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 Leber congenital amaurosis (LCA) is the designation for
a group of autosomal recessive blinding retinal dystrophies
that represent the most common genetic causes of congenital
visual impairment in infants and children. About 10% of LCA
cases are caused by mutations in the gene encoding RPE65
[1,2]. RPE65 is a highly conserved 61 kDa protein that is
present in the smooth endoplasmic reticulum of the retinal
pigment epithelium (RPE) [3], and is essential for the conver-
sion of vitamin A from all-trans retinol to 11-cis retinal, the
chromophore of the visual pigments [4]. The Rpe65 gene has
been mapped in the mouse to chromosome 3 (Chr 3) in an
interspecific backcross [5]. The Rpe65 gene consists of 14
exons encoding a 533 amino acid protein [6]. To date, RPE65

studies in mouse have relied heavily on a knockout mouse
reported by Redmond et al. [7]. Rpe65-/- mice develop a slow
retinal degeneration accompanied by over accumulation of all-
trans-retinyl esters in the RPE, while 11-cis-retinyl esters and
11-cis retinal are absent. Concomitantly, outer segment discs
of rod photoreceptors in Rpe65-/- mice become disorganized
compared with those of Rpe65+/+ and Rpe65+/- mice. Rpe65-/-

mice have severely depressed light and dark adapted electrore-
tinogram (ERG) responses as a result of low levels of chro-
mophore [7,8]. Residual responses are attributed to rod func-
tion having decreased sensitivity (similar to that of cones) [9]
and proposed to be sustained by small amounts of 9-cis reti-
nal that serves as the chromophore for opsin [10]. The associ-
ated pathogenic mechanism likely is due to increased levels
of unregenerated opsin apoprotein that result in constitutive
activation of the visual cascade [11].
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Purpose: To report the phenotype and characterization of a new, naturally occurring mouse model of hereditary retinal
degeneration (rd12).
Methods: The retinal phenotype of rd12 mice were studied using serial indirect ophthalmoscopy, fundus photography,
electroretinography (ERG), genetic analysis including linkage studies and gene identification, immunohistochemistry,
and biochemical analysis.
Results: Mice homozygous for the rd12 mutation showed small punctate white spots on fundus examination at 5 months
of age. The retina in the rd12 homozygote had a normal appearance at the light microscopic level until 6 weeks of age
when occasional voids appeared in the outer segments (OS) of the photoreceptor (PR) cells. The outer nuclear layer
(ONL) appeared normal until 3 months of age though more obvious voids were detected in the OS. By 7 months of age, 6
to 8 layers of ONL remained in the mutant retina, and the OS were obviously shorter. The first sign of retinal degeneration
was detected at the electron microscopic level around 3 weeks of age when occasional small lipid-like droplets were
detected in the retinal pigment epithelium (RPE). By 3 months of age, much larger, lipid-like droplets accumulated in RPE
cells accompanied by some OS degeneration. While the histology indicated a relatively slow retinal degeneration in the
rd12 homozygous mutant mice, the rod ERG response was profoundly diminished even at 3 weeks of age. Genetic analy-
sis showed that rd12 was an autosomal recessive mutation and mapped to mouse chromosome 3 closely linked to D3Mit19,
a location known to be near the mouse Rpe65 gene. Sequence analysis showed that the mouse retinal degeneration is
caused by a nonsense mutation in exon 3 of the Rpe65 gene, and the gene symbol for the rd12 mutation has been updated
to Rpe65rd12 to reflect this. No RPE65 expression, 11-cis retinal, or rhodopsin could be detected in retinas from rd12
homozygotes, while retinyl esters were found to accumulate in the retinal pigment epithelium (RPE).
Conclusions: Mutations in the retinal pigment epithelium gene encoding RPE65 cause an early onset autosomal recessive
form of human retinitis pigmentosa, known as Leber congenital amaurosis (LCA), which results in blindness or severely
impaired vision in children. A naturally arising mouse Rpe65 mutation provides a good model for studying the pathology
of human RPE65 mutations and the effects of retinyl ester accumulation.
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Mouse models of spontaneous retinal degenerations have
been used for many years to provide insight into the etiolo-
gies of human retinal degenerations and to provide retinal tis-
sue to study the pathology of disease progression. Mouse
models of retinal degeneration have provided good initial tem-
plates for gene and pharmacological therapies. Many of these
models have come from screening mice from genetically in-
dependent mouse strains and stocks at The Jackson Labora-
tory (TJL) by indirect ophthalmoscopy and electroretinogra-
phy (ERG) [12-16]. In the present study, we have identified a
new retinal degeneration mutation, retinal degeneration 12
(rd12), which is associated with distinctive white dots on the
retina that develop with age. We show that the rd12 retinal
degeneration is caused by a nonsense mutation in exon 3 of
the Rpe65 gene. Our functional and biochemical studies con-
firm that vitamin A metabolism and visual processing are dis-
rupted in the rd12 mouse. This naturally occurring mutation
(Rpe65rd12) provides another valuable mouse model for LCA.

