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Excessive light can cause retinal degeneration and may be an
environmental cofactor accelerating retinal dystrophies and
age-related diseases. In rodent models, the light damage sus-
ceptibility (LDS) of the retina is determined genetically. In two
mouse strains, with different degrees of LDS, a Leu450Met
variation in the pigment epithelial protein RPE65 was shown
recently to cosegregate with low LDS. Because light damage is
rhodopsin-mediated, and RPE65 is essential for the regenera-
tion of rhodopsin in the visual cycle, we analyzed this variation
regarding rhodopsin metabolism and LDS in four mouse
strains. We found that, in contrast to previous assertions, LDS
does not correlate with the maximal retinal content of rhodopsin
present after dark adaptation. Instead, LDS correlated posi-
tively with the kinetics of rhodopsin regeneration, which deter-
mine rhodopsin availability during light exposure. Light damage

occurred after absorption of a threshold dose of photons and
thus fast regeneration, as observed in those two strains having
Leu at position 450 of RPE65, was correlated with the occur-
rence of photoreceptor apoptosis after short exposure. In con-
trast, mice with the Leu450Met variation of Rpe65 regenerated
rhodopsin with slow kinetics and showed an increased resis-
tance to light-induced retinal degeneration. In these mice,
RPE65 protein levels were reduced by a post-transcriptional
mechanism. F1 hybrid mice, carrying one normal and one vari-
ant Rpe65 gene, had intermediate levels of the corresponding
protein and showed intermediate rhodopsin regeneration kinet-
ics and an intermediate LDS. Thus, none of the two variants of
Rpe65 had a dominant effect.
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Retinal degeneration induced by exposure to excessive doses of
light is a model to study photoreceptor apoptosis, the common
final pathway of cell loss in human age-related macular degener-
ation and some forms of inherited retinal dystrophies (Remé et
al., 1998a). In patients with these retinal diseases, permanent
exposure to high levels of light may also be an environmental
factor accelerating loss of vision (Taylor et al., 1990; Cruicks-
hanks et al., 1993, Simons, 1993; Cideciyan et al., 1998; Mata et
al., 2000). This view is supported by the observation that several
animal models for human retinal degeneration show a higher light
damage susceptibility (LDS) than do controls (Sanyal and
Hawkins, 1986; Wang et al., 1997; C. K. Chen et al., 1999; J. Chen
et al., 1999; LaVail et al., 1999; Organisciak et al., 1999).

Light damage to photoreceptors is triggered by the excess
absorption of photons by the visual pigment rhodopsin (Grimm et
al., 2000). Once bleached, rhodopsin is regenerated metabolically
in a multistep process called the visual cycle, involving photore-
ceptors and the adjacent retinal pigment epithelium (RPE)

(Saari, 2000). One essential protein for this cycle is RPE65, which
is specifically expressed in the RPE (Redmond et al., 1998). In
mice, the sensitivity for retinal damage induced by light depends
on the genetic background (LaVail et al., 1987). The hereditary
factors determining LDS, however, are largely unknown. Re-
cently, a sequence variation in Rpe65, causing a Leu450Met
amino acid substitution, was shown to cosegregate with an in-
creased resistance against acute light damage and reduced pho-
toreceptor loss with age in C57BL/6J mice (Danciger et al., 2000).
Furthermore, mice lacking RPE65 are completely resistant to
light damage (Grimm et al., 2000). How the genetic variation in
Rpe65 confers a low LDS and a reduced age-related dropout of
visual cells is unknown at present.

Here, we analyzed four strains of mice for the Rpe65
Leu450Met variation and correlated its presence or absence with
the amount of RPE65 protein, the kinetics of rhodopsin regen-
eration, and finally the LDS of these strains. Based on these
correlations, we delineate mechanistically how the genetic varia-
tion phenotypically alters the resistance of photoreceptors against
light-induced apoptosis and suggest how age-related loss of pho-
toreceptors may be modulated genetically.

