
Neurobiology of Disease

Night Blindness and the Mechanism of Constitutive
Signaling of Mutant G90D Rhodopsin

Alexander M. Dizhoor,1 Michael L. Woodruff,2 Elena V. Olshevskaya,1 Marianne C. Cilluffo,3 M. Carter Cornwall,4

Paul A. Sieving,5,6 and Gordon L. Fain2,7

1Hafter Research Laboratories, Pennsylvania College of Optometry, Salus University, Elkins Park, Pennsylvania 19027, 2Department of Physiological
Science, University of California, Los Angeles, Los Angeles, California 90095-1606, 3Brain Research Institute, David Geffen School of Medicine, University of
California, Los Angeles, Los Angeles, California 90095-1761, 4Department of Physiology and Biophysics, Boston University School of Medicine, Boston,
Massachusetts 02118-2526, 5National Eye Institute and 6National Institute on Deafness and Other Communication Disorders–National Institutes of Health,
Bethesda, Maryland 20892, and 7Jules Stein Eye Institute, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, California 90095-7000

The G90D rhodopsin mutation is known to produce congenital night blindness in humans. This mutation produces a similar condition in
mice, because rods of animals heterozygous (D�) or homozygous (D�/�) for this mutation have decreased dark current and sensitivity,
reduced Ca 2�, and accelerated values of �REC and �D , similar to light-adapted wild-type (WT) rods. Our experiments indicate that G90D
pigment activates the cascade, producing an equivalent background light of �130 Rh* rod �1 for D� and 890 Rh* rod �1 for D�/�. The
active species of the G90D pigment could be unregenerated G90D opsin or G90D rhodopsin, either spontaneously activated (as Rh*) or in
some other form. Addition of 11-cis-retinal in lipid vesicles, which produces regeneration of both WT and G90D opsin in intact rods and
ROS membranes, had no effect on the waveform or sensitivity of dark-adapted G90D responses, indicating that the active species is not
G90D opsin. The noise spectra of dark-adapted G90D and WT rods are similar, and the G90D noise variance is much less than of a WT rod
exposed to background light of about the same intensity as the G90D equivalent light, indicating that Rh* is not the active species. We
hypothesize that G90D rhodopsin undergoes spontaneous changes in molecular conformation which activate the transduction cascade
with low gain. Our experiments provide the first indication that a mutant form of the rhodopsin molecule bound to its 11-cis-
chromophore can stimulate the visual cascade spontaneously at a rate large enough to produce visual dysfunction.
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Introduction
Congenital night-blindness is a debilitating condition producing
a profound loss of sensitivity of rod vision (Lem and Fain, 2004).
In some patients the sensitivity loss is stable, but in others with
increasing age some degeneration and permanent loss of function
can occur. A particularly well studied form of autosomal domi-
nant night-blindness is produced by the rhodopsin mutation
Gly90Asp (G90D), in which a neutral glycine is replaced by acidic
aspartate. Patients with this mutation have a persistent loss of rod
sensitivity, similar to that produced by continuous background
light (Sieving et al., 1995). Sieving et al. (1995) proposed that the

mutant rhodopsin stimulates the transduction cascade, produc-
ing an equivalent background light and light adaptation. The
aspartate in the mutant is known to be sufficiently close to per-
turb the salt bridge normally formed in wild-type rhodopsin be-
tween a glutamate residue and the lysine to which the chro-
mophore binds (Rao et al., 1994; Rao and Oprian, 1996). This
may give the dark form of G90D rhodopsin conformational
properties similar to light-activated pigment, so that G90D rho-
dopsin may have partial activity even in darkness (Zvyaga et al.,
1996). A role for G90D rhodopsin in producing the equivalent
background is consistent with the observation of Sieving et al.
(1995) that the desensitization in G90D patients is not reversed
even after 12 h of dark adaptation.

Other experiments indicate, however, that the active species of
G90D pigment may be opsin and not rhodopsin. Jin et al. (2003)
expressed the G90D pigment at low concentration in Xenopus
rods and showed that desensitization of the photoreceptors could
be reversed by regeneration with 11-cis-retinal. This result sup-
ports G90D opsin as primarily responsible for the equivalent
background, but it raises the question of why regeneration of
pigment can restore sensitivity in Xenopus when even long peri-
ods of dark adaptation do not restore sensitivity in human G90D
patients. In a separate series of experiments, Rao et al. (1994)
showed that G90D opsin could activate transducin in vitro and
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that G90D rhodopsin had negligible activity. This also supports a
role for G90D opsin, but the negative result for G90D rhodopsin
is not definitive, because under similar assay conditions wild-type
(WT) opsin also showed negligible activity (Robinson et al.,
1992), and WT mouse opsin is known to be sufficiently active to
produce robust stimulation of transduction when present in large
quantities (Fan et al., 2005).

When the mammalian G90D pigment is expressed in Xenopus
rods (Jin et al., 2003), it is considerably more active than when
expressed in mouse (Sieving et al., 2001), indicating that the cel-
lular environment of the protein may affect its properties. We
have therefore re-examined the function of mammalian G90D
pigment when expressed in a mammal. Our experiments show
that the constitutive activity of the pigment in darkness is pro-
duced by G90D rhodopsin rather than G90D opsin, not by ther-
mal transitions to highly active Rh* but rather by transition to a
form that activates transduction at low gain.

Materials and Methods
Animals. Experiments were conducted in accordance with protocols ap-
proved by Institutional Animal Care and Use Committees. The G90D
(D�) mice in rhodopsin knock-out (Rho�/�) or a hemizygous
(Rho�/�) rhodopsin background were produced as originally described
by Sieving et al. (2001). We maintained the D�/�;Rho�/�, D�/�;
Rho�/� or D�;Rho�/� mice as described previously (Sieving et al.,
2001; Woodruff et al., 2007). The Rpe65 knock-out mice, originally gen-
erated by Redmond et al. (1998), were bred to Rho�/� mice
(Humphries et al., 1997) and backcrossed to the Rho�/� to produce the
Rpe65�/�;Rho�/� genotype. The primers for generating characteristic
fragments from the Rho�/� knock-out allele of rhodopsin by PCR
were 5�-AGGACTGACGGCTACTAACTGCCTTACAG-3� and 5�-GA-
CCCGATACTCAGTGCCAT TACCTG-3�; primers for WT allele of rho-
dopsin were 5�-AGGACTGACGGCTACTAACTGCCTTACAG-3� and
5�-AGACCCGATACTCAGTGC CATTACCTG-3�. Primers for generat-
ing characteristic fragments for the wild-type allele of Rpe65 by PCR
were 5�-CTCATCCTACAGCTGGTACCAGAACTCTCTCTA-3� and
5�-CAGAACTCTCTCTAATCTTCACTGGAAGAAAATGTCTA-3�, and
primers for generating products from the Rpe65 knock-out allele were 5�-
TCACCAGAGTAGAGCCTATCTCAGTTC TTCT-3� and 5�-AGATTC-
TACCATTTCTTTCATTCTACAGTTGACA-3�. The double-knock-out
mice all showed the knock-out allele-specific products but not the wild-type
rhodopsin-specific or Rpe65-specific products.

We then crossed the Rpe65�/�;Rho�/� mice with D�/�;Rho�/�
mice and backcrossed the progeny to the Rpe65�/�;Rho�/� mice for
several generations, to produce the triple hybrid, D�/�; Rpe65�/�;
Rho�/� by selecting for the presence of the G90D rhodopsin transgene,
the absence of the wild-type allele for Rpe65, and the presence of knock-
out alleles for both Rpe65 and the rod opsin gene. For G90D-specific PCR
products, we used the same primers as in Woodruff et al. (2007).

