and retinal lamination

of the mouse eye with age. The volume/

surface of the eye increase dramatically over

the course of development. (a) For size

perspective, globes of C57BL/6 mice are

shown at E14, P1, P7, and adulthood (P30,

P75). AAV2/1-CMV-hRPE65 was adminis-

tered to animals on E14, P30, and P75

(arrows). Corresponding histology at (b) low

magnification and (c) higher magnification

shows the undifferentiated retinal progenitor

cells at E14 and the lamination of the mature

retina. RPE, retinal pigment epithelium; OS,

outer segments of the photoreceptors; IS,

inner segments; ONL, outer nuclear layer;

INL, inner nuclear layer; GCL, ganglion cell

layer. Arrowhead indicates position of the

RPE. Original magnifications: a and b,

11.7�; c, E14, 40�, adult, 20�.
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log scot-cd s m� 2, n = 6). In contrast, Eye 1 has barely
recordable responses to these light stimuli, with a thresh-
old of � 0.5 log scot-cd s m� 2, similar to uninjected
Rpe65� / � mice (� 0.6 F 0.3 log scot-cd s m� 2, n = 8).
The ERG b-wave threshold improvement in Eye 2 is likely

due to a substantial increase in rod photoreceptor sensi-
tivity, as demonstrated with photoresponses in the same
mouse (Fig. 3b). Eye 2 shows a fast photoresponse leading
edge (peaking near 4 ms) with a near-normal sensitivity
of 3.39 log scot-cd� 1 m2 s� 3 (sensitivity for Rpe65+/ +, 3.2

FIG. 3. Improvement of retinal function by gene therapy in Rpe65� / � mice in utero. (a) Dark-adapted electroretinograms (ERGs) from the two eyes (Eye 1, Eye 2)

of a representative Rpe65� / � mouse 2 months after a monocular in utero subretinal injection of AAV2/1-CMV-hRPE65. ERGs were evoked by increasing intensities

of blue light stimuli (stimulus luminance is to the left of key traces). Traces start at stimulus onset. ERG waveforms from Eye 1 are severely abnormal (elevated b-

wave threshold of 3–4 log units) and resemble those from uninjected Rpe65� / � mice. Eye 2 responses are dramatically different and more like those of an age-

matched normal mouse (left column, for comparison). The b-wave threshold is near normal and there are sizeable but abnormal amplitudes; an a-wave can be

detected at the brighter intensities. (b) Leading edges of dark-adapted photoresponses (symbols) evoked in the eyes of the Rpe65� / � mouse shown in (a);

normal photoresponses to the same stimuli are shown on the left. Lines are the model of rod phototransduction activation fitted as an ensemble to the

photoresponses. (c and d) Retinal function results from all animals in all groups. For in utero-injected animals (left), Eye 1 is defined as the eye with the lower

photoresponse sensitivity. Red-filled symbols (‘‘treatment success’’) represent those results falling beyond the 99% confidence interval limit (upper boundary of

the gray bars) for each parameter determined from uninjected age-matched Rpe65� / � mice. Lines connect data obtained from the two eyes of each animal.

Many of the Eye 2 group show retinal function that is as good as or better than that in eyes treated postnatally (Tx, right).

FIG. 4. Rhodopsin is present in Rpe65� / � mouse retinas treated with AAV2/1-CMV-hRPE65. Absorbance difference spectra of rhodopsin and opsin from Eye 1

and Eye 2 of in utero-treated Rpe65� / � mice (purple traces) and from eyes of mice treated postnatally (black lines). Rhodopsin–opsin data are shown for animals

treated (b) in utero or (c) as adults: the abscissa gives the amount of opsin determined for each eye, while the ordinate gives the amount of rhodopsin recovered

from the same eye; lines connect the data obtained from the two eyes of each mouse. (c) For animals injected as adults, the rhodopsin–opsin values are

compared in control and treated eyes. Many of the samples in the Eye 2 group show rhodopsin– opsin ratios that are as good as or better than those in eyes

known to be treated postnatally. The gray bar represents the noise level for detection of the presence of rhodopsin, set by the 95% confidence interval about the

mean of the values for the untreated eyes of the mice in the postnatal group (black triangles).