METHODS
Animals:  The mice in this study were bred and maintained in
standardized conditions in the Research Animal Facility at TJL
and the University of Florida. They were maintained on NIH31
6% fat chow and acidified water, with a 14 h light/10 h dark
cycle in conventional facilities that were monitored regularly
to maintain a pathogen free environment. All experiments were
approved by the Institutional Animal Care and Use Commit-
tees and conducted in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.

Origin:  rd12 was discovered in one male mouse of the
B6.A-H2-T18a/BoyEg strain at 10 months of age; at that time
small, discrete white dots were present throughout the fundus
(Figure 1). This male mouse was mated to a C57BL/6J female
and then mated to the F1 female mice. The F1 mice had nor-
mal retinas, but some of the backcrossed mice showed a simi-
lar retinal phenotype with small, discrete dots in the fundus.
These affected mice were mated with each other to produce
the rd12 mouse colony. Subsequently, the rd12 stock was
maintained by repeated backcrossing to C57BL/6J to make a
congenic inbred strain, hereafter referred to as B6-rd12.

Clinical retinal evaluation:  Twenty mice used in clinical
characterization studies had pupils dilated with 1% atropine
ophthalmic eye drops and were evaluated by indirect ophthal-
moscopy with a 78 D lens. Signs of retinal degeneration, such
as vessel attenuation, alterations in the RPE, and presence or
absence of retinal dots were noted. Fundus photographs were
taken with a Kowa Genesis small animal fundus camera (Tor-
rance, CA) [17].

Electroretinography:  After at least 6 h of dark adapta-
tion, mice were anesthetized with an intraperitoneal injection
of normal saline solution containing ketamine (15 mg/g) and
xylazine (7 mg/g body weight). Electroretinograms (ERGs)
were recorded from the corneal surface of one eye after pupil
dilation (1% atropine sulfate) using a gold loop electrode ref-
erenced to a gold wire in the mouth. A needle electrode placed
in the tail served as ground. A drop of methylcellulose (2.5%)
was placed on the corneal surface to ensure electrical contact

and to maintain corneal integrity. Body temperature was main-
tained at a constant temperature of 38 °C using a heated water
pad. All stimuli were presented in a Ganzfeld dome (LKC
Technologies, Gaithersburg, MD) whose interior surface was
painted with a highly reflective white matte paint (No. 6080;
Eastman Kodak, Rochester, NY). Stimuli were generated with
a Grass Photic Stimulator (model PS33 Plus; Grass Instru-
ments, Worcester, MA) affixed to the outside of the dome at
90° to the viewing porthole. Dark adapted responses were re-
corded to short wavelength (λ

max
 = 470 nm; Wratten 47A fil-

ter) flashes of light over a 4.0 log unit range of intensities (0.3
log unit steps) up to the maximum allowable by the photic
stimulator. Light adapted responses were obtained with white
flashes (0.3 steps) on the rod saturating background after 10
min of exposure to the background light to allow complete
light adaptation. Responses were amplified (Grass CP511 AC
amplifier, x10,000; 3 dB down at 2 and 10,000 Hz) and digi-
tized using an I/O board (model PCI-1200; National Instru-
ments, Austin, TX) in a personal computer. Signal processing
was performed with custom software (LabWindows/CVI;
National Instruments). Signals were sampled every 0.8 ms over
a response window of 200 ms. For each stimulus condition,
responses were computer averaged with up to 50 records av-
eraged for the weakest signals. A signal rejection window could
be adjusted during data collection to eliminate electrical arti-
facts.