It is important to emphasize that introduction of the G90D transgene
(Sieving et al., 2001) made it impossible to verify by PCR or DNA restric-
tion digest the absence of the characteristic products for the WT rhodop-
sin allele, because the G90D transgene was the whole rhodopsin gene
encoding the point mutation in the rod opsin gene exon 1, randomly
integrated into a mouse genome outside chromosome 6 (location of the
rod opsin gene itself). The rhodopsin knock-out allele (Humphries et al.,
1997), however, resulted from insertion of the neomycin-resistance cas-
sette into the exon 2 of the rod opsin gene in chromosome 6. This had the
effect that, when we backcrossed the D�/�;Rpe65�/�;Rho�/� mice to
the Rpe65�/�;Rho�/� for several generations, the “wild-type”-specific
PCR product from exon 2 always cosegregated with the G90D mutation
in exon 1, demonstrating that products characteristic of the undisrupted
exon 2 originated from the G90D transgene and not from a hemizygotic
wild-type rhodopsin allele. Thus, any wild-type rhodopsin-specific prod-
ucts we detected must have been generated from exon 2 of the G90D
rhodopsin transgene, because they were not found in the Rho�/� mice.

This confirmed that the wild-type rhodopsin gene was absent from our
D�/�;Rpe65�/�;Rho�/� mice.

In addition to the D�/�;Rpe65�/�;Rho�/� mice, we also produced
a mouse with no wild-type rhodopsin allele that was heterozygous for the
wild-type Rpe65 allele (Rho�/�; Rpe65�/�) and crossed it with the
D�/�; Rpe65�/�; Rho�/� mice to generate the 11-cis-retinal-
dependent D�/�; Rpe65�/�; Rho�/� and 11-cis-retinal-independent
D�/�; Rpe65�/�; Rho�/� mice in the same litters. These animals were
used as the experimentals and controls for 11-cis-retinal applications in
Figure 6 B.

Histology. We killed mice by lethal injection of ketamine/xylazine so-
lution and immediately perfused them through the heart with phosphate
buffered saline followed by 2.5% glutaraldehyde in PBS. The eyes were
excised with as little pressure on the ocular nerve as possible and placed in
2.5% glutaraldehyde/2.5% paraformaldehyde solution in 0.1 M cacody-
late buffer, pH 7.4, where they were left overnight. They were then dehy-
drated, mounted in epon or paraffin, and sectioned and photographed as
in Woodruff et al. (2007). Measurements of rod outer segment (ROS)
dimensions were made as in Woodruff et al. (2007) and were obtained
from Rpe65�/� retinas with tissue blocks kindly provided to us by Dean
Bok of the Jules Stein Eye Institute (Los Angeles, CA); these blocks were
the same as those used in the study of Redmond et al. (1998).

Suction-electrode recordings and free-Ca2� determinations. Methods
forrecordingresponsesofmouserodshavebeengivenpreviously (Wood-
ruff et al., 2007, 2008). When the 500 nm flashes were insufficiently
bright to saturate the response (as for Rpe65�/� rods in Figs. 5, 6), we
used white light as our stimulus. The intensity of the white light was
calibrated individually for each different cell type by recording small-
amplitude responses to white and 500 nm light and comparing their
sensitivities. Intensities for the response-intensity curves of Figures 1 B,
5C, and 6 were converted to numbers of rhodopsins bleached per flash
from the collecting area of 0.5 for WT rods (Field and Rieke, 2002),
adjusted for the difference in maximal pigment absorbance between WT
rhodopsin (503 nm) and G90D rhodopsin (483 nm) (Rao et al., 1994;
Zvyaga et al., 1996), and for differences in the lengths of outer segments
of the mutants used in this study (see Results). No adjustment was made
for outer segment diameter, because this was the same in mutant rods as
in WT rods with one exception. The diameters of G90D rods also lacking
the RPE65 protein were in general somewhat smaller than WT rods and
the other G90D rods, but the shapes of the rods were so irregular that it
was not possible to provide an accurate estimate of the mean diameter.
We have therefore continued to use a diameter of 1.5 �m, although
collecting areas and membrane areas used to calculate light intensities
and current densities are likely to be overestimates by perhaps as much as
50%. As we shall show in the Results section, this inaccuracy has little
effect on the interpretation of our experiments. Current densities were
calculated by dividing currents by total outer segment membrane area,
calculated from the dimensions of the outer segments of WT and each of
the mutant strains individually (Woodruff et al., 2007). Other informa-
tion about the details of response presentation are given in the figure
legends. Calcium was measured as described previously (Woodruff et al.,
2002, 2007). Unless otherwise stated, errors are given as SEs of the mean.
Curve fitting and plotting of data were done with the program Origin
(OriginLab).

Noise analysis. For WT rods, circulating current was recorded in dark-
ness and in the presence of background light of 251 photons �m �2 s �1

(125 Rh* rod �1s�1), as well as in a saturating background of 7.9 � 10 3

photons �m �2 s �1 (4 � 10 3 Rh* rod �1s�1). For D� rods, current was
recorded only in darkness and in the presence of the saturating back-
ground. In darkness and for each light condition, data were acquired for
5 min in 30 segments of 10 s each at a sampling rate of 1 kHz and filtered
at 30 Hz. Power spectra were calculated from the middle 9 s of each 10 s
sweep, that is from 0.5 to 9.5 s, thus limiting the low frequency resolution
to 1/9 s �1 or 0.12 Hz. Sweeps with an unstable baseline were omitted
from the analysis, so that between 25 and 30 sweeps were used to calculate
each spectrum. For each rod, the spectrum in saturating light (when all of
the channels were closed) was subtracted from the spectrum in darkness
or in the 251 photons �m �2 s �1 background light to remove instrumen-
tation noise (Rieke and Baylor, 1996; Burns et al., 2002). Power spectra

Dizhoor et al. • Mechanism of Constitutive Signaling by G90D Rhodopsin J. Neurosci., November 5, 2008 • 28(45):11662–11672 • 11663



were computed with ClampFit software (Molecular Devices); traces
shown in Figure 8 are the averaged difference spectra for 12 WT and 12
G90D rods with SEs of the mean.

Application of 11-cis-retinal to intact photoreceptors. The 11-cis-retinal
was made available to us by the laboratory of Rosalie Crouch of the
Medical University of South Carolina (Charleston, South Carolina). The
purity of the compound was assayed with HPLC by Roxana Radu of the
Jules Stein Eye Institute at UCLA and was found to be 98.6% 11-cis-
retinal and 1.4% all-trans retinal. Crystals of retinoid were dissolved in
100% (absolute) ethanol in dim red illumination at 1 mg in 100 �l
solvent to obtain a final concentration of �10 mg/ml. The exact concen-
tration of the retinoid solution was determined by difference spectros-
copy as explained below. The solution was divided into three equal por-
tions by pipetting into conical-bottomed glass vials. The ethanol was
evaporated away completely under a stream of N2 gas, and the dried
retinoid was stored in a �80°C freezer until used in an experiment.