MATERIALS AND METHODS
Mice. All procedures concerning animals were in accord with the regu-
lations of the Veterinary Authority of Zurich and with the statement of
The Association for Research in Vision and Ophthalmology for the use
of animals in research. We obtained 21-d-old mice from the following
suppliers: BALB/c (Wiga, Sulzfeld, Germany), C57BL/6J (RCC, Itigen,
Switzerland), and 129/Ola (Dr. I. Tobler, Institute of Pharmacology,
University of Zurich, Switzerland). Pigmented B6;129S(N2) and albi-
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notic littermates (B6;129S(N2)-a) were offspring from mice purchased
from The Jackson Laboratory (Bar Harbor, ME). B6;129S(N2)-a mice
were seldom born and were used only for morphological studies. C57BL/
6 3 BALB/c F1 (B6CF1 ) mice were obtained from Biological Research
Laboratories (Basel, Switzerland). All animals were reared in 12 hr (6:00
A.M.–6:00 P.M.) light /dark cycles with 60–100 lux within the cages.
Experiments were performed at the age of 5–12 weeks.

Induction and analysis of light damage. Light damage was induced in
dark-adapted mice with dilated pupils by exposure to 5 klux of diffuse
white fluorescent light for 10, 20, 30, 40, and 50 min and 1, 2, 4, 6, 8, and
10 hr (lights on at 10:00 A.M.) (Wenzel et al., 2000). Animals were then
kept in darkness for 24 hr, their retinas were examined histologically, and
the minimal time required to induce photoreceptor apoptosis was
determined.

Rhodopsin content and regeneration. The rhodopsin content was deter-
mined as described recently (Kueng-Hitz et al., 2000). R0 was measured
after 16 hr of dark adaptation. The existence of a negative correlation
between light damage susceptibility and R0 was tested in the four strains
homozygous for the individual Rpe65 variant using an ordered logit model
(Powers and Xie, 2000). The continuous variable was R0 and the ordinal
response variables were the time intervals to induce light damage. The
analysis was performed using “R” software version 1.1 (http://www.
r-project.org) on Windows NT 4 (Ihaka and Gentleman, 1996). P values of
,0.05 were considered significant.

To assess the rhodopsin regeneration kinetics, dark-adapted mice, with
dilated pupils, were exposed to white light (10 min, 5 klux). Rhodopsin
was measured at various times in darkness (Table 1). Its regeneration
rate constants were calculated. These constants, multiplied by the rho-
dopsin at steady state, give the number of photons absorbed per minute
during exposure. The existence of a steady state was verified in B6;
129S(N2) mice by showing that rhodopsin levels during 10–60 min of
light exposure did not change (data not shown).

Western blotting. Eyecups (including the retina) from dark-adapted
mice were homogenized in 100 mM Tris/HCl, pH 7.4, and analyzed for
protein content. Standard SDS-PAGE (7.5 or 10%) and Western blotting
were performed. For immunodetection, polyclonal rabbit antisera di-
rected against RPE65 (raised against amino acids 150–164 of human/
bovine RPE65) (Redmond and Hamel, 2000), interphotoreceptor retin-
oid binding protein (IRBP) (Smith et al., 1997), cellular retinaldehyde-
binding protein (CRALBP) (Crabb et al., 1991), transducin (Hamm et
al., 1987), rhodopsin-kinase (Zhao et al., 1998), arrestin (Kueng-Hitz et
al., 2000), and actin (Lessard, 1988) were applied. HRP-conjugated
secondary antibodies were applied (catalog #sc 2004 and 2031; Santa
Cruz Biotechnology, Santa Cruz, CA), and immunoreactivity was visu-
alized using the Renaissance–Western blot detection kit (PerkinElmer
Life Sciences, Emeryville, CA).

RT-PCR and Rpe65 sequence analysis. Total RNA was prepared from
eyecups using the RNeasy kit (Qiagen, Hilden, Germany). Remaining
genomic DNA was digested with deoxyribonuclease RQ (Promega, Mad-
ison, WI), and 600 ng of total RNA was reverse-transcribed with oli-
go(dT) and M-MLV (Promega). A 367-bp fragment of the Rpe65 cDNA
was amplified using exon 4 forward primer and exon 6 reverse primer
(Redmond et al., 1998). The amplified fragment was cut with MboI and