Gene mapping and sequencing:  To determine the chro-
mosomal location of the rd12 gene, we mated B6-rd12 mice
to CAST/EiJ mice. The F1 mice, which exhibit no retinal ab-
normalities, were backcrossed (BC) to B6-rd12 mice. Tail DNA
was isolated as previously reported [18]. DNAs of the 92 BC
offspring were genotyped using microsatellite markers to de-
velop a structure map of the region. For PCR amplification,
25 ng DNA was used in a 10 µl volume containing 50 mM
KCl, 10 mM Tris-HCl, pH 8.3, 2.5 mM MgCl

2
, 0.2 mM oligo-

nucleotides, 200 µM dNTPs, and 0.02 U AmpliTaq DNA poly-
merase. The reactions, were initially denatured for 3 min at 94
°C, then subjected to 40 cycles of 15 s at 94 °C, 1 min at 51
°C, 1 min at 72 °C, and then a final 7 min extension at 72 °C.
PCR products were separated by electrophoresis on 3%
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TABLE 1. PCR PRIMERS

 Gene              Primer
-------   -------------------------
Rpe65-1   F: TAAGAACTTGCTTCCTCATC
          R: CTGCTTAATTGTCTCCAAGG

Rpe65-2   F: TGTAAATATCTACCCAGTGG
          R: ACATATCTCCTGACTTCAGG

Rpe65-3   F: GGTCTGACTCCCAACTATATCG
          R: TTCCAGAGCATCTGGTTGAG

Rpe65-4   F: CTAAAGAAATCTGGATGTGG
          R: oligo(dT) primer

The table lists the primers used to amplify overlapping cDNA frag-
ments and sequence directly.
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Figure 1. Fundus pictures of rd12 homozygotes and normal C57BL/6J mice.  There was no apparent fundus change in 3 month old rd12
homozygotes (A) by ophthalmoscopic examination. Small, evenly spaced white dots throughout the retina became apparent by 5 months of
age (B). These dots were still detectable in 7 month old (C) and 15 month old (D) rd12 mice. No similar dots could be detected in fundi of
C57BL/6J mice at 3 months (E) or 15 months (F).
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Figure 2. ERG responses under dark and light adapted
conditions..  ERG responses under dark adapted (A-
D) and light adapted (E-H) conditions. A and E: ERG
responses from 1 month old C57BL/6J control mouse.
ERG responses from representative 1 and 8 month
old rd12 mice are shown under dark adapted (B and
C, respectively) and light adapted (F and G) condi-
tions. D and H: Amplitude versus intensity response
functions under dark and light adapted conditions
(squares equal to C57BL/6J; down triangle equal to
rd12 at 1 month; up triangle equal to rd12 at 8 months).
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MetaPhor (FMC, Rockland, ME) agarose gels and visualized
under UV light after staining with ethidium bromide. Initially
a genome scan of microsatellite (Mit) DNA markers was car-
ried out on pooled DNA samples [19]. After detection of link-
age on Chromosome 3, the microsatellite markers D3Mit19,
D3Mit15, D3Mit11 were scored on individual DNA samples.
To test the Rpe65 gene as a candidate, we designed four pairs
of PCR primers based on mouse coding sequence from Celera
mouse genomic sequence (Celera, Foster City, CA;
Biosystems) to amplify overlapping cDNA fragments. The
human RPE65 mRNA (NM_000329) sequence was used to
blast the Celera mouse genome sequences. For direct sequenc-
ing, the PCR reaction was scaled up to 30 µl; amplification
was done for 36 cycles with a 15 s denaturing step at 94 °C, a
2 min annealing step at 60 °C, and a 2 min extension step at
72 °C. PCR products were purified from agarose gels using a
Qiagen kit (Qiagen Inc., Valencia, CA). Sequencing reactions

were carried out with automated fluorescence tag sequencing.
Total RNA was isolated from retinas of newborn mice by
TRIZOL LS Reagent (Invitrogen life technologies, Carlsbad,
CA) and the SuperScript™ preamplification system
(Invitrogen life technologies) was used to make first strand
cDNA. Primers used in the study are shown in Table 1.

