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Rho Mutants Raised in Ambient Light Do Not Exhibit Loss of
Photoreceptor Cell Bodies or Changes in Photoreceptor Func-
tion—To determine whether the missense mutations identi-
fied affected either the level or localization of rhodopsin,
Western analysis and immunohistochemical studies were car-
ried out, respectively. No significant differences in the level of
rhodopsin were noted at 6 months between heterozygous
Tvrm4mice (hereafter referred to as RhoTvrm4/�) andWT con-
trols (Fig. 2A). Immunohistochemistry demonstrated that rho-
dopsin localized properly to the outer segments in the Tvrm4
retina (Fig. 2B).
Unlike other models of retinal degeneration, the retinas

of RhoTvrm4/� mutant mice raised under standard mouse
housing conditions were similar to those ofWT controls. No
loss of photoreceptor cell bodies was noted even in 1-year-
oldmutants. Outer segment lengths in 4-month-oldmutants
did not differ from WT. At 1 year, however, outer segments
were slightly shorter in mutant mice compared withWT (Fig.
2C). A similar phenotypic picture was observed for heterozy-
gous Tvrm1mice (hereafter referred to as RhoTvrm1/�) mutants

raised in ambient light. Rhodopsin
levels, localization, and photorecep-
tor morphology of RhoTvrm1/�

mutants were comparable with that
of RhoTvrm4/� mutants and WT
controls (data not shown).
To evaluate overall retinal func-

tion, ERGs were recorded to full-
field stimulus flashes presented un-
der dark-adapted conditions, to
isolate rod-driven activity, or super-
imposed upon a steady adapting
field, to monitor activity of the cone
pathway. At both 4 (Fig. 2D) and 12
months (Fig. 2F) of age, therewas no
reduction in the amplitude of a- or
b-waves recorded from RhoTvrm1/�

or RhoTvrm4/� mice, as compared
with those obtained fromWT litter-
mates. Because the leading edge
of the dark-adapted ERG a-wave
reflects the closure of cyclic nucleo-
tide-gated channels along the rod
photoreceptor (34), these results
indicate that the normal complement
of rod photoreceptors retained by
RhoTvrm1/� and RhoTvrm4/� mice
functions normally when stimu-
lated by light flashes. Similar results

were obtained for responses recorded under light-adapted con-
ditions. In comparison to responses obtained from WT litter-
mates, cone ERGs were not reduced in RhoTvrm1/� or
RhoTvrm4/� mice at either of the ages tested (Fig. 2, E and G).
RhoTvrm1/� Mutants Are More Vulnerable to Light than

RhoTvrm4/� Mutants—The time course over which light-in-
duced changes developed inTvrm4mutantmice was examined
by sacrificing RhoTvrm4/� and WT mice at different times fol-
lowing a 5-min exposure to 12,000 lux of bright light. Fig. 3A
presents a series of representative retinal cross-sections taken
at different durations of time following light exposure. Within
1 h, the photoreceptor outer segments of RhoTvrm4/�, but not
WT, mice appeared disorganized and some areas were devoid
of outer segments, whereas others appeared to contain outer
segment aggregates. In addition, the apical processes of retinal
pigment epithelium that normally ensheath the outer segments
appeared to extend further along the outer segments in
RhoTvrm4/� mice than in WT controls (Fig. 3B). Twenty-four
hours following light exposure, it was not possible to discern

FIGURE 2. Photoreceptor degeneration does not occur in Tvrm4 and Tvrm1 Rho mutant mice raised in ambient light. A, Western analysis of rhodopsin
levels in the retinas of WT and RhoTvrm4/� mice. �-Actin is used as a loading control. Protein levels were quantified using ImageGauge. The rhodposin levels were
normalized to the level of �-actin and are plotted as mean 	 S.E. There were no significant differences between groups, one-way ANOVA, n � 3 mice.
B, immunohistochemical analysis of rhodopsin in retinas of RhoTvrm4/� mutant and WT animals raised in ambient light. Rhodopsin localization in the outer
segments of Tvrm4 mutants (left) is not different from WT (right). Blue, 4�,6-diamidino-2-phenylindole staining; red, anti-rhodopsin staining, n � 3 mice. C, light
microscopy of central retinas from aged animals. Photoreceptor nuclei of 4-month and 1-year-old RhoTvrm4/� (right) animals raised in standard ambient mouse
room light are preserved, comparable with wild-type littermates (left), n � 3 mice per group. D-G, intensity-response functions for ERGs obtained from WT mice
and RhoTvrm1/� and RhoTvrm4/� mutants. ERGs were recorded at 4 (D and E) and 12 months (F and G) under dark-adapted (D and F) and light-adapted (E and G)
conditions. Data points indicate the average 	 S.E. for at least 5 mice. In comparison to WT littermates, there is no decrement in ERG amplitude in either
RhoTvrm1/� or RhoTvrm4/� mice. INL, inner nuclear layer; ONL, outer nuclear layer; OS, outer segments of photoreceptors.