On the morning of the experiment, lipid vesicles were prepared as a
vehicle for the retinoid. The vesicles were made as follows: 0.25 ml of L-�
phosphatidylcholine (Sigma; P2772) was placed in a liquid scintillation
vial and dried evenly against the bottom of the vial under a gentle stream

of N2 gas. Then 10 ml of Locke’s solution (140 mM NaCl, 3.6 mM KCl, 2.4
mM MgCl2, 1.2 mM CaCl2, 20 �M EDTA, 3 mM Hepes, brought to pH 7.4
with NaOH) was added to the vial and sonicated with a VibraCell soni-
cator (Sonics & Materials) having a large diameter probe tip (12.5 mm).
The vial was cooled by immersion in an ice bath, and the solution was
sonicated usually for three 10 min periods at an 80% setting of the son-
icator (100 W) until the solution turned from milky to opalescent. A 1.5
ml aliquot of sonicated vesicles was added to one of the conical glass vials
with dried retinoid and sonicated with a small tip probe for �4 min at
30 –50 W. From this, 25 �l was removed to 475 �l of absolute ethanol,
and the retinoid content was assayed in a scanning spectrophotometer
(UV-2101 PC; Shimadzu) and calculated from the published extinction
coefficient. A portion of the solution containing the retinoid in lipid
vesicles was then diluted into Locke’s solution to obtain the final desired
retinoid concentration.

The two eyes of a mouse were divided into four pieces, and the retinas
of each were dissociated. One preparation was used for immediate re-
cording, and the others were used for vesicle incubation. Rpe65�/� rods
were incubated with vesicles for between 30 and 60 min, and D�/�;
Rho�/�;Rpe65�/� rods for from 1 to 3 h. At the end of each of the
incubation periods, the rod preparations were pipetted into the record-
ing chamber and perfused for 5–10 min before the recordings were begun
to remove any remaining lipid vesicles.

Application of 11-cis-retinal to ROS membranes. We isolated the bulk
photoreceptor outer-segment fraction from mouse retinas with discon-
tinuous density gradient using previously described protocols (Tsang et
al., 1998, Burns et al., 2006) but with the following modifications. Retinas
(usually 12) from mice dark-adapted for 12–18 h were collected under
infrared light on ice in 15 �l of high-glucose DMEM without phenol red
(Invitrogen). Pooled retinas were mixed with 250 �l of 8% Optiprep
iodoxanol solution in DMEM containing 100 �M phenylmethanesul-
phonylfluoride, vortexed for 2 min, and centrifuged at 1000 rpm for 1
min. The supernatant was collected, and the extraction procedure was
repeated two more times with 150 �l of the 8% Optiprep solution. The
combined fraction of the supernatant was loaded on a two-step (18/10%
Optiprep in DMEM) density gradient and centrifuged for 1.5 h at 50,000
rpm in a Beckman TLS-55 swing-bucket rotor at 4°C. The band of outer
segments was collected from the gradient, diluted fourfold with 20 mM

TrisHCl, pH7.5, 130 mM NaCl, 8 mM KCl, 5 mM MgCl2, and pelleted by
centrifugation for 20 min at 45,000 rpm, 4°C. The pellet was resuspended
in the same buffer solution, aliquoted and stored frozen in liquid nitro-
gen or in �70°C until use. All isolation procedures were conducted with
prechilled ice-cold solutions under infrared light except for the retinas
from the Rpe65�/� genetic background, which were collected under
normal ambient light.

ROS membranes isolated in the light containing either wild-type or
G90D rhodopsin in a Rpe65�/� genetic background were incubated in
the dark for 1 h at 37° in the presence of 500 �M 11-cis-retinal, washed
with 10 mM TrisHCl, 100 mM NaCl, and dissolved in 2 mM octylglucoside
containing 1 mM freshly prepared hydroxylamine, pH 7.5. The absor-
bance measurements were done at 500 nm in a 0.1 ml spectrophotomet-
ric cuvette in a Beckman DU68 spectrophotometer before and after com-
plete bleaching of the sample in the cuvette with a focused flashlight. The
concentration of rhodopsin was calculated from the difference absor-
bance with a molar extinction coefficient for both G90D and wild-type
rhodopsin of 40,000, and the concentration of G90D pigment was cor-
rected for the 0.91 absorbance efficiency at 500 nm relative to the wild-
type rhodopsin. There was no detectable pigment before the regeneration
with 11-cis-retinal in ROS from the Rpe65�/� background. After the
concentrations were determined, equal amounts of WT and G90D pig-
ment were loaded onto an SDS gel in the light in amounts of 17.6, 35.3
and 53 ng, and the opsin was then subjected to immunoblotting with an
antirhodopsin polyclonal antibody. The strength of the immunoblot sig-
nal was measured with chemilumiscence and quantified by densitometry
as described previously (Olshevskaya et al., 2004; Woodruff et al., 2007).
The comparison of WT with D�/�;R�/� mice in the Rpe� back-
ground was conducted by a similar procedure but with dark ROS
membranes from dark-adapted mice.

Figure 1. The rhodopsin G90D mutation decreases dark current and sensitivity. A, Flash
responses from single representative WT, G90D�/�;Rh�/� (D�) and G90D�/�;
Rh�/� (D�/�) rods. Light intensities of flashes were (in photons �m �2) 15, 40, 135, 440,
1150, and 4170; traces are averaged from 10 to 23 flashes at dimmer intensities and 5–10
flashes at brighter intensities. Flashes were 20 ms, and interflash interval was 7–10 s. B, Mean
intensity-response curves from rods that were WT (filled squares), G90D�/�;Rh�/� (D�,
unfilled squares) and G90D�/�;Rh�/� (D�/�, unfilled triangles). WT data were aver-
aged from 32 rods recorded as in A, with flash intensities from 1.3 to 4170 photons �m �2. D�
data were averaged from 10 rods with flash intensities from 17 to 4230 photons �m �2, and
D�/� data were from 21 rods with intensities from 17 to 8060 photons �m �2. Error bars
indicate SEs. Current densities were calculated by dividing by outer segment area, which was
calculated from the length and diameter of the outer segment without taking into account the
incisures or infolded disks at the outer segment base. Areas were 113 �m 2 for WT and D�, and
99 �m 2 for D�/� (see Results). Numbers of rhodopsins bleached were calculated from light
intensities by multiplying by collecting area. This was taken as 0.5 �m 2 for WT rods (Field and
Rieke, 2002). For G90D rods, a correction was made for outer segment length and the different
peak absorption of the G90D photopigment (see Results). Collecting areas were 0.48 for D�
and 0.40 for D�/�. Curves are exponential saturations functions given by Equation 1 in text,
with the following k values: 0.049 for WT, 0.0078 for D�, and 0.0030 for D�/�.
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Results
We recorded and compared the light responses to brief flashes
from dark-adapted WT, G90D�/�;Rh�/� (D�), and G90D�/
�;Rho�/� (D�/�) rods. We detected no evidence of degener-
ation in D� retinas at any animal age (Sieving et al., 2001; Naash
et al., 2004). In D�/�;Rho�/� retinas, we detected a small de-
crease in photoreceptor cell number in older animals (supple-
mental Fig. 1A,B, available at www.jneurosci.org as supplemen-
tal material) unlike previous observations (Sieving et al., 2001;
Naash et al., 2004). In agreement with those studies, however, we
found no evidence of cell loss in animals at the ages used in our
recordings (between 1 and 4 months old).

