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Mutations in RPE65 are associated with several human retinal degen-
erations including LCA1–4, autosomal recessive retinitis pigmentosa1

and rod-cone dystrophy5. RPE65 is essential for synthesis of the
rhodopsin ligand 11-cis-retinal6, and in Rpe65-null mutant trans-
genic mice (Rpe65–/–), both rods and cones degenerate6,7. These mice
have little 11-cis-retinal or functional visual pigment6,8,9 but instead
have opsin apoprotein (unliganded opsin)6 and accumulate all-trans-
retinyl esters, precursors of 11-cis-retinal biosynthesis, in retinal pig-
ment epithelial cells6,10,11.

It is not clear why defects in RPE65 produce cell death. Accumulated
retinyl esters may be toxic, but the unliganded opsin may also cause
degeneration. Covalent binding of opsin with 11-cis-retinal holds
rhodopsin in an inactive state12. Light absorption isomerizes 11-cis-
retinal to all-trans-retinal, activating the G-protein transducin and its
downstream effector, cGMP phosphodiesterase.

Unliganded opsin can also stimulate transducin at a low rate in iso-
lated, intact photoreceptors13,14 and in dissociated, outer segment
membranes15. Recent evidence supports the proposal16,17 that persis-
tent opsin or rhodopsin signaling can cause pathology. Abnormally
high opsin activity decreases photoreceptor sensitivity in rhodopsin
mutants associated with dominant congenital night blindness18, but
the presence of normal functional rhodopsin prevents degeneration.
Prolonged illumination produces degeneration in mutant mice defec-
tive in rhodopsin turn-off, which is rescued by introduction of a null
mutation in the gene encoding rod transducin α-subunit or by dark
rearing19, showing that cascade activation produces the degeneration.

We used Rpe65–/– mice to investigate whether continuous, light-
independent opsin activity causes retinal degeneration. We reasoned

that spontaneous opsin activity would confer light-adapted behavior on
rods, that is, diminish circulating current, reduce light sensitivity, accel-
erate light response kinetics and reduce intracellular calcium (Fig. 1)
and that blocking transducin-mediated signaling (but not dark-rearing)
would prevent degeneration. Our studies confirmed these predictions
and unambiguously identify opsin activity as a mechanism of retinal
degeneration in human LCA resulting from mutations in RPE65. They
also provide a model for understanding a mechanism of photoreceptor
cell death in a subset of human retinal degenerations.

RESULTS
Circulating currents are smaller
Spontaneous opsin signaling in Rpe65–/– mice should close channels
in darkness and produce a smaller circulating current than in dark-
adapted wild-type mice (Fig. 1b). To test this prediction, we recorded
responses from photoreceptors of wild-type and Rpe65–/– mice to
flashes of progressively greater light intensity (Fig. 2). The baseline
value represents the circulating current of the rod in darkness on the
assumption that the brightest flash closes all the channels in the outer
segment20. The circulating current in Rpe65–/– rods (Fig. 2a) was
much smaller than in control photoreceptors11 (Fig. 2b), as though
dark-adapted Rpe65–/– rods were continuously illuminated.

Light sensitivity is diminished
Exposure of normal rods to background light decreases the sensitivity
of the response to superimposed flashes. Spontaneous opsin activity in
Rpe65–/– rods also would be predicted to reduce sensitivity. We there-
fore compared sensitivities of rods from Rpe65–/– and wild-type mice
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Mutations in Rpe65 disrupt synthesis of the opsin chromophore ligand 11-cis-retinal and cause Leber congenital amaurosis
(LCA), a severe, early-onset retinal dystrophy. To test whether light-independent signaling by unliganded opsin causes the
degeneration, we used Rpe65-null mice, a model of LCA. Dark-adapted Rpe65–/–mice behaved as if light adapted, exhibiting
reduced circulating current, accelerated response turn-off, and diminished intracellular calcium. A genetic block of transducin
signaling completely rescued degeneration irrespective of an elevated level of retinyl ester. These studies clearly show that
activation of sensory transduction by unliganded opsin, and not the accumulation of retinyl esters, causes light-independent
retinal degeneration in LCA. A similar mechanism may also be responsible for degeneration induced by vitamin A deprivation.
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by plotting the mean photocurrent response as a function of light
intensity. The mean maximum response amplitude in Rpe65–/– rods
was 1.4 ± 0.1 pA (mean ± s.e.m.), significantly less than the response
in wild-type rods (12.2 ± 0.5 pA; P < 0.001; Fig. 2c). We expressed sen-
sitivity as the ratio of response (in pA) to light intensity (in photons
μm–2) at intensities near threshold for the response. This sensitivity
value in Rpe65–/– rods was 2.5 ± 0.2 × 10–5 pA photon–1 μm2 (mean ±
s.e.m.; n = 58) and in wild-type rods was 0.88 ± 0.05 pA photon–1 μm2