FIGURE 3. Photoreceptor degeneration in Tvrm1 and Tvrm4 mutants is rapidly induced by exposure to
bright light. A, light microscopy and immunohistochemical staining of rhodopsin in the central retina from
Tvrm4 mutant mice with 1- or 5-min exposures to bright light. Histological changes in the retinas of RhoTvrm4/�

mutants are observed within 1 h (top) following exposure to bright light. At 24 h (middle) following the expo-
sure to bright light, the outer and inner segments of the RhoTvrm4/� photoreceptors are disorganized. At 1 week
(bottom) following exposure, the outer nuclear layer is reduced to two rows of cell bodies. B, rhodopsin (red),
ezrin (yellow), and 4�,6-diamidino-2-phenylindole (blue) staining of the retinas from WT and RhoTvrm4/� animals
1 or 24 h after exposure to bright light. Photoreceptor outer segments are engulfed within the RPE cells of
mutant eyes at 1 h after exposure to bright light, n � 2 animals. C, photoreceptors of Rho mutants are apoptotic
24 h following exposure to bright light. TUNEL staining of the retina was 24 h following bright light exposure,
n � 3 animals. D, the Tvrm1 mutation makes the retina more vulnerable to light damage than the Tvrm4
mutation. Light microscopy of the central retina at different times following different durations of exposure to
bright light. Red arrows indicate chromatin aggregates and blue arrows indicate macrophages, n � 3 mice for
all groups except for RhoTvrm1/�, where n � 6.
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the border between the outer and inner segments of the
RhoTvrm4/� retina, and both compartments were highly dis-
organized. The outer nuclear layer also appeared disorga-
nized, although cell loss was not apparent. At this time, many
RhoTvrm4/� photoreceptors were TUNEL-positive indicating
that they were undergoing apoptosis; TUNEL-positive staining
was not detected in WT retinas (Fig. 3C). Thereafter, photore-
ceptor degeneration proceeded rapidly, with two or fewer lay-
ers of photoreceptor nuclei remaining at 1 week following light
exposure. At this late stage of the degenerative process, multi-
ple aggregates of chromatin and macrophages were also
observed (Fig. 3, A and D).
To determine the duration of light exposure required to

induce photoreceptor degeneration inRhoTvrm4/�mutants, the
duration of exposure to a 12,000 lux stimuluswas varied and the
retinas were harvested at varying times following exposure to a
light stimulus. In 2 of 3 animals tested, a 2-min exposure was
sufficient to induce photoreceptor degeneration, whereas a
1-min exposure produced no discernible changes (Fig. 3D).
The retinas of RhoTvrm1/� animals were more sensitive to

light-induced damage than the retinas of RhoTvrm4/� animals.
In RhoTvrm1/� mice, photoreceptor degeneration was observed
in 4 of 6 mice exposed to 12,000 lux for only 30 s (Fig. 3C).
Recovery from High Intensity Bleach Is Impaired in the

Mutants, but the Deactivation of Phototransduction Is Nor-
mal—Our observations of extreme sensitivity to light-induced
photoreceptor degeneration in RhoTvrm1/� and RhoTvrm4/�

mice raised the possibility that these mutations interfered with
phototransduction deactivation and/or bleaching recovery.We
examined these possibilities using two ERG paradigms. To
monitor phototransduction deactivation, we used a two-flash
protocol in which a probe stimulus flash follows a conditioning
by a specific ISI (35). By using high intensity stimuli that satu-
rates the photoresponse, and a series of trials with different ISIs,
the recovery of a-wave amplitude to the second probe flash
monitors the deactivation process following the initial condi-
tioning stimulus (36). This approach has been used to charac-
terize the effect of other rhodopsin mutations on rod photo-
transduction deactivation (24, 37).
Fig. 4A summarizes the results obtained in RhoTvrm1/� and

RhoTvrm4/� mice by plotting the ratio of the a-wave amplitude
obtained to the probe flash (R2) to that obtained to the condi-
tioning stimulus (R1). In comparison to results obtained from
WT littermates, there was no difference in phototransduction
deactivation in either RhoTvrm1/� or RhoTvrm4/� mice.