FIG. 2. RPE65 protein is detected immunohistochemi-

cally in retinas of Rpe65�/� animals treated with

AAV2/1-CMV-hRPE65. (a) RPE65 protein (green label)

is detected in the RPE as early as P0 following

administration of vector to the fetal retina (E14). (b)

Adult retina injected with AAV2/1-CMV-hRPE65 in

utero and evaluated 3 months posttreatment. (c)

Contralateral (control) eye to that shown in (b). There

is no detectable RPE65 protein in (c). Similar RPE

expression profiles were seen when animals were

injected postnatally (not shown). Original magnifica-

tions: (a) Composite of photos taken at 5�, (b and c)

20�. RPE, retinal pigment epithelium; OS, outer

segment layer; IS, inner segment layer; ONL, outer

nuclear layer; INL, inner nuclear layer; GCL, ganglion

cell layer.
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F 0.2 log scot-cd� 1 m2 s� 3, n = 6). Eye 1, on the other
hand, has a very slow photoresponse leading edge (peak-
ing near 10 ms), with a sensitivity of 1.68 log scot-cd� 1

m2 s� 3 (sensitivities for uninjected Rpe65� / � mice, 2.0 F
0.3 log scot-cd� 1 m2 s� 3, n = 8).

We chose two ERG parameters, ERG b-wave threshold
and photoresponse sensitivity, to evaluate efficacy of the
gene therapy, considering that Rpe65 deficiency causes
photoreceptors to be extremely insensitive to light due to
a lack of 11-cis-retinal chromophore [4]. In animals

injected in utero, we did not know the identities of the
control and the treated eyes. Therefore, we used ERG
results in postnatally treated animals, in which the treat-
ment eye was known, to interpret the results of the in
utero experiments. For postnatally treated eyes, both ERG
parameters were significantly better than in control eyes
(ERG b-wave thresholds � 1.9 F 1.2 versus 0.2 F 0.3 log
scot-cd s m� 2, P < 0.001; photoresponse sensitivity 2.8 F
0.6 versus 1.7 F 0.3 log scot-cd� 1 m2 s� 3, P < 0.001).
When ‘‘treatment success’’ was defined as a parameter

FIG. 4.

FIG. 3.
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value better than the 99% confidence interval of results
obtained in age-matched uninjected Rpe65� / � eyes, post-
natal treatment had an ~80% success rate (Figs. 3c and
3d, red symbols).

For animals treated in utero, we ordered the data from
the two eyes as follows: the eye with lower photoresponse
sensitivity was designated Eye 1 and the eye with higher
sensitivity Eye 2. None of the Eye 1 group showed
treatment success for either ERG parameter, whereas
54% of the Eye 2 group showed treatment success for
ERG b-wave threshold and 70% for photoresponse sensi-
tivity (Figs. 3c and 3d). The ERG parameters were signif-
icantly better in the Eye 2 group compared to Eye 1 (ERG
b-wave thresholds � 1.3 F 1.5 versus � 0.1 F 0.4 log
scot-cd s m� 2, P = 0.003; photoresponse sensitivity 2.5 F
0.9 versus 1.4 F 0.5 log scot-cd� 1 m2 s� 3, P < 0.001). In
two animals on which we performed both immunocyto-
chemistry and ERGs, the eyes with the greater photo-
response sensitivity showed Rpe65 expression.

Correction of the Biochemical Defect after in Utero
AAV2/1-Mediated Retinal Gene Therapy
We also tested the ability of the photoreceptors to gen-
erate rhodopsin. We harvested dark-adapted retinas of
the Rpe65� / � animals injected in utero and of control and
treated eyes from animals injected as adults. We extracted
visual pigment from 4- to 5-month-old mice (n = 4) and
P15 mice (n = 2) that had been treated in utero and from 6-
month-old adult animals that had been treated at age 2.5
months (n = 7). We measured the rhodopsin content of
each eye spectrophotometrically in relation to the total
amount of opsin. We found significant levels of rhodop-
sin in both adult and fetal AAV2/1-CMV-hRPE65-treated
retinas (Fig. 4a). In animals injected in utero, we defined
Eye 1 and Eye 2 as the eyes with lower or higher rhodop-
sin content, respectively. We recovered an average of 67
pmol of rhodopsin in Eye 2 of the in utero-treated ani-
mals, which was comparable to the average value of 57
pmol recovered from animals treated postnatally (Figs. 4b
and 4c). We obtained the highest rhodopsin recovery in
Eye 2 of a mouse treated as a fetus (190 pmol), a level
about two-thirds of that measured in wild-type C57BL/6
mice under the same conditions (297 F 85, n = 84;
Lyubarsky et al., unpublished data (Fig. 4b)). We did not
detect rhodopsin in untreated or control-injected adult
Rpe65� / � retina (Figs. 4a and 4c) or in Eye 1 of the mice
treated as fetuses (Figs. 4a and 4b). In four of the animals
with in utero treatment, we measured both ERGs and
rhodopsin levels; in all eight eyes, the results were con-
cordant in terms of treatment success. We also measured
the opsin content of the AAV-treated and untreated eyes
using in vitro regeneration in the presence of excess 11-cis-
retinal, and the levels in left and right (experimental
versus control) eyes were comparable (160 vs 162 pmol;
Fig. 4). The ratio of recovered rhodopsin to total opsin in
a treated eye is a measure of treatment success: this ratio