(n = 39; P < 0.001). The reduced sensitivity of Rpe65–/– rods partially
reflects the much lower rhodopsin concentration6–11 but is in part
produced by adaptation functionally equivalent to light adaptation
(see Fig. 4), caused by continuous opsin activation (Fig. 1b).

The extreme desensitization of Rpe65–/– photoreceptor cells could
result from inefficient transduction with no contribution from
response saturation. It was therefore important to show that the
brightest flash closed all the channels in the outer segment (Fig. 2a).
We recorded responses in the same cell to 20-ms flashes followed by a
single laser flash 100 times brighter (Fig. 3a). The response to the
laser flash was more prolonged but identical in amplitude to the satu-
rating response produced by the brightest flash from the light bench.

cGMP-gated channels are functional
One possible explanation for the small photocurrent amplitude of
Rpe65–/– rods is that cGMP-gated channel function in outer segments
was somehow compromised. We investigated channel function in two
ways. First, we recorded responses of an Rpe65–/– rod to a saturating
light flash and then exposed the photoreceptor to 100 μM 3-isobutyl-
1-methylxanthine (IBMX), a partial competitive inhibitor that blocks
photoreceptor phosphodiesterase (PDE; ref. 21), increases cGMP and
increases the amplitude of the circulating current22. IBMX perfusion
reversibly increased the amplitude of saturating responses in Rpe65–/–

rods by a factor of more than 2 (Fig. 3b). The mean amplitude before
exposure to IBMX was 1.6 ± 0.6 pA (mean ± s.e.m.; n = 4), increasing
to 4.0 ± 0.7 pA within 120 s of IBMX addition. The mean saturating
response returned to 1.3 ± 0.7 pA 3 min after we removed IBMX.

In a second approach, we looked for increased channel function
after rhodopsin regeneration in Rpe65–/– rods by perfusion with 11-
cis-retinal, as measured by changes in sensitivity and response ampli-
tude (data not shown). Rpe65–/– rods exposed to 11-cis-retinal had a
significantly larger circulating current (mean ± s.e.m. 5.2 ± 0.2 pA; n
= 21) and sensitivity (0.20 ± 0.01 pA photon–1 μm2; n = 13) than

a b

Figure 2  Photoresponse amplitude and light sensitivity of Rpe65–/– rods
are reduced. (a) Photoresponses of Rpe65–/– rods to 20-ms flashes of
light at five intensities from near threshold to saturation. The light
intensities used were 3.2 × 104, 1.2 × 105, 3.0 × 105, 1.3 × 106 and
3.4 × 106 photons μm–2. The responses shown were averages of three
rods at these stimulus intensities, and the current traces for the
individual rods were obtained by averaging 5–60 flash responses. The
mean saturating response for Rpe65–/– rods was 1.4 ± 0.1 pA (mean ±
s.e.m.; n = 58 rods). (b) Photoresponses of control mouse (C57BL/6
strain) rods at 1.1, 4.6, 1.2 × 101, 1.3 × 102 and 3.4 × 102 photons
μm–2 . The traces shown are the average of four rods at these stimulus
intensities. The mean saturating responses for control rods was 12.2 ±
0.5 pA (n = 32 rods). (c) Response-intensity data for control (filled
triangles) and Rpe65–/– (open triangles) rods. The mean half-saturation
was at 6.4 ± 0.5 photons μm–2 for control rods (n = 32) and 4.0 × 104

photons μm–2 for Rpe65–/– rods (n = 16).