the 222-bp and the 20-bp fragments were ligated (T4 DNA ligase; Roche,
Basel, Switzerland). The resulting 242-bp product was amplified using
the above primers, gel-purified, and used as mimic DNA. Levels of
b-actin mRNA in 10 ng of total RNA were determined by exponential
RT-PCR (primers: 59-CAA CGG CTC CGG CAT GTGC-39; 59-CTC
TTG CTC TGG GCC TCG-39; annealing: 62°C; cycles: 24) and amounts
of cDNA for Rpe65 mimic PCR were adjusted accordingly. Semiquanti-
tative determination of Rpe65 mRNA levels was done by mimic PCR
using the above primers with end-labeled 32P reverse primer; cDNA
representing ;20 ng of total RNA and increasing amounts of mimic
DNA. For amplification (30 cycles), the annealing temperature was 56°C.
Products were separated by native PAGE (6%), stained with ethidium
bromide, and quantified on a PhosphorImager (Molecular Dynamics,
Amersham Pharmacia Biotech Europe, Freiburg, Germany).

To determine the sequence of Rpe65 by PCR, tail DNA was isolated
and amplified using the following primer pair: up, 59-CTG ACA AGC
TCT GTA AG-39; down, 59-CAT TAC CAT CAT CTT CTT CCA-39.
Amplification was done during 35 cycles with a 30 sec denaturing step at
94°C, a 1 min annealing step at 52°C, and a 1 min extension step at 72°C.
The amplified PCR product from C57BL/6 mice had a length of 126-bp
and contained one AluI site. Restriction digestion with AluI resulted in
two fragments of 118 and 8 bp, respectively. The BALB/c sequence
contains one additional AluI site resulting in three products of 109, 9, and
8 bp, after digestion. Undigested and digested PCR products were
analyzed on an 8% polyacrylamide gel.

In some cases, results from genotyping were verified as follows: total
RNA was reverse-transcribed, and Rpe65 mRNA was amplified using the
following primer pair: up, 59-TTA CGT GAG AAT TGG GAA GAA
GTT-39; down, 59-AGA AGG GCA GTC AGT GTG GTA CTG-39
(Danciger et al., 2000). PCR products were purified (QIAquick; Qiagen)
and sequenced (Microsynth, Balgach, Switzerland).

RESULTS
Light exposure duration required to induce light
damage depends on the genetic background
To judge LDS, the minimal time of light exposure that induced
condensation of nuclear chromatin and of rod inner segments in
the majority of photoreceptors of the lower central retina was
determined. In BALB/c and 129/Ola mice, these distinct mor-
phological signs of apoptosis were observed after 20 min of light
exposure (Fig. 1). After 10 min of exposure, such damage was
absent in 129/Ola mice and rare in BALB/c mice, indicating that
the threshold for apoptosis was reached between 10 and 20 min of
light exposure in both strains (apparently closer to 10 min in
BALB/c mice). The slightly increased LDS of BALB/c mice
compared with 129/Ola mice may have resulted from slightly
elevated RPE65 levels (Fig. 2A), minimally faster rhodopsin
regeneration (Table 2), and/or the expression of slightly more
transducin (Fig. 2B) protein, which may increase signal gain

Table 1. Rhodopsin regeneration after bleaching

BALB/c 129/Ola B6;129S(N2) C57BL/6J B6CF1

R0
a 0.43 6 0.04, 3 b 0.45 6 0.04, 4 0.48 6 0.08, 10 0.52 6 0.04, 2 0.53 6 0.05, 7

0 min after bleaching 0.04 6 0.00, 2 0.03 6 0.01, 3 0.04 6 0.01, 4 0.03 6 0.01, 2 0.06 6 0.02, 3
5 min after bleaching 0.11 6 0.02, 2 0.08 6 0.01, 2 0.05, 1 0.08 6 0.03, 2 0.07 6 0.02, 3
15 min after bleaching 0.22 6 0.07, 2 0.18 6 0.02, 3 0.07 6 0.04, 3 0.12 6 0.00, 2 0.13 6 0.03, 3
30 min after bleaching 0.32 6 0.01, 2 0.22 6 0.03, 2 0.13, 1 0.11 6 0.01, 2 0.22 6 0.01, 3
45 min after bleaching 0.35, 1 0.34 6 0.05, 3 0.19 6 0.02, 2 0.20 6 0.01, 2 0.29 6 0.01, 4
60 min after bleaching 0.42 6 0.05, 2 0.48 6 0.00, 2 0.26 6 0.09, 7 0.18 6 0.01, 2 0.34 6 0.05, 3
120 min after bleaching 0.44 6 0.05, 2 0.52 6 0.05, 2 0.31 6 0.07, 5 0.36 6 0.06, 2 0.49 6 0.04, 5
180 min after bleaching n.d.c n.d. 0.47 6 0.12, 2 0.43 6 0.02, 2 n.d.
240 min after bleaching n.d. n.d. 0.47 6 0.06, 6 0.51 6 0.01, 2 n.d.