The traces in Figure 1A show typical averaged responses for a
series of increasing flash intensities from a single rod of each kind.
The most prominent difference is the value of the circulating
current in darkness, which is smaller than WT for the D� rod
and smaller still for the D�/� photoreceptor. The responses of
the mutant rods were also considerably less sensitive (Table 1).
This is easier to see from the curves in Figure 1B, which plot mean
peak response amplitude as a function of flash intensity averaged
from 32 WT, 10 D�, and 21 D�/� rods. We adjusted the col-
lecting areas of the G90D rods for the somewhat shorter outer
segments of the D�/� rods (20 –22 �m instead of 24 �m) (Siev-
ing et al., 2001), and for the difference in peak absorption of the
G90D pigment, which is at 483 nm instead of at 503 nm (Rao et
al., 1994; Zvyaga et al., 1996). This decreases the probability of
absorption of our 500 nm stimulus by a factor of 0.91 by com-
parison to the WT pigment for D�/� and 0.95 for D� (assum-
ing equal expression of the two pigments). Currents have been
plotted as current densities to compensate for the somewhat
smaller outer segments of the D�/� rods; we have assumed that
that there is no difference in channel density per unit outer seg-
ment area between the WT and the various mutant photorecep-
tors. The data have been fitted with exponential saturation func-
tions (Lamb et al., 1981) of the following form:

i�imax[1�exp(�kI )], (1)

where i is the photocurrent, imax the max-
imum value of the photocurrent, I the
flash or step intensity, and k a constant.
Values for k are given in the figure legend.

The peak values of the current densities
for the three kinds of photoreceptors were

0.103 (WT), 0.065 (D�), and 0.033 (D�/�) pA �m�2 and are in
the ratio of 1:0.6:0.3. Because our previous studies have shown
that decreases in current density produce nearly commensurate
decreases in outer segment free-Ca 2� concentration (Woodruff
et al., 2007), we expected that the Ca 2� would also be diminished
in the G90D rods. We tested this supposition by measuring the
concentration of Ca 2� in the rod outer segment with the fluoro-
metric dye fluo-5F, using methods we have previously described
(see Materials and Methods) (Woodruff et al., 2002, 2007). The
results of these experiments are given in Figure 2. The Ca 2� con-
centration was significantly lower in both D� and D�/� rods
than in WT ( p � 0.05 level, two-tailed Student’s t test), although
the difference between D� and D�/� was not significant ( p �
0.51, two-tailed Student’s t test). The mean dark Ca 2� concen-
trations (240, 143, and 119 nM) were in the ratio of 1:0.6:0.5. The
current-density measurements would predict a lower value for
the dark Ca 2� of D�/� rods of �72 nM, and the measured mean
Ca 2� of 119 nM is significantly higher than this ( p � 0.01 level,
two-tailed Student’s t test). The reason for the discrepancy is
unknown. The Ca 2� concentrations in bright light were 46 � 10
nm (WT), 51 � 5 nm (D�), and 50 � 8 nM (D�/�) and were not
significantly different from one another.

The intensity of the equivalent background light
Because the G90D mutation reduces circulating current and sen-
sitivity, it acts much like a continuous equivalent background
light. We estimated the intensity of this equivalent background by
comparing the change in sensitivity in D� and D�/� rods (Ta-
ble 1) to that produced in a WT rod by a steady adapting back-
ground light. We (Fan et al., 2005; Woodruff et al., 2008) and
others (Mendez et al., 2001; Makino et al., 2004) have previously
shown that the sensitivity of mouse WT rods decreases in steady
backgrounds according to the Weber relation:

SF

DD
F

�
I0

I0 � IB
, (2)

where SF is the flash sensitivity of the rod, SF
D the flash sensitivity

in darkness, IB the intensity of the background, and I0 a constant.
Using a value for I0 of 30 photons �m�2 s�1 (Woodruff et al.,
2008) and the sensitivity measurements in Table 1, we calculated
that the intensity of the background light in a WT rod necessary
to produce the same desensitization we observed in G90D rods is
264 photons �m�2 s�1 (or �130 Rh* rod�1 s�1) for D� and
1788 photons �m�2 s�1 (or �890 Rh* rod�1 s�1) for D�/�.
The value for D� is probably within experimental error of the
estimate of 82 Rh* rod�1 s�1 made by Sieving et al. (2001) for this
same mouse line from measurements of the isolated a-wave.

Changes in response kinetics in D� and D�/� rods
If the expression of the G90D pigment has the effect of producing
an equivalent background light, it would be expected to have a
marked effect on the kinetics of the rod light response. In Figure
3, we compare the waveforms of responses to a series of flashes of
fixed intensity. Responses were normalized cell by cell, and the

Figure 2. Measurement of free Ca 2� concentration from outer segments of WT, D� and
D�/� rods. Error bars indicate SE. See Results.

Table 1. Kinetic properties of WT and G90D rods

Integration time (ms) �REC (ms) �D (ms) SF
D (pA photon�1 �m2)

WT 246 � 13 (112) 190 � 12 (115) 193 � 8 (57) 0.295 � 0.013 (126)
G90D�/�;Rh�/� 110 � 11 (28) 94 � 6 (33) 135 � 7 (26) 0.027 � 0.002 (36)
G90D�/�;Rho�/� 108 � 10 (18) 70 � 12 (19) 96 � 8 (17) 0.0045 � 0.0004 (21)

Errors are SE. Numbers in parentheses are numbers of cells.
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normalized waveforms were then averaged
for WT rods (black traces), D� rods (blue
traces), and D�/� rods (red traces). The
responses of the D� and D�/� are
smaller except at the brightest flashes, re-
flecting their reduced sensitivity to light
(Fig. 1B). In addition, the D� and D�/�
rods have shorter integration times and
decay more rapidly (Sieving et al., 2001;
Woodruff et al., 2007).

We give values of some of the kinetic
parameters of the rods in Table 1. All of the
values in the table for D� and D�/� rods
were significantly different from WT ( p �
0.05 level, two-tailed Student’s t test), and
all of those of D� were significantly differ-
ent from those of D�/� at the 0.05 level or
greater except for the integration times in
the second column. The decreases in �REC

are consistent with the increased rate of
response decay illustrated in Figure 3. To-
gether with the decreases in sensitivity,
they support the hypothesis of Sieving et
al. (1995) that rods containing G90D rho-
dopsin act as if in the presence of a back-
ground light even when no light is present.

Decreases in the limiting time
constant �D

Recent experiments (Woodruff et al.,
2008) indicate that in mouse rods, steady
background light produces a decrease in the limiting time con-
stant of response decay, known as the “Pepperberg constant”
(Pepperberg et al., 1992) or �D. Because the results in Figures 1–3
indicate that the G90D mutation decreases photoreceptor sensi-
tivity, Ca 2� concentration, and �REC much as if the rod were in
the presence of background illumination, we asked whether �D

might also be altered. In Figure 4, we show responses of represen-
tative WT (A), D� (B), and D�/� (C) rods to a series of satu-
rating responses of increasing intensity. The time during which
the response remained in saturation for each of the flashes was
smaller for the D� rod than for WT, and smaller again for the
D�/� rod. A horizontal line was drawn at a criterion level of 75%
of the maximum value of the photocurrent, and the time in sat-
uration, Tsat, was calculated as the time required after the presen-
tation of the flash for the response to decay to this criterion value.
The slope of the best linear fit to Tsat as a function of the natural
logarithm of the flash intensity is an estimate of �D, the rate-
limiting time constant for the decay of the response (Pepperberg
et al., 1992). The values of �D for individual cells in Figure 4A,B,C
were 224 ms, 138 ms, and 97 ms.

In Figure 4D, we give mean values (with SEs) for Tsat from 26
WT rods (circles), 28 D� rods (squares), and 18 D�/� rods
(triangles) as a function of the natural logarithm of intensity. The
slopes fitted to the mean values gave values for �D of 183 ms
(WT), 122 ms (D�), and 105 ms (D�/�). In Table 1, we give
means with SE’s for individual determinations of �D for the three
different cell types. The three values were each significantly dif-
ferent from one another ( p � 0.01 level, two-tailed Student’s t
test). These data together with the recordings in Figure 4 show
that rhodopsin G90D produces a marked decrease in the limiting
time constant, much like constant background light (Woodruff

et al., 2008), and that the decrease in �D is greater in animals with
two G90D genes than when only a single mutant gene is present.