a

c

b

Figure 1  Transduction and cyclic nucleotide–gated channel activity in rods. (a) Dark-adapted wild-type rods. In rod disk membranes, rhodopsin (Rh)
liganded with 11-cis-retinal is prevented from activating transducin (T) and its effector, phosphodiesterase (PDE). Light-dependent isomerization of 11-cis-
retinal to all-trans-retinal is required to trigger transducin and PDE activation. In the absence of light, intracellular cGMP levels remain high, holding the
cGMP-gated channels in an open configuration. Ca2+ (green dots) and Na+ (red dots) pass through the channels into the cell, producing a high dark-
circulating current and a high intracellular calcium concentration. (b) Dark-adapted Rpe65–/– rods. Opsin (Op) signals independently of light at a low rate,
producing activated transducin (Tα*) that stimulates its downstream effector, PDE. Activated PDE hydrolyzes cGMP, reducing intracellular cGMP and
closing a larger fraction of the cGMP-gated channels in darkness than is closed in wild-type rods. The influx of Ca2+ and Na+ into the cells is reduced.
Because the Na+/Ca2+-K+ exchanger continues to extrude Ca2+ from the cell, the intracellular Ca2+ concentration (green dots) is reduced, and this,
together with the activation of PDE, reduces the circulating current in darkness and causes the cell to behave as if light-adapted.
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untreated Rpe65–/– mice (P < 0.001), as reported previously8,10,11.
These values, however, were less than the mean circulating current
and sensitivity recorded from control mice, perhaps reflecting incom-
plete photopigment regeneration or reduced opsin content arising
from shortened outer segments. 

Na+/Ca2+-K+ exchanger mRNA levels are unaltered
The small photocurrent amplitude of Rpe65–/– rods might also be
caused by compensatory changes in the expression of other photo-
transduction proteins, such as the sodium, calcium-potassium
(Na+/Ca2+-K+) exchanger. To test this, we measured Na+/Ca2+-K+

exchanger mRNA levels by RNase protection assays. We detected no
difference in Na+/Ca2+-K+ exchanger mRNA levels in wild-type and
Rpe65–/– mice (data not shown), suggesting that exchanger expression
was unaffected. We did not check protein levels, as antibodies recog-
nizing mouse rod exchanger protein are not currently available.

Light response waveform is accelerated
Our results thus far (Figs. 2 and 3) are consistent with the hypothesis
that the relatively large concentration of opsin in Rpe65–/– mice acti-
vates the phototransduction cascade, producing a decrease in response
amplitude much as in a rod whose pigment had been exposed to
bleaching light13,23. As a further effect of cascade activation, we would
expect turn-off of the photoresponse to be accelerated, much as in pho-
toreceptors light-adapted by background light or by pigment bleach-

ing24. We compared turn-off of the photoresponse in Rpe65–/– and
wild-type mice (Fig. 4). The smallest response that could be accurately
measured from an Rpe65–/– rod, representing about 15% of response
saturation, is shown as a global average of 1,200 responses from 20
rods, each stimulated with 60 20-ms flashes of 500-nm light at approx-
imately 3.2 × 104 photons μm–2. We compare this to the averaged
response of 16 wild-type rods to flashes whose intensity (1.2 photons
μm–2) was adjusted to produce a response that was also approximately
15% of saturation (Fig. 4a). Shown for comparison is the wild-type sin-
gle-quantum response, which measures the lower limit of the photore-
sponse to a single photon of light, averaged from 48 control rods and
calculated from the squared mean and variance (for example, ref. 25).

We then normalized these responses (Fig. 4a) to their peak ampli-
tudes (Fig. 4b). The wild-type control 15% and single-photon traces
nearly superimposed, which we expected because both were
recorded at light intensities within the linear range of the rod
response. The kinetics of response turn-off of Rpe65–/– rods, how-
ever, were more rapid. We similarly compared brighter flash intensi-
ties producing responses at ∼35% of saturation in Rpe65–/– and
wild-type rods (Fig. 4c). Again, the normalized mutant rod responses
(Fig. 4d) declined more rapidly, as predicted.

Disruption of transducin signaling prevents degeneration
To test whether spontaneous opsin activity caused physiologically rel-
evant degeneration through transducin-mediated signaling, we

Figure 3  Rods from Rpe65–/– mice show light saturation behavior and
have functional cGMP channels. (a) Mean responses of four Rpe65–/–

rods (not part of sample in Figure 2) exposed individually to 20-ms
flashes at light intensities from near threshold to above apparent
saturation (black traces) with 30-s recovery periods after each flash.
After an additional 60-s recovery period, a 20-ms flash from the argon
laser (red trace) delivered 5.1 × 108 photons μm–2 (488 nm) to the
same photoreceptor cell. The amplitude of the response did not
increase, although response time was prolonged, indicating all cGMP
channels were closed at this light intensity. (b) Mean responses of four
rods to 20-ms flashes of saturating light (3.4 × 106 photons μm–2) in
control solution (black trace) and then after perfusion with 100 μM
IBMX. Within 1 min, the apparent saturating response doubled in
amplitude (blue trace) and stabilized at this value (red trace). Washout
of IBMX (green trace) brought the maximum current amplitude back to
the preincubation value.