All values for rhodopsin are in nanomoles per retina.
aRhodopsin content per retina after 16 hr of dark adaptation.
bNumbers in italics represent numbers of mice.
cn.d., not determined.

54 J. Neurosci., January 1, 2001, 21(1):53–58 Wenzel et al. • Rpe65 Variant Slows Rhodopsin Regeneration



(Fung et al., 1981) during exposure. In B6;129S(N2) mice, the
threshold for apoptosis was passed between 40 and 50 min of light
exposure (Fig. 1); in C57BL/6J mice, no apoptosis was detected
after 6 h of exposure. In the latter mice, apoptosis was restricted
to a few scattered nuclei (Fig. 1) even after 8–10 hr of exposure.
Terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling-positive nuclei and internucleosomal
DNA fragmentation 24 hr after light exposure confirmed the
apoptotic nature of cell death in photoreceptors (data not
shown). Thus, different degrees of LDS were found: BALB/c $
129/Ola .. B6;129S(N2) ... C57BL/6J.

B6CF1 (C57BL/6 3 BALB/c F1) mice showed distinct signs of
photoreceptor apoptosis after 30 min of light exposure. Twenty
minutes of exposure induced apoptosis in very few scattered
photoreceptors of the most affected area (Fig. 1). Thus, the
threshold for distinct light damage was passed close to 30 min.

Albinotic B6;129S(N2) mice, showing light damage after expo-
sure for 30–40 min, were only slightly more vulnerable to light
damage than pigmented littermates and distinctly less vulnerable
than albinotic BALB/c and 129/Ola mice.

Correlation of rhodopsin regeneration kinetics
with LDS
Light-induced apoptosis of rods is triggered by the excessive
absorption of photons by rhodopsin (Grimm et al., 2000). Use of

Figure 2. A, Post-transcriptional control of RPE65 protein levels. Com-
parison of Rpe65 mRNA levels (arbitrary units) revealed only minor
differences between the four mouse strains. In contrast, significantly more
RPE65 protein was found in eyecups of BALB/c (lane 1) and 129/Ola
(lane 2) mice as compared with B6;129S(N2) (lane 3) and C57BL/6J (lane
4 ) mice, suggesting a post-transcriptional control of RPE65 protein levels
(25 mg of protein was loaded). These results are representative of three
independent experiments. B, Proteins of visual cycle and signal transduc-
tion. Eyecup homogenates of BALB/c (lane 1), 129/Ola (lane 2), B6;
129S(N2) (lane 3), and C57BL/6J mice (lane 4 ) were analyzed for immu-
noreactivity of proteins of the visual cycle: IRBP, CRALBP, or the visual
transduction cascade (transducin, rhodopsin kinase, arrestin). Actin im-
munoreactivity served as control for equal load. Protein load was 12.5 mg
for IRBP, arrestin, actin, and CRALBP; 25 mg for transducin; and 50 mg
for rhodopsin kinase. These results are representative of three indepen-
dent experiments.