Addition of 11-cis-retinal restores sensitivity of Rpe65
knock-out rod
The results of Figures 1– 4 show that D� and D�/� rods behave
as if in the presence of an equivalent background produced in
some way by the mutant pigment. The experiments of Jin et al.
(2003) on G90D rhodopsin expressed in Xenopus rods show that
sensitivity and �REC can be increased and returned nearly to their
dark-adapted values after addition of exogenous 11-cis-retinal,
suggesting that the equivalent background is produced by unre-
generated opsin. To perform similar experiments on mouse rods,
we needed first to establish a reliable method for applying 11-cis-
retinal to intact mammalian rods in vitro.

In Figure 5, we show the results of the application of lipid
vesicles containing 11-cis-retinal to rods from mice lacking the
RPE65 isomerase protein. Previous experiments have shown that
rods from Rpe65�/� mice raised in cyclic light contain abundant
opsin but little or no rhodopsin (Redmond et al., 1998) and only
a small amount of functional visual pigment in the form of iso-
rhodopsin with the 9-cis-retinal chromophore (Fan et al., 2003).
The opsin in Rpe65�/� mice can be regenerated, at least in vivo,
because when Rpe65�/� mice are given 9-cis-retinal orally, the
rods can recover much of their sensitivity (Van Hooser et al.,
2002).

We now show that Rpe65�/� opsin can also be regenerated in
an isolated rod. Our method for preparing lipid vesicles contain-
ing 11-cis-retinal is similar to one previously used for amphibian
rods (Cornwall et al., 2000). Vesicles were made from phosphati-
dylcholine and sonicated in the presence of retinal (see Materials
and Methods). Both eyes from a dark-adapted mouse were di-

Figure 3. A–F, Mean normalized flash responses for WT (black), D� (blue), and D�/� (red) rods at the following flash
intensities (in photons �m �2): 17 (A), 42 (B), 160 (C), 450 (D), 1120 (E), and 4300 (F ). Responses at each intensity were
normalized cell by cell to the maximum response of each rod to saturating light, and the normalized responses were then
averaged. Data are from 35 WT rods, 13–18 D� rods (some flash intensities not given for some rods), and 16 –17 D�/� rods.
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vided in half, and the four retinal pieces were individually disso-
ciated mechanically. One of the four resulting pieces was used for
immediate recording, and the other three were incubated in the
presence of 11-cis-retinal for 1–3 h.

In Figure 5A, we show the response to a flash of 4.9 � 10 4

photons �m�2 averaged from 17 Rpe65�/� rods not incubated
in 11-cis-retinal (blue trace), and from a different 17 Rpe65�/�
rods to a much dimmer flash of 43 photons �m�2 after vesicle
treatment (red trace). Data from rods incubated for 1–3 h were
combined, because we could observe no significant difference in
the amplitude or waveform of the responses for the different
times of vesicle exposure. Incubation with 11-cis-retinal pro-
duced an increase in the sensitivity of the rod by more than three
orders of magnitude. The waveform was also altered. In Figure
5B, the responses from Figure 5A have been individually normal-
ized to the peak amplitude of the response cell by cell, and the
normalized results were averaged separately for the responses of
each kind. The waveform of decline of the Rpe65�/� response is
accelerated, as reported previously (Woodruff et al., 2003); a fit of
the declining phase of the response with a single exponential
decay function (black curve) gave a value for �REC of 75 ms. After
addition of retinal, the response decayed less rapidly, and the
best-fitting value for �REC was 164 ms, much closer to previously
recorded values from dark-adapted WT rods (Table 1) (Krispel et
al., 2006). This difference is highly significant ( p � 0.0003, two-
tailed Student’s t test).

In Figure 5C, we show response-intensity curves for
Rpe65�/� rods before (blue symbols) and after (red symbols)
incubation with 11-cis-retinal. Current densities were calculated
as in Figure 1B; measurements of outer segment length of
Rpe65�/� gave a mean value of 15.1 � 0.5 �m. Intensities in
units of photons �m�2 have been converted to rhodopsins
bleached by multiplying by the collecting area adjusted for the
shorter length of the outer segments. The collecting area for the
rods before incubation was also corrected for the relative absorp-
tion of isorhodopsin at 500 nm (0.95), and the lower quantum
efficiency of 9-cis-retinal-based pigments (0.22 vs 0.67) (Hurley
et al., 1977). Incubation with 11-cis-retinal produced a large shift
of the response-intensity curve to dimmer intensities. The black
symbols and curve are for dark-adapted WT rods and have been
taken from Figure 1B. Incubation with 11-cis-retinal can be seen
to bring the sensitivity to a value not significantly different from
that of a WT dark-adapted rod, indicating that our method can
regenerate essentially all of the pigment in the photoreceptor.
Further evidence for this will be given below (see Fig. 7).

Addition of 11-cis-retinal to G90D rods
Having established that we were able to regenerate mouse visual
pigment, we next delivered the 11-cis-retinal to D� and D�/�
rods. Figure 6A shows the effects on D�/�; similar results were
obtained from D� (data not shown). Response-intensity curves
have been plotted as in Figure 1B with appropriate corrections
for outer segment length and collecting area, and the results have
been given as in Figure 5C for rods before (open squares) and
after (open circles) incubation with vesicles containing chro-
mophore. The response-intensity data for WT rods from Figure
1B (filled circles) are also given for comparison. Although the
exponential saturation curves fitted to the data for D�/� rods
showed a small shift to lower intensities after addition of vesicles,
this shift was not significant. When individual cells were sepa-
rately fitted and the values of the light intensities at half saturation
were compared, the values before and after application of 11-cis-
retinal were not significantly different (Wilcoxon Rank-Sum test,
p value � 0.2077). We also observed no change in the decay phase
of the waveform of the response. Values for �REC before and after
application of retinal from the rods used in these experiments
were 98 � 11 ms and 92 � 10 ms and were again not significantly
different ( p � 0.75, two-tailed Student’s t test). On three occa-
sions, we used the same population of lipid vesicles on the same
day for Rpe65�/� rods (as in Fig. 5) and G90D rods, and in each
case we saw a large increase in sensitivity for the former but no
significant change for the latter.

Because the rate of regeneration of G90D rhodopsin has been
shown to be considerably slower than of WT rhodopsin (Gross et
al., 2003), it seemed possible that our failure to alter the sensitivity
of G90D rods was the result of slow binding of chromophore to
the visual pigment, although a similar experiment produced a
large change in sensitivity and apparently complete regeneration
of the pigment in Xenopus rods. We therefore made animals that
contained the G90D mutation but lacked the Rpe65 isomerase,
because these mice, like the Rpe65�/� animals with WT pigment
in Figure 5, should have rods with very little pigment bound to
chromophore but abundant opsin (although G90D opsin). These
animals were developed through multistep mating of G90D mice
to Rpe65�/� and Rho�/� mice, as described in Materials and
Methods, to produce animals that contained only a single gene
for G90D, no functional genes for WT rhodopsin, and no func-
tional genes for the Rpe65 isomerase. D�/�;Rho�/�;
Rpe65�/� rods showed a progressive degeneration of the outer

Figure 4. A–C, Responses from individual WT (A), D� (B), and D�/� (C) rods to a series of
saturating flashes of increasing intensity. Each trace is the mean response to five 20 ms flashes.
The light intensities for A were 160, 450, 645, 865, 1120, 1870, 2430, 3250, and 4230 photons
�m �2; those for B were 450, 645, 865, 1120, 1870, 2430, 3250, 4230, and 6030 photons
�m �2; and those for C were 1870, 2430, 3250, 4230, 6030, and 8060 photons �m �2. The
dashed line in each panel marks 25% of the dark circulating current for each rod, which was the
criterion we used to estimate the length of time the rods remained in saturation (Tsat). D, Mean
Tsat with SE estimated from 26 WT rods (circles), 28 D� rods (squares), and 18 D�/� rods
(triangles) as a function of the natural log of flash intensity. Error bars indicate SE. Lines are
best-fitting linear functions with slopes of 183 ms (WT), 122 ms (D�), and 105 ms (D�/�).
For means and SEs of individual determinations of �D, see Table 1.
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nuclear layer over a 7 month period, but
they remained in sufficient abundance and
were suitable for single-cell recording at
younger ages (supplemental Figure 1D,
top, available at www.jneurosci.org as sup-
plemental material).