Light and transmission electron microscopy (TEM):  Both
eyes from rd12 mutant mice and age matched C57BL/6J mice
were enucleated and eyecups were prepared for light and elec-
tron microscopic examination with previously described pro-
cedures [20,21]. 2-6 eyes were used for each age group. Eyes
were immediately removed and immersed in cold fixative, 4%
glutaraldehyde in 0.1 M phosphate buffer. Corneas were re-
moved and the eyes left in fixative for 24 h. The lens was then
removed followed by dehydration with a graded series of in-
creasing ethanol concentrations. Eyecups were embedded in
Epon mixture. For each sample, 0.5 µm thin sections were
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Figure 3. Linkage and sequence data.  A: Ninety-two back-cross progeny from the (B6-rd12 X CAST/EiJ)F1 X B6-rd12/rd12 were phenotyped
for ERG phenotype and genotyped for the indicated microsatellite markers. The black boxes represent homozygosity for B6 derived allele and
white boxes represent heterozygosity, B6 and CAST derived alleles. The number of chromosomes sharing the corresponding haplotype is
indicated below each column of squares. The order of marker loci was determined by minimizing the number of crossovers. The genotype for
rd12 was inferred from the phenotype. rd12 and D3Mit19 are tightly linked with no crossover (0/92). B: Genetic map of Chromosome 3 in the
rd12 region showing the closest markers (D3Mit19 at position 87.60 cM), the retinal expressed gene Rpe65 and the region of human homology
(1p31). C: The nucleotide sequences around the single base substitution at position 130 (C to T) in exon 3 are shown for the wild type (WT)
allele and the rd12 allele of the Rpe65 gene (GenBank accession number: AF410461). A novel mutation changes codon 44 CGA to a stop
codon TGA (amino acid change: Arg44Ter) in the Rpe65 gene in rd12 mice.
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stained with toluidine blue for light microscopy followed by
ultra thin section preparation for TEM examination.

Immunocytochemistry for Rpe65 expression: Three eyes
from C57BL/6J and 3 eyes from rd12 homozygotes at 2 month
of age were fixed with 4% paraformaldehyde. Eyecups were
prepared as described above, and frozen with Tissue Freezing
Medium (Triangle Biomedical Sciences, Durham, NC). Fol-
lowing permeabilization with 0.1% Triton X-100, 10 µm fro-
zen sections were rinsed in 0.1 M PBS, blocked in 20% nor-
mal goat serum (NGS), then incubated overnight at 4 °C in
rabbit polyclonal raised anti-human/bovine RPE65 antibod-
ies (kindly provided by Dr. T. Michael Redmond, NEI, NIH),
which were diluted in NGS to 1:400. After 3 rinses with 0.1
M PBS, sections were incubated in goat anti-rabbit Texas red
(1:300, Molecular Probes, Eugene, OR) for 2 h followed by 3
rinses with 0.1 M PBS. Sections were then mounted with cov-
erslips before fluorescence photography.

Purification of rhodopsin:  Normal C57BL/6J and rd12
homozygotes were dark adapted overnight, euthanized, and
the eyecups were prepared by removing the cornea and lens
under dim red light for each experiment. Four eyes from dif-
ferent mice were used for each age. Retinas were then sepa-
rated from the eyecups and collected individually in 1.0 ml
buffer A (10 mM sodium phosphate buffer, 137 mM NaCl,
1.0% n-Dodecyl-β-D-maltopyranoside [DM] and complete
protease inhibitor cocktail [Roche Diagnostics Corporation
Indianapolis, IN], pH 7.0) and sonicated for 10 s. The samples
were agitated gently overnight at 4 °C in the dark. The rhodop-
sin was purified essentially as described by Noorwez et al.
[22]. Briefly, the tubes were centrifuged at 36,000 rpm for 15
min at 4 °C in a Beckman tabletop ultracentrifuge and the

supernatants collected and incubated with 1D4 coupled
Sepharose 4B beads (by coupling 1D4 to CNBr activated
sepharose beads from Pharmacia according to their instruc-
tions) for 3.5 h at 4 °C. The beads were washed with buffer B
(10 mM sodium phosphate buffer, 0.1% DM, and complete
protease inhibitor cocktail, pH 6.0) and rhodopsin eluted in
buffer B containing 0.1 mM synthetic peptide corresponding
to the C-terminal 18 amino acids of rhodopsin for 1 h. The
tubes were spun briefly, the supernatants collected. The UV/
visible spectra were recorded with a Tidas II spectrophotom-
eter (World Precision Instruments, Sarasota, FL).