Figure 1. Light damage susceptibilities in different mouse strains. Light
micrographs of control mice (dark, lef t column) or mice exposed to light
(5 klux) for the times indicated. Different exposure times were required to
induce photoreceptor apoptosis (right column). Transition from reversible
damage (middle column), characterized by vesiculation of ROS, to irre-
versible (apoptotic) damage occurred in the interval between the times
indicated. Arrowheads indicate initial apoptotic lesions involving only few
photoreceptor nuclei in the outer nuclear layer (ONL). INL, Inner nuclear
layer; PE, pigment epithelium. Four to six eyes were examined for each
condition 24 hr after light exposure.
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different mouse strains allowed us to separately analyze the effect
of the maximal rhodopsin content after dark adaptation (R0) and
the rate of rhodopsin regeneration on LDS. The highest R0 values
were found in the most resistant strain (C57BL/6J) followed by
B6;129S(N2), 129/Ola, and BALB/c (Table 1). This ranking re-
versed the order found for LDS (see above). Thus, in mice
homozygous for one or the other variation of Rpe65, R0 was
negatively correlated with LDS ( p , 0.041). Compared with
these strains, B6CF1 hybrid mice, carrying one copy of each of the
variants, had higher R0 values. In this particular case, the negative
correlation was invalid, because these animals were more sensi-
tive than C57BL/6J or B6;129S(N2) mice, which showed lower R0

values.
Because rhodopsin regeneration during light exposure provides

the chromophore to absorb light, fast rhodopsin regeneration
might be predictive of a high LDS. Indeed, the rhodopsin regen-
eration rate constants correlated directly with the LDS rank for
all mice, including B6CF1 mice (Table 2).

Leu450Met variation in Rpe65 is associated
with reduced protein levels and slowed
rhodopsin regeneration
Analysis of the Rpe65 sequences showed that not only BALB/c
(Danciger et al., 2000), but also 129/Ola mice were homozygous
for the normal Rpe65 sequence in exon 13 at codon 450 (CTG 5
Leu). In contrast, B6;129S(N2) and C57BL/6J mice were ho-
mozygous for the variant Rpe65 gene (ATG 5 Met). Although
this variation apparently did not affect the expression of Rpe65
mRNA (Fig. 2A), it reduced the steady-state levels of the RPE65
protein in B6;129S(N2) and C57BL/6J mice (Fig. 2A), suggesting

a post-transcriptional regulation of RPE65 in vivo. With regard to
their RPE65 levels, the strains were ranked as follows: BALB/c $
129/Ola ... B6;129S(N2) 5 C57BL/6J ( judged by visual impres-
sion; summarized in Table 2). The different regeneration rates for
rhodopsin (Table 2) appear to reflect these differences in the
amount of RPE65; other ancillary proteins of the visual cycle,
such as CRALBP and IRBP, did not show major differences
among the four strains (Fig. 2B). Furthermore, no differences in
the amount of arrestin, which might affect the kinetics of the
visual cycle (Palczewski et al., 1999), were found (Fig. 2B).

Mice heterozygous for the L450M variation in Rpe65
are intermediates regarding amount of RPE65,
rhodopsin regeneration kinetics, and LDS
B6CF1 mice, carrying one normal copy and one variant copy of
Rpe65, expressed intermediate amounts of RPE65 (Fig. 3) when
compared with pure BALB/c and C57BL/6 mice. Likewise, the
rate of rhodopsin regeneration in those F1 mice (0.017/min) was
slower than in BALB/c mice (0.036/min) but faster than in
C57BL/6 mice (0.009/min). Consequently, the photon catch ca-
pacity of F1 mice was intermediate compared with that of animals
from their parental strains (Table 2), and their LDS was de-
creased compared with BALB/c mice but increased compared
with C57BL/6J mice. Thus, phenotypically, none of the two
copies of Rpe65 displayed a dominant effect.

Light damage occurs after absorption of threshold
amount of photons
From the number of photons absorbed per retina per minute in
different strains (Table 2), we calculated the number of photons
absorbed during the minimal time of exposure needed to induce
light damage: BALB/c 5 16.8 3 1013, 129/Ola 5 14.2 3 1013,
B6;129S(N2) 5 11 3 1013, B6CF1 5 14.4 3 1013, and C57BL/
6J 5 120 3 1013.

The number calculated for BALB/c mice may be overestimated
because it is based on a minimal time of 20 min. However, slight
damage was already observed after 10 min of exposure, during
which 8.4 3 1013 photons would have been absorbed (see above).
Thus, the threshold dose of photons to be absorbed to induce
irreversible retinal light damage was 8–14 3 1013 photons, except
for C57BL/6J mice (see Discussion).