To monitor bleaching recovery, we used a standard proto-
col in which recovery toward a dark-adapted baseline was
monitored at intervals following exposure to a bleaching stim-
ulus (25). Fig. 4B summarizes the results obtained from WT,
RhoTvrm1/�, and RhoTvrm4/� mice. In WT mice, the amplitude
of the a-wave recovered with a time constant of �6.5 min,
achieving the dark-adapted baseline within �20 min.
RhoTvrm1/� mice recovered more slowly, with a time constant
of �11.5 min, and the asymptotic level fell short of the dark-
adapted value. RhoTvrm4/� mice recovered with a time constant
of �9.5 min, but achieved an asymptote that was only �60% of
the dark-adapted value. Thus, both RhoTvrm1/� and RhoTvrm4/�

mice display deficits in bleaching recovery when assayed with
an outcome measure related to photoreceptor function.
Retinoid Metabolism Is Transiently Affected in the Mutants—

HPLC using both fluorescence and multiwavelength absorb-
ance detection allowed separation and quantification of the
major retinoid species (Fig. 5A). The levels of themajor retinoid
species present in extracts from whole dark-adapted eyes did
not differ significantly for RhoTvrm1/� or RhoTvrm4/� mice as
compared with WT controls (Fig. 5B). However, RhoTvrm4/�

eyes collected immediately after exposure to 12,000 lux for 5
min (Fig. 5C) contained significantly lower levels of all-trans-
retinol than did WT eyes (p 
 0.05). Levels of these retinoids
were also lower in RhoTvrm1/� eyes, although the differences
were not statistically significant (p� 0.05). After 1 h of recovery
following light exposure (Fig. 5D), there were no statistically
significant differences in levels of any retinoids between the
mutant and WT animals. The differences in retinoid levels

FIGURE 4. Recovery from a high intensity level bleach is impaired in the
mutants but activation and deactivation of phototransduction are nor-
mal. A, paired-flash analysis of phototransduction deactivation. In each trial,
responses obtained to the probe flash (R2) are expressed relative to the
response obtained to the conditioning flash (R1) and are plotted as a function
of the duration of the ISI separating the conditioning and probe flashes. Data
points indicate the mean 	 S.E. for at least 5 mice. Recovery kinetics of the
a-wave in RhoTvrm1/� and RhoTvrm4/� mice are comparable with those of WT
littermates. B, bleaching recovery. Response recovery of a-wave amplitude
following exposure to a high intensity bleaching light. For each individual
mouse, responses were normalized to the dark-adapted pre-bleach baseline.
Data points indicate mean 	 S.E. for 19 WT, 9 RhoTvrm1/�, and 9 RhoTvrm4/�

mice. Compared with WT mice, recovery of the a-wave from bleaching light is
slower and incomplete in RhoTvrm1/� and RhoTvrm4/� mice.
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observed in the mutants are thus transient, and do not seem to
involve significant differences in the availability of 11-cis-reti-
nal following a bleach.
TheMutant Opsins Are Constitutively Active and Bind Chro-

mophore More Slowly than Does WT Opsin—To better under-
stand the relationship between the observed disease phenotype
and the effects of the mutations on rhodopsin function, we
expressed Y102H (Tvrm1) opsin and I307N (Tvrm4) opsin in
COS cells and analyzed the biochemical outcome of the respec-
tivemutations.We first examined the ability of the receptors to
signal effectively. When 11-cis-retinal was added, both Y102H
and I307N rhodopsin formed pigments with visible absorbance
spectra characteristic ofWTrhodopsin (Fig. 6B). Similar toWT
rhodopsin, both mutant rhodopsins activate transducin in a
light-dependent manner (Fig. 6A), however, unlike WT opsin,
Y102H and I307N opsins are constitutively active (Fig. 6A).
The toxicity of a constitutively active opsin mutant may

depend upon how long it stays in the free opsin form before
binding to 11-cis-retinal to regenerate rhodopsin. To deter-
mine the effect of the rhodopsin mutations on regeneration
kinetics, we introduced them in the context of a N2C,D282C
mutant background that allows WT and mutant opsins to be
purified in detergent without denaturation in the absence of
chromophore (33).When wemeasured the kinetics of regener-

ation (Fig. 6C), we observed that the mutants bound retinal
more slowly than WT bound retinal; the mean lifetimes mea-
suredwere as follows: 0.655min (	0.014 S.E.) forWT, 4.32min
(	0.44 S.E.) for Y102H, and 5.94 (	0.29 S.E.) for I307N (p 

0.0001, one-way ANOVA). These results reveal that not only
are the mutant opsins constitutively active, but their binding to
the inverse agonist 11-cis-retinal is slower.