was 0.42 for the eyes of the mice treated postnatally and
0.41 for the eyes treated in utero in which rhodopsin was
identified (Eye 2) (Fig. 4b).

DISCUSSION

In utero somatic gene transfer has been accomplished in
different organ systems [10–14] but has been therapeuti-
cally successful as yet only in animal models of hemo-
philia, mucopolysaccharidosis, and epilepsy [10,15–19]
Our results demonstrate rescue of vision, measurable by
immunohistochemistry, electrophysiology, and bio-
chemistry, following in utero gene transfer in a murine
model of a congenital blinding disease. Remarkably, fetal
retinal gene transfer does not interfere with transforma-
tion of the retina from the undifferentiated retinal pro-
genitor stage to the laminated differentiated structure
found in the adult, and the retinal electrophysiology we
performed suggests development of normal synaptic con-
nections. Two of the animals with in utero treatment
showed nearly normal ERGs; one of the two that had
visual pigment measurements showed a nearly normal
complement of rhodopsin. Success at this level has not
been reported to date in any treatment modality of
retinal degeneration [20–23]. Rescue of vision was also
demonstrated in adult Rpe65� / � mice, similar to that
previously reported after treatment of canine RPE65
mutants [20]. Biochemical results (rhodopsin measure-
ments) in the present study provided additional informa-
tion regarding gene therapy-mediated correction of the
phototransduction cycle.

The ability to achieve a therapeutic effect on retinal
function after delivery to the adult retina of the murine
model of LCA adds generality to the previous success
observed in treatment of the retina of the canine model
of the same disease [20]. Of course, there are many more
steps (ranging from safety studies to discussion of ethical
implications) that must be taken before in utero gene
therapy for human retinal disease becomes a reality.
Nevertheless, the results from this study indicate that in
utero treatment of a congenital blinding disease is indeed
possible. In addition, the success reported here after in
utero gene delivery has important implications for the
many retinal diseases that have a strong developmental
component or a rapid early postnatal course of retinal
degeneration and visual loss [24]. In utero treatment could
potentially correct the defect before significant organ
damage has evolved and could prevent downstream de-
velopmental abnormalities of the retina leading from
primary photoreceptor and RPE disease [7,25,26]. Con-
genital retinal disease can cause human visual cortical
reorganization [27] and thus raises the concern that
abnormal visual experience early in life may frustrate
postnatal treatment strategies, making an in utero ap-
proach attractive. Finally, given the similarities in pat-
terns of differentiation of the retina with the brain, fetal

MOLECULAR THERAPY Vol. 9, No. 2, February 2004186
Copyright D The American Society of Gene Therapy

ARTICLE doi:10.1016/j.ymthe.2003.11.013



gene delivery may prove to be an efficient, stable, and
safe mode with which to correct developmental defects
affecting other portions of the central nervous system.

MATERIALS AND METHODS

Virus preparation (AAV2/1-CMV-hRPE65). RNA was isolated from a

human-derived RPE cell line, ARPE19, using TRIZOL reagent (Invitrogen,

Carlsbad, CA, USA). The RNA was reverse transcribed using the Super-

script Preamplification System for First-Strand cDNA Synthesis (Invitro-

gen). The target cDNA was amplified via PCR using the components of the

Advantage-HF 2 PCR Kit (BD Biosciences Clontech, Palo Alto, CA, USA).

Two primers were designed for this purpose. The forward primer encoded

a NotI end and the first 30 bp of the hRPE65 cDNA (5V-AAG-

GAAAAAAGCGGCCGCATGTCTATCCAGGTTGAGCATCCTGCTGGT-3V).