DISCUSSION
Genetic factors reducing LDS in C57BL/6J mice have been pos-
tulated already in 1987 (LaVail et al., 1987), but the underlying
molecular mechanisms have not yet been identified. Recently, by
comparing BALB/c with C57BL/6J mice, a sequence variation in

Figure 3. RPE65 immunoreactivity in eyecup homogenates from age-
matched pure BALB/c, B6CF1, and pure C57BL/6 mice. F1 mice, het-
erozygous for normal and variant Rpe65, show intermediate levels of the
RPE65 protein, suggesting that a single copy of normal Rpe65 is insuffi-
cient to restore normal levels of the protein. A total of 25 mg of protein
was loaded. Results are representative of three independent experiments.

Table 2. RPE65, rhodopsin regeneration, photon catch, and light damage

BALB/c 129/Ola B6;129S(N2) C57BL/6J B6CF1

Rpe65 sequence at codon 450 CTG 5 Leu CTG 5 Leu ATG 5 Met ATG 5 Met CTG 1 ATG
Rpe65 mRNA a 1.1 1.0 1.2 1.3 n.d.
RPE65 protein b 1111 1111 1 1 11(1)
R0 (nmol/retina) 0.43 0.45 0.48 0.52 0.53
Regeneration rate constantc 0.036/min 0.028/min 0.008/min 0.009/min 0.017/min
Photons/retina/min c 8.4 3 10 12 7.1 3 10 12 2.2 3 10 12 2.5 3 10 12 4.8 3 10 12

Damage occurs after 10–20 min 20 min 50 min 8 hr 30 min
Photons absorbed until damage 8–17 3 10 13 14 3 10 13 11 3 10 13 120 3 10 13 14 3 10 13

aValues are arbitrary units.
bJudged by visual impression (see Fig. 2).
cValues calculated from rhodopsin values in Table 1.
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the Rpe65 gene was shown to cosegregate with low LDS in
C57BL/6J mice (Danciger et al., 2000). Here we show that this
Rpe65 Leu450Met variation leads to reduced levels of the corre-
sponding protein, a decreased capacity of the pigment epithelium
to regenerate rhodopsin, a decreased number of photons (pro-
apoptotic stimulus) that can be absorbed by a retina per time, and
finally a decreased LDS. The presence of one normal and one
variant allele of Rpe65 in B6CF1 heterozygous mice resulted in
intermediate levels of RPE65, an intermediate rate of rhodopsin
regeneration, and an intermediated LDS, suggesting that neither
copy had a dominant effect.

Dark-adapted levels of rhodopsin do not
determine LDS
Light-induced apoptosis of rods is mediated by rhodopsin
(Grimm et al., 2000), and it was previously asserted that R0

positively correlates with LDS (Noell and Albrecht, 1971; Noell
et al., 1966; Organisciak et al., 1987; Remé et al., 1998b). How-
ever, BALB/c mice, showing the highest LDS, had the lowest R0

but regenerated rhodopsin with the fastest kinetics. Thus, the
critical determinant for LDS, at least in mice homozygous for
their respective Rpe65 variant, seems to be the regeneration rate
and thus photon absorption over time. Pigmentation, at least
when pupils were dilated, had very little influence on LDS,
because albinotic B6;129S(N2) mice were only slightly more vul-
nerable to light damage than pigmented littermates and distinctly
less vulnerable than albinotic BALB/c and 129/Ola mice.

Rpe65 genotype determines LDS phenotype
RPE65, expressed in the pigment epithelium, is essential for the
isomerization of all-trans into 11-cis-retinoids, required for the
generation/regeneration of rhodopsin in the visual cycle. The lack
of RPE65 prevents rhodopsin generation/regeneration and con-
sequently leads to the absence of the visual pigment from pho-
toreceptors (Redmond et al., 1998). Here, the two strains with
slow rhodopsin regeneration kinetics and low LDS (B6;129S(N2)
and C57BL/6J) carried the Rpe65 Leu450Met variation, whereas
both strains with fast kinetics and high LDS had the normal
sequence found in most species, including humans (Danciger et
al., 2000). In strains with variant Rpe65 gene, only low protein
levels of RPE65 were detectable, whereas high amounts of the
protein were found in BALB/c and 129/Ola mice with the normal
sequence. B6CF1 mice that were heterozygous for normal and
variant RPE65 showed intermediate levels of the protein and an
intermediate LDS. Thus, presence of one normal allele was
insufficient to restore normal levels of RPE65; this finding is in
line with the observation of 50% reduced RPE65 levels in
Rpe651/2 mice (data not shown; Van Hooser et al., 2000). De-
spite different amounts of the protein, no differences were found
in Rpe65 mRNA levels among the four strains tested. This sug-
gests that either the translation rate of the C57BL/6J variant of
Rpe65 was decreased and/or that the turnover of the variant
protein was accelerated due to its different amino acid sequence.
A post-transcriptional regulation of Rpe65 was also observed in
pigment epithelial cells in vitro (Hamel et al., 1993).