Retinoid analysis:  All procedures were carried out under
dim red light (>660 nm). Retinoids were analyzed following
slight modifications of the procedures of Groenendijk and
Smith [23,24]. Freshly purified rhodopsin from mouse retina
was dried under a stream of nitrogen at room temperature. A
1:1 mixture of methanol and 1 M NH

2
OH (pH 6.5), 0.1 ml,

was added to each sample and the samples were mixed on a
vortex shaker. Methanol was added to 70% and the samples
were mixed again in a 1.7 ml centrifuge tube. Water and
dichloromethane were added to yield 1:1:1 ratio of
water:methanol:dichloromethane. The extracts were vortexed,
briefly centrifuged, and the lower organic phase collected.
Addition of dichloromethane, vortexing, centrifugation and
collection of lower phase was repeated twice. The collected
organic phases were combined, and dried under a stream of
nitrogen gas. Samples were stored in the dark at -80 °C if not
analysed immediately. The residue was dissolved in 25 µl of
1% isopropyl alcohol in hexane and an aliquot was immedi-
ately injected onto an HPLC column (Luna, 5µ Silica (2) from
Phenomenex Torrance, CA) and resolved according to the pro-

©2005 Molecular VisionMolecular Vision 2005; 11:152-62 <http://www.molvis.org/molvis/v11/a17>

Figure 4. Light microscopic changes in rd12 retinas at various ages.  Retinas appeared normal at 6 weeks of age except some occasional outer
segments (OS) voids (A). The thickness of the OS and outer nuclear layer (ONL) remained nearly normal at 3 months although OS were more
disorganized and exhibited more voids (B). By 7 months, only 6 to 7 rows of ONL nuclei remained (C). By 27 months, most of the OS
disappeared or were greatly shortened and only 3-4 layers of ONL nuclei remained (D). The scale bar represents 20 µm.
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cedure of Smith and Goldsmith [24] using an isocratic elution
with 9% ethyl acetate in hexane.

Retinyl ester quantification and analysis:  At least 3 ani-
mals (6 eyes) were used for analysis at each age. From each
mouse the two eyecups with their RPE cell layer intact were
homogenized in 200 µl PBS. The homogenate was then ex-
tracted with 300 µl cold methanol and 300 µl hexane or 300
µl of dichloromethane and centrifuged at 10,000 x g for 5 min.
The organic phase was collected and the aqueous phase was
extracted twice more. The organic phase was dried under a
stream of nitrogen, dissolved in 25 µl of 1% isopropyl alcohol
and typically 20 µl was used to analyze for retinyl ester con-
tent by HPLC. The analysis was performed using a Luna, 5µ
Silica (2) HPLC column from Phenomenex. The analysis was
performed as described by Maeda et al. [25] with slight modi-
fications to the conditions focusing on the retinyl ester elution
region. After injection, the column was eluted with 1% ethyl
acetate in hexane for 15 min. The column was then washed
with 8% ethyl acetate in hexane for at least 5 min and then
equilibrated with 1% ethyl acetate in hexane for at least 5 min.

RESULTS
Clinical phenotype:  Mice homozygous for rd12 showed small
evenly spaced white dots throughout their retinas (Figure 1).
These small white dots became apparent upon ophthalmo-
scopic examination by 5 months of age. They are under reti-
nal vessels (that is, vessels pass over the white dots). The fun-

dus developed a mildly pigmented granular and mottled ap-
pearance by 15 months of age; individual spots could still be
seen, although less frequently, in mice up to about 2 years of
age (data not shown).