The reverse primer encoded a ScaI end and the last 39 bp of the hRPE65

cDNA (5V-AAAAGTACTTCAAGATTTTTTGAACAGTCCATGAAAGGTGA-

CAGGGAT-3V). PCR product was purified and cloned into the PCR Blunt

II TOPO vector using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen).

Verification of the identity of the hRPE65 cDNA was made by DNA

sequencing. The cDNA was subsequently excised using NotI and ScaI

and subcloned into pAAV2.1CMVeGFP3 (provided by J. Wilson, Univer-

sity of Pennsylvania), an AAV vector carrying a CMV promoter and

poly(A) tail. The AAV2/1 serotype was selected for its ability to target

mainly RPE cells [11]. Virus was prepared by triple transfection and

titered, as previously described (3.9 –6.8 � 1013 particles/ml) using a

real-time PCR-based assay [28]. In addition, the purity of the virus was

assessed by the QCL-1000 Chromogenic Endpoint Limulus Amebocyte

Lysate assay (BioWhittaker, Inc., Walkersville, MD, USA) to detect endo-

toxin associated with gram-negative bacteria. The virus preparations used

in these studies were free of any significant endotoxin contaminants.

Animals and postnatal virus administration. Rpe65� / � mice were gen-

erated as described [4]. All procedures were performed in adherence with

institutional guidelines and were approved by the Institutional Animal

Care and Use Committee. Virus (1 Al; 5 � 1010 particles) was delivered

unilaterally and subretinally to adult mice (1 –2.5 months of age) via a

transscleral transchoroidal approach. Contralateral eyes received subreti-

nal injection of PBS and served as a control. Animals were maintained for

2–4 months during which time ERGs were performed. Representative

eyes were evaluated immunohistochemically for presence of RPE65 pro-

tein. Biochemical assays of opsin and rhodopsin levels were performed

when animals were 4–6 months of age (3– 4 months after injection).

In utero delivery of AAV2/1-CMV-hRPE65. Fetal subretinal injections

were performed in pregnant Rpe65� / � mice on E14, where E0 was the day

on which a vaginal plug was detected. Ex utero surgery was performed as

described [11]. A midline laparotomy was performed and the uterus was

exposed. After the uterus wall was incised, the fetuses were released using

cotton swabs. These swabs were also used to control bleeding throughout

the surgery. One eye was injected in the two or three fetuses remaining in

the uterine horn. Phosphate-buffered saline containing penicillin/strep-

tomycin (PBS/pen/strep; Gibco) was used for lavage of the peritoneum and

the exposed fetuses during the surgical procedure. After the uterine wall

was incised, one eye of each fetus was injected by inserting a virus-filled

glass needle directly through the extraembryonic membrane into the

subretinal space. Material (0.1 Al) was injected through this needle, which

had a tip diameter of 15 –20 Am, using a pressure microinjector (Harvard

Apparatus, Holliston, MA, USA). To verify the position of the micropipette

tip and the accuracy of the injections, the virus was combined with 0.025%

(wt/vol) Fast green (Sigma, St. Louis, MO, USA). Accurate subretinal

injections could be appreciated by observing a slow spread of the dye

from the peripheral injection site throughout the subretinal space. Only

one eye was injected in fetuses and the contralateral uninjected eyes served

as controls. The eye that was most accessible was injected subretinally.

Since it was not possible to mark each fetus according to which eye was

injected, histological, biochemical, and functional analyses were used in a

‘‘masked’’ fashion to identify the treated retinas after birth (see Results).

Prior to closing of the abdominal wall, the peritoneum was filled with the

PBS/pen/strep solution. The fetuses were delivered by cesarean section on

gestational day 19 and fostered to surrogate mothers. ERGs were per-

formed when animals were 1– 2 months of age and opsin and rhodopsin

measurements made at age 5 months. Representative eyes were evaluated

immunohistochemically for presence of RPE65 protein.