Two other ancillary proteins of the visual cycle, IRBP and
CRALBP, which likewise may have an impact on rhodopsin
regeneration (Smith et al., 1997; Ripps et al., 2000; Saari, 2000),
were not differentially expressed in the four strains of mice. Thus,
in line with findings from Rpe651/2 mice (50% reduced levels of
RPE65) that show a slower regeneration rate than Rpe651/1 mice
(data not shown; Van Hooser et al., 2000), the amount of RPE65

protein appeared to be the critical determinant for the kinetics of
rhodopsin regeneration.

Proteins involved in signal transduction [e.g., rhodopsin kinase
or arrestin (Baylor and Burns, 1998), which terminate signaling of
activated rhodopsin, or transducin, the G-protein activated by
rhodopsin (Fung et al., 1981)], may influence LDS (C. K. Chen et
al., 1999; J. Chen et al., 1999). However, no major differences
were found in levels of rhodopsin kinase, arrestin, or transducin
among the four strains of mice.

Thus, it appears very likely that the RPE65 amino acid substi-
tution found in mice with a C57BL/6J genetic background is the
primary genetic factor reducing LDS. Indeed, it accounts for
;47% of the light damage protective effect in these mice (Dan-
ciger et al., 2000).

Additional factors in C57BL/6J mice
Our findings point to factors apart from L450M in RPE65 that
increase resistance against light damage in pure C57BL/6J mice.
Despite being indistinguishable from B6;129S(N2) mice in terms
of RPE65 variant, ancillary protein levels, and rhodopsin regen-
eration (see above), it took .10 times more photons (120 3 1013)
to induce light damage in C57BL/6J mice compared with B6;
129S(N2) mice (11 3 1013 photons). Likewise, the genetic study
by Danciger et al. (2000) suggests several (unidentified) genetic
loci apart from Rpe65 conferring low LDS in C57BL/6J mice.
Biochemically, several candidates such as glutathione-dependent
enzymes, fatty acid composition, or cytoplasmic amino acids were
excluded in previous work (Naash et al., 1989). In contrast to the
L450M variation, these unknown genetic factors may exert their
protective effect only at homozygocity. In B6CF1 mice, the thresh-
old dose of photons required to induce light damage was similar
to that observed in all mice but C57BL/6J mice. Thus, although
one copy each of these putative protective genes of C57BL/6J was
present in the F1 animals, their LDS appeared to be solely
determined by their RPE65 status.

Relevance for age-related loss of photoreceptors?
Is kinetics of rhodopsin regeneration a factor relevant for age-
related human retinal diseases that are suspect to be accelerated
by light (Taylor et al., 1990; Cruickshanks et al., 1993; Simons,
1993; Cideciyan et al., 1998; Mata et al., 2000)? This may indeed
be the case: mice carrying the normal RPE65 protein (such as
BALB/c mice), and thus having fast kinetics of rhodopsin regen-
eration, show significant loss of photoreceptors with age, whereas
mice carrying the variant Rpe65 sequence (such as C57BL/6J
mice) do not (Danciger et al., 2000). Interestingly, preliminary
data from a clinical study on patients with a slowed dark adapta-
tion (rhodopsin regeneration) indicate that these patients show a
lower prevalence for neovascular age-related macular degenera-
tion (F. Hafezi, C. Grimm, A. Wenzel, C. E. Remé, and A.
Thölen, unpublished observations). Thus, by modulating the daily
dose of photons absorbed by the retina, differences in rhodopsin
regeneration kinetics might indeed modulate retinal susceptibility
to the environmental risk-factor light.
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