ERG phenotype:  ERG records obtained from rd12 mice
at 1 and 8 months of age are shown in Figure 2. Recordings
obtained from a 1 month old C57BL/6J mouse are shown for
comparison. Under dark adapted conditions, homozygous rd12
mice exhibited recordable, but severely attenuated, ERG sig-
nals to the brightest stimuli, even at the earliest age tested
(Figure 2B). A comparison of response amplitudes at 1 and 8
months of age relative to a normal control mouse is shown in
Figure 2D. Under light adapted conditions, ERG responses
were significantly more robust, with response amplitudes at
or near the normal range (Figure 2H). However, the timing of
peak components was delayed with respect to normal at all
ages with progressive delays and amplitude loss with age (data
not shown).

Genetic analysis:  Genetic analysis showed that rd12 is
an autosomal recessive mutation that maps to mouse Chro-
mosome 3. It is closely linked to D3Mit19 (no crossover was
found between rd12 and D3Mit19 in 92 linkage samples), sug-
gesting that the human homolog might be on Chromosome
1p31 where the human RPE65 gene is located (Figure 3A,B).
Sequence analysis of Rpe65 cDNA from rd12 homozygotes
showed a single base substitution at position 130 (C to T) in
exon 3, which leads to a stop codon at amino acid position 44

©2005 Molecular VisionMolecular Vision 2005; 11:152-62 <http://www.molvis.org/molvis/v11/a17>

Figure 5. Electron microscopic changes in 3 month old retinas from normal C57BL/6J and rd12 mice.  A: Normal RPE cells. B: rd12 RPE
cells. No lipid-like droplets could be detected in normal RPE cells, while many typical lipid-like droplets (arrows) could be observed in the
cytoplasm of rd12 RPE cells. Degenerating outer segments (OS; arrowheads) could be observed at this age. A nucleus (N) and the retinal
pigment epithelium (RPE) are also labeled. The scale bar represents 1 µm.
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(CGA to TGA, Figure 3C). This single base substitution was
confirmed by sequencing four more rd12 homozygotes. There
were no other changes in the Rpe65 gene sequence compared
to C57BL/6J (wildtype). We have deposited the C57BL/6J
cDNA sequence of the Rpe65 gene in GenBank (AF410461).
Since the retinal degeneration in rd12 homozygotes was caused
by a nonsense mutation in exon 3 of the Rpe65 gene, the gene
symbol for the rd12 mutation has been changed to Rpe65rd12.

Morphological phenotype:  By light microscopy, there
was little change in photoreceptor cells at 6 weeks except oc-
casional voids in the rod outer segments (OS) of rd12 homozy-
gotes (Figure 4A). Such voids increased progressively in fre-
quency and size and became very obvious by 3 months of age
(Figure 4B). However, the thicknesses of the OS layer and the
outer nuclear layer (ONL) were maintained (Figure 4B). By 7
months of age (Figure 4C), both OS and ONL became short-
ened. The ONL in rd12 homozygotes at 7 months contained 6
to 7 layers of nuclei compared with 10 to 11 layers in normal
C57BL/6J mice. By 27 months (Figure 4D), the OS of rods
were nearly absent while the ONL was decreased to 3-4 lay-
ers in rd12 homozygotes. RPE cells at this age became atro-
phied and hypopigmented.

By TEM, RPE cells appeared normal except occasional
small atypical lipid-like droplets at the age of 3 weeks in rd12
homozygotes (data not shown). The frequency and size of lipid-
like droplets increased slowly with age. By 3 months, relative
to the normal C57BL/6J mice (Figure 5A), there was signifi-
cant accumulation of such droplets in the RPE cytoplasm of
rd12, with more degenerating OS, perhaps corresponding to
OS voids in light microscopic picture at the same age (Figure
5B). Lipid-like droplets became progressively more frequent
and larger in RPE cells with an accompanying OS shortening

with age (data not shown). In contrast, there were no compa-
rable droplets detected at any age in the RPE of C57BL/6J
mice.