a

b

a b

c d

Figure 4  Rpe65–/– rods have accelerated response kinetics. (a) Response
waveforms of wild-type and Rpe65–/– rods near response threshold. The
red trace is a global average from 20 Rpe65–/– rods to a light intensity
that produced a response approximately 15% of saturation. For each
rod, the responses to 60 light flashes were averaged (total of 1,200
responses). The black trace shows the averaged response of 16 wild-type
rods to flashes whose intensity was adjusted to produce a response that
was also approximately 15% of saturation. The blue trace is the single-
photon response averaged from 48 wild-type rods. (b) Responses shown
in a normalized to the same peak amplitude. Rpe65–/– rods (red trace)
showed an accelerated turn-off of the response compared to wild-type
rods (black trace) and the single-photon response (blue trace). 
(c) Similar data as in a but using brighter flash intensities producing
responses at about 35% of saturation. (d) Responses shown in c
normalized to the same peak amplitude.
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examined retinal morphology of Rpe65–/– mice on a transducin-null
(Gnat1–/–) genetic background (Fig. 5). If transducin-mediated opsin
signaling caused degeneration, we predicted that Rpe65–/– Gnat1–/–

mice would be protected from degeneration relative to Rpe65–/–

Gnat1+/+ mice. The transducin-null mutation alone does not cause
degeneration26 (Fig. 5a).

We examined retinal morphology in mice at 15, 28 (Supplementary
Fig. 1 online) and 40 weeks (Fig. 5a) of age. We assessed the severity of
retinal degeneration by counting the rows of surviving photoreceptor
nuclei in the outer nuclear layer (ONL). At 15 weeks of age, the ONL in
retinas of Rpe65–/– mice was 1–2 rows thinner and the outer segment
to inner segment ratio (OS:IS) was slightly smaller than in age-
matched wild-type mice (Supplementary Figs. 1 and 2 and
Supplementary Table 1 online). At 28 weeks of age, the ONL in
Rpe65–/– mice retained 7–8 rows as compared to 10 rows in wild-type
mice, and there was a clear decrease in the OS:IS ratio in mutant (1:1)
relative to wild-type mice (1.5:1). At 40 weeks of age, Rpe65–/– mice
retained 6–7 rows of photoreceptor cells, nearly half that observed in
retinas of age-matched wild-type mice. Photoreceptor outer and inner

segments were considerably shortened. Age-matched wild-type mice
retained 9–11 rows of nuclei (Fig. 5a and Supplementary Fig. 2 and
Supplementary Table 1 online). Neither retinas from age-matched
heterozygous Rpe65 (Rpe65+/−) mice nor those of Gnat1–/– mice
showed evidence of degeneration; their retinal morphology was com-
parable to that of wild-type mice (Fig. 5a).

Rpe65–/– mice on a Gnat1–/– background were markedly and com-
pletely protected from degeneration (Fig. 5a and Supplementary Fig. 2
and Supplementary Table 1 online). ONL thicknesses in 40-week-old
Rpe65–/– Gnat1–/– double mutant mice were restored to 9–10 rows,
comparable to age-matched wild-type control mice and greater than
the 6–7 rows retained in age-matched Rpe65–/– retinas. The OS:IS ratio
in Rpe65–/– Gnat1–/– mice was also restored (Fig. 5a). Thus, the absence
of functional transducin blocked degeneration in Rpe65–/– mice.

Dark-rearing does not prevent degeneration in Rpe65–/– mice
If spontaneous, light-independent opsin activity were the cause of
degeneration in Rpe65–/– mice, we would predict that dark-rearing
would not be protective. Rpe65–/– mice were born and raised in dark-
ness to 28 and 40 weeks of age. Dark-reared Rpe65–/– mice were not
protected from degeneration (Fig. 5b). Age-matched, dark-reared,
wild-type control mice showed no degeneration. These results indicate
that degeneration in Rpe65–/– mice occurs in a light-independent fash-
ion, consistent with signal transduction by spontaneous opsin activity.