Electroretinograms. Our ERG recording methodology in rodents has been

described [29]. Briefly, dark-adapted (overnight) animals were anesthe-

tized with an intramuscular injection of a mixture of ketamine HCl (65

mg/kg) and xylazine (5 mg/kg) and pupils were dilated with tropicamide

(1%) and phenylephrine (2.5%). Full-field bilateral ERGs were recorded

using a custom-built ganzfeld, a computer-based system (EPIC-XL; LKC

Technologies, Inc, Gaithersburg, MD, USA), and specially made contact

lens electrodes (Hansen Ophthalmics, Iowa City, IA, USA). Medium- and

high-energy (10 As and 1 ms duration, respectively) flash stimulators (with

unattenuated maximal white flash luminances of 0.8 and 3.6 log scot-cd s

m� 2, respectively) were used. Neutral density (Wratten 96; Kodak, Roches-

ter, NY, USA) and blue (Wratten 47A) filters served to attenuate and

spectrally shape the stimuli. First, dark-adapted ERGs were obtained with

increasing intensities (� 4.2 to 0.1 log scot-cd s m� 2) of blue flashes. Next,

dark-adapted ERG photoresponses were evoked with two flash intensities

(blue 2.2 and white 3.6 log scot-cd s m� 2). The threshold intensity to evoke

a criterion (20 AV) ERG b-wave response was determined by plotting b-

wave amplitudes (measured conventionally from baseline or a-wave

trough to positive peak) as a function of stimulus intensity and linearly

interpolating the stimulus intensity value that corresponded to the crite-

rion amplitude. Leading edges (4 to 10 ms, depending on the response) of

photoresponses were fitted as an ensemble with a model of rod photo-

transduction activation [30], and maximum amplitude and sensitivity

parameters were derived. Paired t tests were used to determine the statis-

tical significance of differences between treated and control eyes.

Rhodopsin assay. Individual retinas were harvested and sonicated in the

dark in 0.5– 1 ml of water. The sonicated homogenate was divided into

two aliquots, one for rhodopsin measurement and the other for opsin

measurement. To measure rhodopsin, hydroxylamine (Sigma) was added

to a final concentration of 10 mM and the differential spectrum after/

before illumination was recorded. Spectra were measured using a Lambda

20 spectrophotometer (Perkin –Elmer, Wellesley, MA). The concentration

of rhodopsin was obtained from the change in absorbance at 500 nm. To

measure regeneration-competent opsin, 11-cis-retinal (a gift from Dr.

Rosalie Crouch, Medical University of South Carolina) or 9-cis-retinal

(Sigma), at 10-fold excess of the expected amount of opsin from an

average C57BL/6 (wild-type) retina [6], was added to the retinal homog-

enate and incubated for 30 min at 37jC. This treatment results in

reconstitution of either rhodopsin from opsin and 11-cis-retinal or iso-

rhodopsin from opsin and 9-cis-retinal. Rhodopsin or isorhodopsin con-

centrations were determined spectrophotometrically as described above.

In the case of 9-cis-retinal, the change in absorbance at 480 nm was used

to quantify the isorhodopsin concentration. The molar extinction coef-

ficients used were 42,000 and 44,000 for rhodopsin and isorhodopsin,

respectively [31]. To validate the opsin regeneration protocol, sonicated

retinal homogenate from dark-adapted wild-type mice was divided into

two aliquots, rhodopsin was measured in one of them, the second aliquot

was completely bleached and regeneration-competent opsin was mea-

sured as has been outlined. The efficiency of rhodopsin and isorhodopsin

reconstitution was >95%. Rhodopsin and opsin were measured in each

retina, unless otherwise specified.

Immunohistochemistry. Eyes were enucleated, fixed in 4% paraformal-

dehyde/PBS overnight, cryoprotected with 30% sucrose/PBS, and embed-

ded in optimal cutting temperature compound (Fisher Scientific,

Pittsburgh, PA, USA). A cryostat (Reichert Jung Model 8200, Leica Micro-

systems, Inc., Wetzlar, Germany) was used to obtain 10-Am-thick serial

sections. RPE65 was labeled with a polyclonal rabbit anti-RPE65 primary

antibody (PETLET; 1:200) [4]. This antibody is designed to target an

RPE65-specific amino acid sequence found in diverse species. The primary
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anti-RPE65 antibody was detected with an anti-rabbit Alexa 468 second-

ary antibody (1:100; Molecular Probes, Eugene, OR, USA). Sections were

evaluated with a Leica DME microscope (Leica Microsystems, Inc.)

equipped with epifluorescence and images were captured with a Hama-

matsu digital camera and Openlab 2.2 image analysis software (Improvi-

sion, Inc., Boston, MA, USA).
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