Biochemical phenotype:  Studies of RPE65 expression
using immunohistochemical analysis of retinal sections with
an anti-RPE65 antibody showed that RPE65 protein was
mainly localized to RPE cells in C57BL/6J mice, but was
undetectable in rd12 homozygotes (Figure 6). Quantitation of
rhodopsin visual pigment, formed when opsin apoprotein com-
bines with the chromophore 11-cis retinal, showed the typical
UV/visible spectrum with an absorption maximum at 500 nm
in C57BL/6J mice. The absorption spectra from different ex-
periments varied by less than 5%. A representative spectrum
is shown in Figure 7. No rhodopsin absorbance was detected
in rd12 homozygotes at a variety of ages from 2 weeks to 5
months, while rhodopsin had reached nearly its adult level by
5 weeks in normal C57BL/6J retina (Figure 7). In addition,
the typical purified opsin protein peak at 280 nm, detectable
in C57BL/6J mouse retinas as early as 8 days after birth (data
not shown), was much lower in rd12 homozygotes (Figure 7).
This lower level of opsin expression in rd12 homozygotes was
confirmed by western blot analysis (data not shown). Levels
of 11-cis retinal extracted from purified rhodopsin prepara-
tions and quantitated by HPLC analysis were undectable in
the retinas of rd12 homozygotes (data not shown). Levels of
retinyl esters in normal C57BL/6J and rd12 mice could be
detected at about 3 weeks of age. In normal C57BL/6J mice,
the levels remained low and stable thereafter (Figure 8). In
contrast, retinyl esters in rd12 homozygotes were detected at
levels similar to normal at 3 weeks of age but increased dra-
matically with increasing age. While the analyses were quite
variable, from 6 weeks of age there was a clear over accumu-
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Figure 6. RPE65 expression in retinas of normal C57BL/6J and rd12 homozygotes by immunostaining.  Rpe65 expression was localized
primarily in RPE cells of normal retina (left) while no RPE65 was detected in the rd12 retina (right). The retinal pigment epithelium (RPE),
outer segments (OS), outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) are labeled.
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lation of retinyl esters relative to normal controls. Compared
to C57BL/6J mice, retinal esters in rd12 homozygotes were
approximately 10 fold higher by 5 months of age when the
typical retinal white dots first appeared in the fundus of rd12
homozygotes.

DISCUSSION
 With the model reported in this paper, there are now two mouse
models for the human disease resulting from mutations in
RPE65. The first model was created by homologous recombi-
nation involving replacement of the first three exons and in-
tervening introns of Rpe65 by a neomycin resistance cassette
[7]. No fundus abnormalities in this Rpe65 knockout mouse
model were reported. This is in contrast to the rd12 mice, which
have small white dots throughout their retinas. These are most
easily seen at 6 to 9 months of age. It is not clear that such late
stages were examined in the Rpe65 knockout mouse. In the
model we now describe, a naturally occurring homozygous
130 C to T transition creates a premature stop codon, R44X,
in exon 3 that is predicted to result in loss of function due to
severe truncation of the protein and nonsense mediated mRNA
degradation. At least five other nonsense mutations are known
among the more than 60 RPE65 mutations found in retinal
dystrophy patients, with over half of all reported mutations
predicting premature stop codons due to splice site defects,
point mutations, and small rearrangements [26]. The retinas
of some of these Rpe65 lesion patients (RP20) have little white
dots [27]. RPE65 loss of function due to the R44X mutation
in rd12 homozygotes was confirmed in our studies by analy-
sis of retinal function, protein expression, and vitamin A me-
tabolism. A complementation test between Rpe65rd12 and Rpe65
knockout was not done; however, phenotypic rescue is seen
upon gene replacement therapy (data to be published).

Mice homozygous for rd12 have small, evenly spaced yel-
lowish white dots throughout their retinas. These small white

dots become apparent upon ophthalmoscopic examination by
5 months of age. The clinical phenotype of retinal spots and
flecks associated with retinal degeneration in rd12 homozy-
gotes is similar to human fundus albipunctatus (FA) caused
by biochemical defects in the RDH5 gene encoding 11-cis re-
tinol dehydrogenase [28]. The Rdh5 gene maps to distal mouse
Chromosome 10 [29,30], whereas the rd12 mutation is located
on distal Chromosome 3 where the Rpe65 gene is located.
Vitamin A deficiency also can be associated with white dots
evenly distributed throughout the fundus and such a pheno-
type can be difficult to distinguish from FA. However, with
vitamin A therapy, spots correlated with the deficient state rap-
idly disappear [31]. We therefore suggest that the clinical phe-
notype of the rd12/rd12 mouse retina further supports the pro-
posed role of RPE65 in disease and in vitamin A metabolism
in the visual cycle.