The results of these experiments are
given in Figure 6B. The filled squares show
current density as a function of light inten-
sity for the D�/�;Rho�/�;Rpe65�/�
rods. Current density was calculated by di-
viding by the outer segment area, which
was measured from animals of the same
age and littermates of those used for the
physiology. The outer segment length was
determined to be 8.6 � 3 �m, about a
third that of WT rods. Outer segments had
disks with disorganized packing and an ir-
regular shape. This precluded an accurate
determination of outer segment diameter,
and our values for outer segment mem-
brane area and collecting area (which as-
sumed a diameter of 1.5 �m) are likely to
be overestimates by as much as 50%. It was
nevertheless clear that the response-
intensity curve for the D�/�;Rho�/�;
Rpe65�/� rods, which have a large pro-
portion of G90D opsin and little G90D
rhodopsin, is not much displaced along
the intensity axis from the curve for
Rpe65�/� rods (Fig. 5C, blue squares),
which contain almost entirely WT opsin.
This indicates that G90D opsin in vivo is
unlikely to be much more active in stimu-
lating the cascade than WT opsin, at variance with the measure-
ments of Rao et al. (1994) for WT and G90D visual pigments in
vitro. If the G90D opsin in vivo were as active as Rao et al. (1994)
said it to be in vitro, the D�/�;Rho�/�;Rpe65�/� rods would
have been completely saturated and no light responses would
have been recorded (see Discussion).

The closed triangles in Figure 6B give the mean response-
intensity curve of the D�/�;Rho�/�;Rpe65�/� rods after in-
cubation with vesicles containing 11-cis-retinal. The addition of
chromophore produced an increase in both the maximum value
of the current density and in the sensitivity. The increase in sen-
sitivity is not as large as for the Rpe65�/� rods containing WT
rhodopsin (Fig. 5C), because the rhodopsin that was formed in
the rods of Figure 6B after the addition of vesicles was G90D
rhodopsin. Further support for this notion comes from compar-
ison with the open squares, which give mean response-intensity
data for 5 D�/�;Rho�/� rods prepared as a control, having a
similar genetic make-up to D�/�;Rho�/�;Rpe65�/� rods but
with a single copy of the functional Rpe65 gene (see Materials and
Methods). A single copy of the Rpe65 gene is known to be suffi-
cient to produce normal levels of 11-cis-retinal and functional
rhodopsin (Van Hooser et al., 2000), and the outer segments
from these animals were much larger (14.7 � 1.7 �m) and more
regularly formed with a normal diameter. Their current density
as a function of rhodopsin molecules bleached (open squares)
was nearly identical to that of the regenerated D�/�;Rho�/�;
Rpe65�/� rods (filled triangles). The small difference may be the
result of our inability to provide a more accurate estimate of the
collecting area of the D�/�;Rho�/�;Rpe65�/� rods, because,

had we used a smaller diameter to calculate collecting area and
outer segment membrane area, the filled triangles in Figure 6B
would have moved upward and to the left, in closer agreement
with the open squares.

The open circles in Figure 6B give mean response-intensity
data from 4 rods from the same animals as those for the open
squares but after incubation with 11-cis-retinal. As for the G90D
rods in Figure 6A, addition of 11-cis-retinal produced no signif-
icant change in circulating current density or sensitivity. This
cannot however be the result of our inability to regenerate the
visual pigment, because when the G90D pigment is present pre-
dominantly as opsin rather than as rhodopsin (filled squares),
incubation with 11-cis-retinal produced a large change in sensi-
tivity (filled triangles).

Regeneration of G90D pigment in isolated ROS membranes
The results in Figure 6B suggest that application of 11-cis-retinal
can produce nearly complete regeneration of the G90D pigment.
Because our ability to regenerate G90D opsin is central to the
interpretation of our experiments, we also investigated the effect
of 11-cis-retinal application on G90D opsin in isolated ROS
membranes. These experiments were done in the following way
(see Materials and Methods). Isolated ROS membranes from ei-
ther Rho�/�;Rpe65�/� or D�/�; Rpe65�/�; Rho�/� mice
were regenerated in darkness with 11-cis-retinal. The absorbance
of the regenerated pigment was determined at 500 nm before and
after bleaching, and the concentration of WT or G90D rhodopsin
was calculated from the difference absorbance and the molar
extinction coefficient of 40,000, assumed to be the same for both

Figure 5. Addition of vesicles containing 11-cis-retinal to Rpe65 �/� rods. A, Responses of Rpe65 �/� rods before (blue)
and after (red) 30 – 60 min incubation with vesicles containing 11-cis-retinal. Responses in both cases have been averaged from
17 rods. Intensities of flashes were 4.9�10 4 photons �m �2 (blue) and 43 photons �m �2 (red). B, Traces in A were normalized
cell by cell to the maximum response amplitude of the flash and then averaged. Black lines are fits to single exponential decay
function with time constants of 75 ms (blue) and 164 ms (red). C, Response-intensity curves of Rpe65 �/� rods before (blue) and
after (red) addition of vesicles containing 11-cis-retinal. Current densities were calculated by dividing by OS surface area estimated
from 15.1 �m length and 1.5 �m diameter to be 71 �m 2. Intensities in rhodopsins bleached were calculated from light
intensities in photons �m �2 and collecting areas, estimated for Rpe65 �/� rods to be 0.10 before addition of vesicles and 0.31
after vesicle addition. Difference in collecting area before and after is result of different absorption peak and quantum efficiency of
9-cis-based isorhodopsin pigment. Curve fitted to blue squares is Equation 1 with k � 0.0001. Black symbols and curve are for WT
rods shown for comparison and were taken from Figure 1 B. Error bars indicate SE.
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pigments. The concentration of G90D pigment was corrected for
the 0.91 absorbance efficiency at 500 relative to WT rhodopsin.
After performing these calculations, we loaded three different
amounts of WT and G90D pigment (17.6, 35.3 and 53 ng) onto
an SDS gel (Fig. 7, inset) for immunoblot with an antirhodopsin
polyclonal antibody. In Figure 7, we plot on the ordinate the
mean immunoblot intensities from four experiments, measured
with chemilumiscence and quantified by densitometry as de-
scribed in the Materials and Methods section; and on the abscissa,
we give the calculated amount of pigment loaded onto the gel as
determined from the absorbance after regeneration with 11-cis-
retinal. The results for WT and G90D pigment are nearly identi-
cal: the mean calculated ratio of the intensity of the immunoblot
signal for G90D and WT pigment at the three concentrations of
pigment loaded onto the gel was 1.02 � 0.04 (mean � SE). We
also compared prebleached samples of outer segment mem-
branes from D�/� mice containing the normal complement of
the RPE65 isomerase. These results (data not shown) again dem-
onstrate that the G90D pigment in mouse rods was regenerated to
the same extent as the WT pigment: the mean calculated ratio of
the intensity of the immunoblot signal for G90D and WT pig-
ment at the three concentrations of pigment loaded onto the gel
from four experiments was 1.08 � 0.06.