However, whereas themutant opsins are slow to bind 11-cis-
retinal and are constitutively active, the lifetimes of the active
form of the mutant receptors (metarhodopsin II) are similar to
that of WT metarhodopsin II. Fig. 6D shows that the mean
half-life of metarhodopsin II decay is only 48% longer for
Y102H than that ofWT, and 53% longer for I307N. ANOVA or
a Dunnett test of results for all three proteins taken together
yields a p � 0.05; therefore, although we cannot rule out that
there may be small differences in the kinetics of MII decay,
there is no evidence for such differences contributing to the
observed retinal degeneration.
Mutant Opsin Leads to Photoreceptor Degeneration without

Exposure to Bright Light—We hypothesized that free opsin
might be toxic to the retina because the mutant opsins were
constitutively active and the photoreceptors degenerated after
exposure to bright light, whichwould lead to increased produc-
tion of free opsin not bound to its chromophore. To test this

FIGURE 5. HPLC analysis of visual cycle retinoids. A, typical HPLC chromatograms; 1, retinyl esters; 2, syn-11-cis-retinaloxime; 3, syn-all-trans-retinaloxime; 4,
anti-11-cis-retinaloxime; 5, anti-all-trans-retinaloxime; 6, all-trans-retinol. Panel I, fluorescence detection with 325 nm excitation and 475 nm emission; II,
detection of retinyl ester and retinol at 325 nm by photodiode array detector; III, detection of oximes at 350 nm by photodiode array. B, retinoid levels in dark
adapted WT, Tvrm1, and Tvrm4 mice. Total amounts extracted, as described under “Materials and Methods,” are plotted in units of pmol/eye. C, retinoid levels
immediately after exposure to bright light. Amounts extracted from eyes immediately after exposure to bright light are shown. D, recovery of retinoids 1 h after
return to darkness. After treatment with bright light, animals were returned to darkness for 1 h prior to collection of eyes and extraction of retinoids. Data are
mean 	 S.E. p 
 0.05 One-way ANOVA using the F-distribution for samples from all three genotypes followed by Dunnett’s test, n � 4 samples of 3 eyes each.
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hypothesis, we produced mice lacking the chromophore by
mating Tvrm1 and Tvrm4 animals with rd12mutants, null for
Rpe65 (38), and reared them under standard light conditions.
At 4 weeks of age, retinas of Rpe65rd12/rd12;Rho�/� mice
retained a full complement of photoreceptor nuclei (Fig. 7).
In comparison, at this age Rpe65rd12/rd12/RhoTvrm4/� and
Rpe65rd12/rd12/RhoTvrm1/� double mutants had only 2–3 (Fig.
7) or �5 rows, respectively, of cell bodies remaining in the cen-
tral ONL (data not shown). In both doublemutants, the periph-
eral retina that also showed cell loss was better preserved than

the central retina. The morphological changes in the photore-
ceptors of the double mutants were different from those
observed for RhoTvrm1/� or RhoTvrm4/� single mutants at 1
week following bright light exposure (Fig. 2B). Neither double
mutant developed chromatin aggregates nor disruption of the
laminar organization of the retina.

DISCUSSION

Described herein are two new mouse models harboring
point mutations in the rhodopsin gene. Although the
affected amino acid residues involved lie in different domains
of the rhodopsin molecule, these models share several impor-
tant similarities. First, both lines originally identified by a
hypopigmented fundus appearance are highly sensitive to light-
induced photoreceptor degeneration. Second, despite this
increased susceptibility to light damage, when reared under
standard animal housing conditions, both lines retain a normal
complement of photoreceptors up to 1 year of age, the latest
time point examined. Third, whereas the activation and deac-
tivation kinetics of rod phototransduction appear normal upon
ERG analysis, both Y102H and I307N mutations cause a delay
in the response recovery following bleaching. When examined
at the biochemical level, this delay appears to be the net result of
a decrease in the rate at which themutant opsins bind the chro-
mophore 11-cis-retinal and a higher than normal activation of
transducin by unbound opsin. Finally, unlike transgenic lines
that are currently available, the mutant rhodopsin gene is
expressed under control of the endogenous promoter in both
RhoTvrm1/� and RhoTvrm4/� mice.
Exposure to Bright Light Is Necessary for Degeneration of the

RhoTvrm1/� and RhoTvrm4/� Photoreceptors—Unlike other Rho
models in which photoreceptor degeneration is accelerated by
light exposure and occurs even when mice are dark-reared (16,
39–42), RhoTvrm1/� and RhoTvrm4/� mice maintained under
standard animal housing conditions have normal photorecep-
tor morphology and function. A rapid and severe degeneration
of photoreceptors only occurs upon exposure to bright light.
Our results show that the rate of this degeneration is dependent
upon the duration of light exposure. It seems likely that the
threshold at which degeneration is induced reflects the bleach-