Our biochemical studies of rd12 homozygotes are con-
sistent with previous findings that RPE65 is required for the
conversion of vitamin A to 11-cis retinal by the RPE [4]. The
ERG phenotype in the rd12 mouse is similar to that previ-
ously reported in RPE65 deficient animal models in which
ERG responses were essentially undetectable to all but the
brightest stimuli. A recent study investigating the origin of
residual function in the RPE65 -/- mouse suggests that a de-
sensitized rod system is responsible for the detectable signals
at the highest intensities, even under light adapted conditions
[9]. We find no detectable 11-cis retinal in the opsin purified
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Figure 7. Rhodopsin absorption spectrum in normal C57BL/6J and
rd12 retinas.  By 3 weeks of age more than half of the adult level of
rhodopsin had been produced in normal mice; by 5 weeks nearly the
mature level was reached. In contrast, rd12 homozygotes exhibited
essentially no rhodopsin spectrum at any age (lower 3 curves).

Figure 8. Retinyl esters in normal C57BL/6J and rd12 homozygote
eyes by HPLC analysis.  Retinyl ester analysis was done on the eye-
cups of each of at least 3 mice and averaged. The data points repre-
sent means and the error bars represent the standard errors of the
mean. Data for rd12 mice are shown as filled squares. The solid line
is the least squares fit of the rd12 data to a straight line. Data for
C57BL/6J are shown as open circles. The dashed line is the least
squares fit of the C57BL/6J data to a straight line. Retinyl esters
were at similar levels in both rd12 and C57BL/6J at 3 weeks of age.
The retinyl ester content of the C57BL/6J eyes remained stable in
the following weeks while the retinyl ester content of the rd12 mice
increased greatly.
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from the rd12 mouse, and a steady accumulation of retinyl
esters in the RPE cells with age. In the absence of RPE65, all-
trans retinyl esters are expected to accumulate in droplets
within RPE cells, consistent with a block in 11-cis retinal syn-
thesis following esterification of vitamin A to membrane phos-
pholipids before the isomerization reaction. Although the de-
tails of the role of RPE65 in the isomerase reaction have not
been fully elucidated, recent studies suggest that RPE65 is a
retinyl ester binding protein that may function to present all-
trans retinyl esters to the isomerase [32-34]. The requirement
for RPE65 in the synthesis of 11-cis retinal has been further
substantiated by the finding that addition of recombinant
RPE65 to RPE microsomal membranes prepared from Rpe65
knockout mice restores retinoid isomerase activity to the prepa-
rations [35,36]. Accordingly, adding 11-cis retinal to retinal
organ cultures or homogenized retinas from young rd12 mice
leads to formation of rhodopsin (data not shown).

As a result of decreased 11-cis retinal synthesis, rd12 ho-
mozygotes do not generate normal levels of visual pigments
and have severely depressed dark adapted ERG responses. A
similar phenotype is also present in a strain of Swedish Briard
dogs carrying a functionally null allele of canine Rpe65 [37,38]
that are afflicted with progressive retinal dystrophy [39,40].
Affected Briards were recently used in the first successful gene
replacement therapy experiments in a large animal model of
retinal degeneration [41]. Similar treatment has been attempted
in the rd12 mouse with a significant fraction of the visual func-
tion restoration [42], but in the Rpe65 knockout mouse with
limited success [43]. In other studies, administration of oral
retinoids to Rpe65 knockout mice resulted in partial restora-
tion of visual pigment and function [8,44]. The same feeding
experiment has not yet been done in our laboratory, but rd12
mice are available from TJL. The identification of rd12 as a
spontaneously arising mouse model, which has similar RPE65
mutations to those found in human patients now makes avail-
able a powerful new independent model for studying the patho-
genesis and progression of LCA. One of the most exciting
future uses is likely to involve the study of therapies for LCA
and autosomal recessive retinitis pigmentosa in humans.
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