Desensitization in G90D rods is not produced by transitions
from Rh to Rh*
The experiments of Figures 5–7 indicate that the desensitization
of G90D rods is unlikely to be produced by unregenerated opsin

but is rather the result of activation of the visual cascade by some
form of the mutant rhodopsin. One possibility is that G90D rho-
dopsin produces an abnormally high rate of thermal transitions
in darkness to metarhodopsin II or Rh* (Sieving et al., 1995, 2001;
Jin et al., 2003). WT rhodopsin has been shown to produce
single-photon events in darkness which are identical in waveform
to single-photon events produced by real light (Baylor et al.,
1980). The thermal events produced by WT rhodopsin are rare,
indicating an extraordinarily low rate of spontaneous transition
of the pigment to its active form. If G90D rhodopsin were to
produce similar events but much more frequently, the noise gen-
erated by the mutant pigment should be similar to that produced
by real light.

We tested this possibility in the following way. We recorded
current noise from D� rods in darkness in segments of 10 s
duration; 30 such segments were recorded from each of 12 rods
both in the dark and in the presence of saturating light. From
these recordings, we calculated the power spectrum for each rod
independently in light and dark (see Materials and Methods). On
the assumption that the spectrum in saturating light (when the
channels are closed) represents instrument noise, and that the
noise spectra produced by the cell and by our apparatus are in-
dependent from one another, we subtracted the noise in saturat-
ing light from the noise in the dark (Rieke and Baylor, 1996;
Burns et al., 2002). The differences were then averaged over the 12
rods and are given (with SE) as the open triangles in Figure 8.
Similar measurements were then made from WT rods and are
shown as the filled squares. If the G90D rhodopsin were to pro-
duce more frequent spontaneous thermal events than WT rods,
this should be reflected in a difference in the noise spectra, and we
would expect the open triangles to lie above the closed squares.
This may occur in the region of the spectrum from �4 –10 Hz,
but the difference is small.

We then measured current noise in the same 12 WT rods
exposed to steady background light of an intensity of 251 photons
�m�2 s�1 or �125 Rh* per rod, nearly the same as our estimate
of 130 Rh* for the equivalent background light of D� rods. The
noise in saturating light was again subtracted from the noise in
the presence of the background light, and the averaged spectrum
was plotted as the filled circles in Figure 8. There is now a large
increase in the noise particularly in the region between �0.2 and

Figure 6. Addition of 11-cis-retinal to G90D rods. A, Response-intensity curves for 30
D�/� rods before treatment with retinal (open squares) and 15 D�/� rods after 1–3 h of
vesicle incubation (open circles). Measurements were made from rods from the same retinas
and were independent from those shown in Figure 1 B. Current densities were calculated by
dividing by outer segment area of 99 �m 2; collecting area was 0.40. Curves are fits to Equation
1 with values of k of 0.00263 for open squares before vesicle incubation, and 0.0036 for open
circles after vesicle incubation. Small shift in curves was not statistically significant (see Results).
Filled circles and curve are for WT rods shown for comparison and were taken from Figure 1 B. B,
Addition of vesicles to D�/�;Rh�/� rods with or without the RPE65 isomerase. Filled
squares are mean responses from 24 D�/�;Rh�/�;Rpe65�/� rods before addition of
vesicles. Current density was calculated from outer segment area of 40.5 �m 2; collecting area
was 0.06 (see Results). Filled triangles are mean responses from 24 D�/�;Rh�/�;
Rpe65�/� rods after addition of vesicles containing 11-cis-retinal. Curves fitted to filled
squares and triangles are Equation 1 with k values of 2.4 � 10 �5 before and 1.3 � 10 �3 after.
Open squares and circles give response-intensity data from 5 G�/�;Rh�/�;Rpe65� rods
before addition of vesicles and 4 G�/�;Rh�/�;Rpe65� rods after vesicle addition. Outer
segment area was 69 �m 2 and collecting area 0.28 (see Results). Error bars indicate SE.

Figure 7. Regeneration of WT and G90D opsin in rod outer segment membranes. ROS mem-
branes completely lacking regenerated pigment were isolated from Rho�/�;Rpe65�/�
and D�/�; Rpe65�/�; Rho�/� mice and regenerated with 11-cis-retinal as described in
Materials and Methods. Pigment from rods of wild-type mice (open circles) and G90D mice
(filled circles) was loaded onto an SDS gel at equal quantities of 17.6, 35.3, and 53 ng, as
calculated from the absorbance at 500 nm, and the pigment was then subjected to immuno-
blotting with an antirhodopsin polyclonal antibody (Olshevskaya et al., 2004). The strength of
the immunoblot signal was measured with chemilumiscence and quantified by densitometry as
described previously (Olshevskaya et al., 2004). The ordinate gives the average optical density
of each band multiplied by the area of each band and has been plotted in arbitrary units; the
abscissa gives the amount of WT and G90D pigment loaded onto the gel. The equal amounts of
signal for the two kinds of pigment shows that there is no difference in their extent of regener-
ation with 11-cis-retinal.
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10 Hz. Because this background light produces a decrease in sen-
sitivity similar to that produced by the equivalent background in
a D� rod, the much larger noise in the WT rod shows that D� is
unlikely to be producing thermal isomerizations of Rh* at a rate
sufficient to account for the equivalent background.

Discussion
Our results show that mouse rods with the G90D mutation act as
if in the presence of continuous background light (Sieving et al.,
1995, 2001; Jin et al., 2003). The photoreceptors have a dimin-
ished dark current and sensitivity (Fig. 1), decreased outer seg-
ment free Ca 2� (Fig. 2), and acceleration of both �REC (Fig. 3) and
�D (Fig. 4), much like WT mouse rods illuminated with steady
light (Mendez et al., 2001; Burns et al., 2002; Makino et al., 2004;
Fan et al., 2005; Woodruff et al., 2008). These effects are consis-
tently greater for homozygous G90D mice (D�/�) than for het-
erozygous (D�).

The species of G90D pigment responsible for activating the
cascade and producing the equivalent background is unlikely to
be unregenerated G90D opsin, as has been previously supposed
(Rao et al., 1994; Rao and Oprian, 1996; Jin et al., 2003). In 15
experiments with D�/� rods (Fig. 6A) and seven with D� rods
(data not shown), we were unable to detect any significant effect
of application of exogenous chromophore on sensitivity or re-
sponse waveform. The absence of an effect cannot be attributed
to our failure to regenerate opsin with lipid vesicles containing
chromophore, because when vesicles were added to WT opsin in
Rpe65�/� rods, the photoreceptor sensitivity and response
waveform recover essentially to those of a dark-adapted WT rod
(Fig. 5). Furthermore, when 11-cis-retinal was added to D�/�;
Rho�/�;Rpe65�/� rods, which also contained a substantial

amount of opsin as G90D opsin, there was again a large recovery
of sensitivity (Fig. 6B), not to the level of a dark-adapted WT rod
but rather to that of a D�/�;Rho�/�;Rpe65�/� rod having a
functional gene for the RPE65 isomerase. Finally, the addition of
11-cis-retinal to isolated ROS membranes showed no significant
difference in the efficiency of regeneration of G90D and WT
opsin in vitro. These experiments make it highly unlikely that
unregenerated opsin plays a significant role in producing the
desensitization in a mammalian rod.