FIGURE 6. In vitro biochemistry of mutant and WT rhodopsin. A, transducin
activation by receptors in the presence and absence of chromophore is not
impaired in the mutants. Closed diamonds, time course for the reaction cata-
lyzed by the apoprotein opsin. Closed circles, time course for the reaction
catalyzed by rhodopsin in the dark (all slopes shown are indistinguishable
from those observed with transducin alone under these conditions). Open
triangles, time course for the reaction catalyzed by rhodopsin after exposure
to light (h�). The data are plotted as mean 	 S.D. B, normalized dark absorb-
ance spectra show maximum absorbance of mutants similar to that of WT
rhodopsin. C, the mutant opsins bind chromophore more slowly than does
WT opsin. Kinetics of retinal binding to Y102H (N2C, Y102H, D282C) and I307N
(N2C, D282C, I307N) opsins are slowed relative to ET (N2C, D282C) opsin.
Opsins were purified, and change in absorbance at 500 nm was recorded
continuously after addition of a 5-fold molar excess of 11-cis-retinal. The
absorbance values were normalized by the final maximum changes observed
for each experiment. Representative raw data are depicted in gray, and the
calculated best-fit curve for a single exponential in black. Mean lifetimes 	
S.E. measured were as follows: 0.655 	 0.014 min for WT, 4.32 	 0.44 min for
Y102H, and 5.94 	 0.29 min for I307N (p 
 0.0001, one-way ANOVA). D, mean
half-lives of metarhodopsin II decay for WT (N2C, D282C), Y102H (N2C, Y102H,
D282C), and I307N (N2C, D282C, I307N) rhodopsin. Rhodopsin, in the pres-
ence of a 3-fold molar excess of 11-cis-retinal, was exposed to white light
passed through a 480-nm cut-on filter for 1 s, and the change of absorbance
at 500 nm was monitored. Under these conditions, the rate-limiting step in
regeneration is that of metarhodopsin II (3). The mean half-life of metarho-
dospin II decay of the mutants was not significantly different from the WT
value, one-way ANOVA.

FIGURE 7. Mutant opsins lead to photoreceptor degeneration without
exposure to bright light. Histological sections from central and peripheral
retinas of 4-week-old Rpe65rd12/rd12,Rho�/� and Rpe65rd12/rd12/RhoTvrm4/� ani-
mals, n � 3 mice.
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ing level at which the capacity of the visual cycle is surpassed,
thereby allowing free opsin to remain in an active state for a
damaging period of time. This feature of inducible photorecep-
tor degenerationmaymake thesemice valuablemodels to study
mechanisms underlying light-induced retinal damage and for
testing pharmacological and environmental therapeutic strate-
gies as the initiation of disease by light exposure can be repro-
ducibly controlled.
RhoTvrm1/� and RhoTvrm4/� Mutants Recapitulate Features

of the RHO Class B1 Phenotype—The disease phenotypes of
RhoTvrm1/� and RhoTvrm4/� mice includes focal areas of photo-
receptor degeneration and normal photoreceptor functionality
with delayed dark adaptation. These features closely resemble
the phenotype of patientswithRHO class B1mutations (15, 16).
In fact, the residue altered in RhoTvrm1/� mutants (Y102H) lies
close to aG106Ymissensemutation found in humanswith class
B1 RP (43). The altered residue in RhoTvrm4/� mutants (I307N)
is close to theQ312termutation that leads to class BRP (15) and
an A295V mutation associated with stationary night blindness
(44).
Although a causal role for light in the progression of photo-

receptor degeneration in humans with RHOmutations has not
been established, light has been shown to induce photoreceptor
degeneration in animal models of class B1 RP (45). It is difficult
to establish that any knownhuman rhodopsinmutation is light-
inducible, as humans with RP are typically exposed to sunlight
that is much brighter than standard animal housing lighting
conditions. Althoughmice are different from humans, it is pos-
sible that limiting exposure to bright light may not only help to
slow the progression of photoreceptor loss in patients with
some RHO mutations, but as shown in the mutants studied
here, may actually prevent the onset of degeneration. Our data
suggest that patients bearing rhodopsin mutations that cause
high opsin activity or slow regeneration might be well advised
to avoid exposure to bright light.
MutantOpsin Leads to ProlongedDark Adaptation andCon-

stitutive Activation—Aside from light-induced photoreceptor
degeneration, the only functional defect detectable in the Rho
mutants is a prolonged dark adaptation recovery following
bleaching light levels. Dark adaptation delays have been previ-
ously observed in RP patients bearing RHOmutations (46) and
in the T4R dog model (19). Dark adaptation is a function of
phototransduction deactivation and chromophore release,
recycling, and regeneration with opsin (47). We hypothesized
that only those processes directly involving the opsin molecule
might be affected in the RhoTvrm1/� and RhoTvrm4/� and that
recycling of the chromophore itself would not be altered by the
observed mutations. Our in vitro studies implicate several fea-
tures of rhodopsin biochemistry in the dark adaptation delays
noted functionally. For example, rhodopsin regeneration is
delayed simply becauseY102Hand I307Nopsins bind to 11-cis-
retinal at a slower rate thanWTopsin. In addition, immediately
following bright light exposure, the total levels of retinoidswere
decreased in the retinas of mutant animals compared with the
WT. As a consequence, the pool of retinoids necessary for rho-
dopsin regeneration are significantly reduced during the initial
stages of dark adaptation. Finally, we noted that the unbound
Y102H and I307N opsins increase transducin activation at