Our results appear to disagree with those of Jin et al. (2003).
They showed that when mammalian G90D rhodopsin is ex-
pressed in Xenopus rods, the Xenopus rods are desensitized and
response decay is accelerated, and that both of these effects can be
reversed by treating the rods with exogenous 11-cis-retinal. Be-
cause the methods we have used on mammalian rods are nearly
identical to those used by Jin et al. (2003), it is difficult to under-
stand why exogenous 11-cis-retinal should have produced a large
increase in sensitivity and �REC in their experiments but no sig-
nificant effect in ours. One possibility is that mammalian G90D
pigment behaves differently when expressed in Xenopus and in
mouse. Jin et al. (2003) report that expression of G90D rhodopsin
amounting to only 0.01– 0.3% of the endogenous pigment in
Xenopus is enough to produce a nearly 10-fold decrease in rod
sensitivity. This sensitivity decrease is similar to the one we see in
mice in a G90D heterozygote, when 50% of the pigment is present
in the mutant form (Sieving et al., 2001). Mammalian G90D
pigment is therefore of the order of 200 –5000� more active in
stimulating the transduction cascade when expressed in Xenopus
than when expressed in mouse. The reason for this difference is
unknown, but it suggests that mammalian pigments do not be-
have in the same manner when expressed in amphibians and
mammals.

Our results appear also to be at variance with those of Rao et al.
(1994), who showed that mammalian G90D opsin in vitro has of
the order of 10 –20% of the activity of Rh*. We show in contrast
that the G90D opsin expressed in mouse rods in vivo cannot be
much more active than WT opsin in vivo, which is only of the
order of 10�5 � 10�4 as active as Rh* in mouse (Fan et al., 2005).
This can be seen from the comparison of the response-intensity
curve of Rpe65�/� rods in the absence of 11-cis-retinal (Fig. 5C,
blue squares), which contain close to 100% WT opsin, with the
curve for D�/�;Rho�/�;Rpe65�/� rods in the absence of 11-
cis-retinal (Fig. 6B, filled squares), which contain only about half
as much total photopigment as Rpe65�/� rods but nearly all in
the form of G90D opsin. The positions of these curve along the
intensity axis are not markedly different (values of k for fits to Eq.
1 differ by only a factor of 4). Any correction for the smaller outer
segment diameter of D�/�;Rho�/�;Rpe65�/� rods would
move the filled squares in Figure 6B farther to the left and make
the difference even smaller.

If the G90D opsin were as active in vivo as Rao et al. (1994)
claim it to be in vitro, the D�/�;Rho�/�;Rpe65�/� rods
should be much more desensitized than Rpe65�/�, because the
equivalent background produced by the G90D opsin should be as
bright as a real light in a WT rod stimulating of the order of
5–10% of the total visual pigment per second. It is possible that
G90D opsin in vivo is less active than in vitro because arrestin
binds to photoactivated G90D pigment just as it does to WT
rhodopsin (Burns et al., 2006; Vishnivetskiy et al., 2007). We were
unable to assess the relative efficiency of arrestin binding to G90D
and WT pigment, but we nevertheless have confirmed that pho-
toactivated G90D in the presence of ATP does bind arrestin (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental

Figure 8. Noise measurements from D� and WT rods. Spectra are means from 25 to 30
segments of circulating current each 9 s long for each rod in each condition (see Materials and
Methods). Spectra were recorded from 12 D� rods in darkness and in the presence of a satu-
rating light of 7.9 � 10 3 photons �m �2 s �1. We assumed that the spectrum in saturating
light (when outer segment channels were closed) represents instrumentation noise indepen-
dent of cellular noise, and we subtracted the mean spectrum in saturating light from the spec-
trum in darkness. This difference spectrum is shown for the 12 D� rods as the open triangles. A
similar procedure for 12 WT rods gave the difference spectrum plotted as the closed squares. We
then measured the noise spectrum from these same 12 WT rods in the presence of a background
light of 251 photons �m �2 s �1, nearly equal to the equivalent light of D� rods of 264
photons �m �2 s �1. The WT spectrum in saturating light was again subtracted from the
spectrum in the background, and this mean difference spectrum is shown as the closed circles.
Error bars indicate SEs.
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material). The quenching of photoactivated G90D by arrestin
seems therefore a likely explanation for the difference between
our measurements and those of Rao et al. (1994). Opsin in a
G90D patient should also be bound to arrestin, and this would be
a further argument that unregenerated G90D opsin is unlikely to
be responsible for the desensitization of a dark-adapted G90D
rod in vivo.

If the equivalent background is not produced by unregener-
ated G90D opsin, then it must be caused by some form of G90D
rhodopsin, i.e., G90D opsin conjugated to 11-cis-retinal. It is
unlikely to be produced by frequent, spontaneous transitions of
G90D rhodopsin to metaII (or Rh*), because these events would
be expected to produce noise equivalent to that generated by real
light. The results of Figure 8 show, however, that this is not the
case. The behavior of a G90D rod resembles that of a bleached
WT rod, in which WT opsin activates the visual cascade and
desensitizes the photoreceptor (Cornwall and Fain, 1994; Melia
et al., 1997; Fan et al., 2005), but does not produce an increase in
the noise at a rate similar to that produced by background illu-
mination (Jones, 1998).

We propose that G90D rhodopsin stimulates the cascade but
with much lower gain than Rh*, perhaps as the result of transient
thermal changes in conformation of the G90D rhodopsin mole-
cule to an active state capable of stimulating only one or a few
transducin molecules before returning back to the inactive state.
The low gain of the noise would reduce its amplitude compared
with the noise produced by real light (Jones, 1998), and this
would explain our failure to see an increase in the current noise of
dark-adapted G90D rods similar to that of a WT rod stimulated
with actual light. It is possible that the small increase in dark noise
in a G90D rod between �4 and 10 Hz in Figure 8 represents
low-noise events produced by G90D cascade activation. The
Fourier-transform infrared spectroscopic measurements of
Zvyaga et al. (1996) suggest that G90D rhodopsin may have some
of the structural features of Rh*, including a protonated carbox-
ylic group at position Glu 113 and an increased strength of hydro-
gen bonding of Asp 83. These and/or other properties of the G90D
rhodopsin may make it more likely to assume an active configu-
ration. Our experiments may stimulate a renewed effort with
structural techniques including modeling, spin label probes,
NMR, and x-ray crystallography to understand how the G90D
mutation alters the activity of rhodopsin.

Our experiments may also explain why patients with the
G90D mutation do not recover sensitivity even after long periods
of dark adaptation and provide the first evidence that a single
amino-acid mutation in the rhodopsin sequence is sufficient to
produce spontaneous activation of the transduction cascade by
rhodopsin itself, leading to congenital night-blindness. Most pa-
tients with the G90D mutation have a normal amount of rhodop-
sin in the retina and structural preservation of rods, despite mas-
sive loss of rod function and impaired dim light vision on
standard clinical tests, including electroretinography and dark-
adaptation (Sieving et al., 1995). Other patients, however, show
the typical degenerative pattern of retinitis pigmentosa, in which
rod cell loss leads subsequently to cone demise and profound
blindness (Berson, 1993). The human G90D rhodopsin trait ap-
pears therefore to lie just at the clinical border between dysfunc-
tion and degenerative disease, and it offers an opportunity to
probe further the mechanisms by which spontaneous activation
of the visual transduction cascade leads to rod structural impair-
ment and cell death (Fain, 2006).
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