higher levels than WT opsin. Although free WT opsin is capa-
ble of activating transducin, the activation levels are far below
those for R* (48). In the case of the Y102H and I307Nmutants,
constitutive transducin activation by the free mutant opsin
molecules also slows recovery following exposure to bleaching
levels of light.
Mutant Free Opsin May Lead to Photoreceptor Degeneration

in RhoTvrm1/� and RhoTvrm4/� Mutants—Exposure to bright
light leads to production of high levels of retinoid metabolites
and intermediates of phototransduction, as well as to higher
levels of free opsin. In the mutants, delayed rhodopsin regener-
ation serves to increase the level of free opsin following bright
light exposure. This excess ofmutant-free opsin is likely to have
a greater propensity to activate transducin. To test the hypoth-
esis that mutant-free opsin is an important contributor to the
photoreceptor degeneration in RhoTvrm1/� and RhoTvrm4/�

mutants, both Rho lines were crossed to Rpe65rd12/rd12 mice
lacking functional RPE65 (38), in which the retinal pigment
epithelium is unable to regenerate 11-cis-retinal and therefore,
leads to an accumulation of free opsin. Although Rpe65rd12/rd12
mice expressing WT rhodopsin retain a near-normal comple-
ment of photoreceptors at 4 weeks of age, photoreceptors of
doublemutants:Rpe65rd12/rd12/RhoTvrm1/� andRpe65rd12/rd12/
RhoTvrm4/� mice degenerated without exposure to bright light
and at a much faster rate than unexposed RhoTvrm1/�,
RhoTvrm4/�, or Rpe65rd12/rd12,Rho�/� mice. This indicates that
the Y102H and I307N opsinsmay bemore toxic thanWTopsin
or alternatively, higher levels of constitutive activation may
accelerate the photoreceptor degeneration observed in the Rho
mutants. Constitutive opsin activation is thought to underlie
the loss of visual sensitivity in forms of congenital stationary
night blindness caused by rhodopsin mutations in which pho-
toreceptor degeneration does not occur (31, 49, 50), or occurs at
a slow rate (44). Taken together, we interpret the results of the
double mutant experiment to indicate that the Y102H and
I307N rhodopsin mutations result in a longer-lived opsin with
dominant cell-toxic features. Under normal housing condi-
tions, the levels of free opsin generated are below the threshold
for inducing photoreceptor degeneration. Only when exposed
to bright light, or deprived of 11-cis-retinal, do the opsin levels
exceed the threshold for initiation of apoptotic cell death
pathways.
AllelicDifferences betweenTvrm1andTvrm4—TheRhoTvrm1/�

and RhoTvrm4/� mutations are located in the 1st extracellular
loop and the 7th transmembrane region, respectively. Despite
these differences in locations, they cause similar disease pheno-
types. The regions in which the mutations occur do not have
similar reported functions. However, it is interesting to note
that they are both located near regions of themolecule that play
a role in rhodopsin dimer formation (51). RhoTvrm1/� (Y102H)
lies near Tyr-96 and His-100 from helix II, which form a sec-
ondary cluster of side chains connecting the two rhodopsin
subunits. RhoTvrm4/� (I307N) lies close to Cys-322 andCys-323
ofH-8 helix that have associated palmitoyl groups thatmay also
play a role in dimer stabilization. Although we do not have any
evidence that the mutations do indeed affect the stability of the
rhodopsin dimers, the availability of these Rho models will
allow for further in vivo exploration of this observation.
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Finally, whereas both RhoTvrm1/� and RhoTvrm4/� mutants
share similar disease phenotypes, their rate of disease pro-
gression and the level of light exposure necessary to induce
photoreceptor degeneration differ. The RhoTvrm1/� muta-
tion is more susceptible to light-induced damage than
RhoTvrm4/� mutants and a shorter duration of light exposure
is necessary to induce photoreceptor degeneration. How-
ever, the RhoTvrm4/� opsin appears to be more cytotoxic, as
the retinas of RhoTvrm4/� mutants degenerate faster when
expressed in the absence of Rpe65. This suggests that mutant
opsin toxicity and the functionality of the mutant opsin upon
exposure to bright light are not completely equivalent and
that bright light exposure not only increases the level of free
opsin in the retina but possibly affects other factors that lead
to photoreceptor degeneration. The models described here
will allow for further exploration of the in vivo structure and
function of the rhodopsin molecule.
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Nicolò, M., Makino, C. L., and Sidman, R. L. (1999) Proc. Natl. Acad. Sci.
U.S.A. 96, 736–741

5. Toda, K., Bush, R. A., Humphries, P., and Sieving, P. A. (1999) Vis. Neuro-
sci. 16, 391–398

6. Berson, E. L. (1993) Invest. Ophthalmol. Vis. Sci. 34, 1659–1676
7. Hartong, D. T., Berson, E. L., and Dryja, T. P. (2006) Lancet 368,

1795–1809
8. Gal, A., Apfelstedt-Sylla, E., Janecke, A., and Zrenner, E. (1997) Prog. Ret-

inal Eye Res. 16, 51–79
9. Olsson, J. E., Gordon, J.W., Pawlyk, B. S., Roof, D., Hayes, A.,Molday, R. S.,

Mukai, S., Cowley, G. S., Berson, E. L., and Dryja, T. P. (1992) Neuron 9,
815–830

10. Naash, M. I., Hollyfield, J. G., al-Ubaidi, M. R., and Baehr, W. (1993) Proc.
Natl. Acad. Sci. U.S.A. 90, 5499–5503

11. Petters, R. M., Alexander, C. A., Wells, K. D., Collins, E. B., Sommer,
J. R., Blanton, M. R., Rojas, G., Hao, Y., Flowers, W. L., Banin, E.,
Cideciyan, A. V., Jacobson, S. G., and Wong, F. (1997) Nat. Biotechnol.
15, 965–970

12. Li, T., Sandberg, M. A., Pawlyk, B. S., Rosner, B., Hayes, K. C., Dryja, T. P.,
and Berson, E. L. (1998) Proc. Natl. Acad. Sci. U.S.A. 95, 11933–11938

13. Kondo, M., Sakai, T., Komeima, K., Kurimoto, Y., Ueno, S., Nishizawa, Y.,
Usukura, J., Fujikado, T., Tano, Y., and Terasaki, H. (2009) Invest. Oph-
thalmol. Vis. Sci. 50, 1371–1377

14. Tan, E.,Wang,Q.,Quiambao, A. B., Xu, X.,Qtaishat, N.M., Peachey,N. S.,
Lem, J., Fliesler, S. J., Pepperberg, D. R., Naash, M. I., and Al-Ubaidi, M. R.
(2001) Invest. Ophthalmol. Vis. Sci. 42, 589–600

15. Cideciyan, A. V., Hood, D. C., Huang, Y., Banin, E., Li, Z. Y., Stone, E. M.,
Milam, A. H., and Jacobson, S. G. (1998) Proc. Natl. Acad. Sci. U.S.A. 95,
7103–7108

16. Cideciyan, A. V., Jacobson, S. G., Aleman, T. S., Gu, D., Pearce-Kelling,

S. E., Sumaroka, A., Acland, G. M., and Aguirre, G. D. (2005) Proc. Natl.
Acad. Sci. U.S.A. 102, 5233–5238

17. Chang, B., Hawes, N. L., Hurd, R. E.,Wang, J., Howell, D., Davisson,M. T.,
Roderick, T. H., Nusinowitz, S., and Heckenlively, J. R. (2005) Vis. Neuro-
sci. 22, 587–593

18. Pinto, L. H., Vitaterna, M. H., Shimomura, K., Siepka, S. M., McDear-
mon, E. L., Fenner, D., Lumayag, S. L., Omura, C., Andrews, A. W.,
Baker, M., Invergo, B. M., Olvera, M. A., Heffron, E., Mullins, R. F.,
Sheffield, V. C., Stone, E. M., and Takahashi, J. S. (2005) Vis. Neurosci.
22, 619–629

19. Kijas, J. W., Cideciyan, A. V., Aleman, T. S., Pianta, M. J., Pearce-Kelling,
S. E., Miller, B. J., Jacobson, S. G., Aguirre, G. D., and Acland, G.M. (2002)
Proc. Natl. Acad. Sci. U.S.A. 99, 6328–6333

20. Herron, B. J., Lu, W., Rao, C., Liu, S., Peters, H., Bronson, R. T., Justice,
M. J., McDonald, J. D., and Beier, D. R. (2002) Nat. Genet. 30, 185–189

21. Justice,M. J., Zheng, B.,Woychik, R. P., andBradley, A. (1997)Methods13,
423–436

22. Hawes, N. L., Smith, R. S., Chang, B., Davisson,M., Heckenlively, J. R., and
John, S. W. (1999)Mol. Vis. 5, 22

23. Lee, Y., Kameya, S., Cox, G. A., Hsu, J., Hicks, W., Maddatu, T. P., Smith,
R. S., Naggert, J. K., Peachey, N. S., and Nishina, P. M. (2005) Mol. Cell.
Neurosci. 30, 160–172

24. Goto, Y., Peachey, N. S., Ziroli, N. E., Seiple, W. H., Gryczan, C., Pepper-
berg, D. R., and Naash, M. I. (1996) J. Opt. Soc. Am. A Opt. Image Sci. Vis.
13, 577–585

25. Kim, T. S., Maeda, A., Maeda, T., Heinlein, C., Kedishvili, N., Palczewski,
K., and Nelson, P. S. (2005) J. Biol. Chem. 280, 8694–8704

26. Groenendijk, G. W., De Grip, W. J., and Daemen, F. J. (1980) Biochim.
Biophys. Acta 617, 430–438

27. Groenendijk, G. W., Jansen, P. A., Bonting, S. L., and Daemen, F. J. (1980)
Methods Enzymol. 67, 203–220

28. Garwin, G. G., and Saari, J. C. (2000)Methods Enzymol. 316, 313–324
29. Ferretti, L., Karnik, S. S., Khorana, H. G., Nassal, M., and Oprian, D. D.

(1986) Proc. Natl. Acad. Sci. U.S.A. 83, 599–603
30. Franke, R. R., Sakmar, T. P., Oprian, D. D., and Khorana, H. G. (1988)

J. Biol. Chem. 263, 2119–2122
31. Gross, A. K., Rao, V. R., and Oprian, D. D. (2003) Biochemistry 42,

2009–2015
32. Gross, A. K., Xie, G., and Oprian, D. D. (2003) Biochemistry 42,

2002–2008
33. Xie, G., Gross, A. K., and Oprian, D. D. (2003) Biochemistry 42,

1995–2001
34. Lamb, T. D. (1996) Aust. N. Z. J. Ophthalmol. 24, 105–110
35. Pepperberg, D. R., Birch, D. G., Hofmann, K. P., and Hood, D. C. (1996) J.

Opt. Soc. Am. A Opt. Image Sci. Vis. 13, 586–600
36. Hetling, J. R., and Pepperberg, D. R. (1999) J. Physiol. 516, 593–609
37. Chen, J., Makino, C. L., Peachey, N. S., Baylor, D. A., and Simon, M. I.

(1995) Science 267, 374–377
38. Pang, J. J., Chang, B., Hawes, N. L., Hurd, R. E., Davisson, M. T., Li, J.,

Noorwez, S. M., Malhotra, R., McDowell, J. H., Kaushal, S., Hauswirth,
W. W., Nusinowitz, S., Thompson, D. A., and Heckenlively, J. R. (2005)
Mol. Vis. 11, 152–162

39. Naash, M. I., Ripps, H., Li, S., Goto, Y., and Peachey, N. S. (1996) J. Neu-
rosci. 16, 7853–7858

40. Wang, M., Lam, T. T., Tso, M. O., and Naash, M. I. (1997) Vis. Neurosci.
14, 55–62

41. Vaughan, D. K., Coulibaly, S. F., Darrow, R. M., and Organisciak, D. T.
(2003) Invest. Ophthalmol. Vis. Sci. 44, 848–855

42. White, D. A., Fritz, J. J., Hauswirth, W. W., Kaushal, S., and Lewin, A. S.
(2007) Invest. Ophthalmol. Vis. Sci. 48, 1942–1951

43. Sung, C. H., Schneider, B. G., Agarwal, N., Papermaster, D. S., and
Nathans, J. (1991) Proc. Natl. Acad. Sci. U.S.A. 88, 8840–8844

44. Zeitz, C., Gross, A. K., Leifert, D., Kloeckener-Gruissem, B., McAlear,
S. D., Lemke, J., Neidhardt, J., and Berger, W. (2008) Invest. Ophthalmol.
Vis. Sci. 49, 4105–4114

45. Gu, D., Beltran, W. A., Li, Z., Acland, G. M., and Aguirre, G. D. (2007)
Invest. Ophthalmol. Vis. Sci. 48, 4907–4918

46. Kemp, C. M., Jacobson, S. G., Roman, A. J., Sung, C. H., and Nathans, J.

Mutations of the Opsin Gene

14532 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 19 • MAY 7, 2010

 at H
A

M
-T

M
C

 Library, on M
ay 12, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


(1992) Am. J. Ophthalmol. 113, 165–174
47. Lamb, T. D., and Pugh, E. N., Jr. (2006) Invest. Ophthalmol. Vis. Sci. 47,

5137–5152
48. Melia, T. J., Jr., Cowan, C. W., Angleson, J. K., and Wensel, T. G. (1997)

Biophys. J. 73, 3182–3191
49. Dryja, T. P., Berson, E. L., Rao, V. R., and Oprian, D. D. (1993)Nat. Genet.

4, 280–283
50. Rao, V. R., Cohen, G. B., and Oprian, D. D. (1994) Nature 367,

639–642
51. Salom, D., Lodowski, D. T., Stenkamp, R. E., Le Trong, I., Golczak, M.,

Jastrzebska, B., Harris, T., Ballesteros, J. A., and Palczewski, K. (2006) Proc.
Natl. Acad. Sci. U.S.A. 103, 16123–16128

Mutations of the Opsin Gene

MAY 7, 2010 • VOLUME 285 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 14533

 at H
A

M
-T

M
C

 Library, on M
ay 12, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/