Retinyl ester levels are high in Rpe65–/– Gnat1–/– mice
We further asked whether retinyl esters continued to accumulate in
Rpe65–/– Gnat1–/– knockout mice. We measured retinyl ester levels in
eyecups collected from six-month-old wild-type, Rpe65–/– and
Rpe65–/– Gnat1–/– mice (Fig. 6). Consistent with previous reports6,10,11,
retinyl ester levels in Rpe65–/– mice (mean ± s.d. 254.8 ± 22 ng per eye; 
n = 3) were 16 times higher than in control mice (16.2 ± 5 ng per eye; 
n = 3). Retinyl ester levels in non-degenerating Rpe65–/– Gnat1–/– reti-
nas remained elevated (218.4 ± 50 ng per eye; n = 5), conclusively
showing that retinyl ester accumulation does not cause degeneration.

Ca2+ concentration is low in Rpe65–/– photoreceptors
A hallmark feature of visual signaling is low intracellular calcium lev-
els resulting from signal-mediated closure of the cGMP-gated chan-
nels coupled with calcium extrusion by the Na+/Ca2+-K+ exchanger.

a b

Figure 5  Abrogation of transducin signaling protects Rpe65–/– mice from retinal degeneration, but dark-rearing does not. (a) Light micrographs of Rpe65–/–,
Rpe65–/– Gnat1–/– double mutants, Rpe65+/–, Gnat1–/– and wild-type (WT) mice at 40 weeks of age. Retinal layers are abbreviated as follows: INL, inner
nuclear layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments. ONL cell thickness in retinas of Rpe65–/– Gnat1–/– double knockout mice
was comparable to that in retinas of wild-type mice. Absence of transducin signaling rescued both ONL cell thickness and length of inner segments and outer
segments. (b) Light micrographs of retinas from 28-week-old Rpe65–/– and control mice born and reared in complete darkness compared with retinas of mice
reared in cyclic light. Degeneration in dark-reared Rpe65–/– retinas as assessed by ONL cell thickness was comparable to that observed in Rpe65–/– mice
reared in cyclic light. No degeneration was observed in wild-type (WT) mice reared in complete darkness or in cyclic light.

Figure 6  Retinyl ester levels in wild-type (WT), Rpe65–/– and Rpe65–/–

Gnat1–/– mice. Total retinyl esters from 6-month-old mice were compared.
The values are indicated as means ± s.d. per eye for 3–5 mice of each
genotype. Retinyl ester levels in the degenerating Rpe65–/– mice were
comparable to those in the non-degenerating Rpe65–/– Gnat1–/– mice. Both
were elevated relative to levels in wild-type mice. There was no statistical
difference between Rpe65–/– and Rpe65–/– Gnat1–/– double mutants.
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If opsin in Rpe65–/– mice activated transduction in darkness, we
would expect Rpe65–/– rods to have a lower than normal free Ca2+

concentration (Fig. 1b), as these rods should behave like normal rods
exposed to bright bleaching light27. The Ca2+ concentration in
Rpe65–/– Gnat1–/– rods, however, would be predicted to be normal.

To test these predictions, we compared the free Ca2+ concentration
in Rpe65–/– and Rpe65–/– Gnat1–/– rod outer segments (Fig. 7) using
laser-spot fluorescence microscopy and the Ca2+ dye fluo-5F28. After
exposure to laser light, fluorescence of rods from Rpe65–/– mice
decreased rapidly, reflecting a light-induced decrease in Ca2+ concen-
tration. In comparison, baseline (dark) fluorescence was greater from
wild-type or Rpe65–/– Gnat1–/– rods, and, as expected, there was no
light-dependent decrease in fluorescence in Rpe65–/– Gnat1–/– rods28.
The lower baseline fluorescence in rods from dark-adapted Rpe65–/–

retinas and the greater fluorescence in the Rpe65–/– Gnat1–/– double
knockout mice reflects spontaneous, opsin-mediated closure of the
cGMP-gated channels in Rpe65–/– mice.

Estimates of absolute free Ca2+ concentration in darkness or light
(Table 1) obtained as previously described28 reinforced this conclu-
sion. Rpe65–/– rods had less free Ca2+ in darkness than either normal
or Rpe65–/– Gnat1–/– rods. There was no statistically significant dif-
ference in the Ca2+ concentration in darkness between control and
Rpe65–/– Gnat1–/– rods or after exposure to bright light between con-
trol and Rpe65–/– rods. Thus, not only do rods of dark-adapted
Rpe65–/– mice have less intracellular calcium, but blocking trans-
ducin signaling also restores intracellular calcium in Rpe65–/–

Gnat1–/– mice to concentrations comparable to those observed in
dark-adapted wild-type mice.

DISCUSSION
These experiments show that rods of Rpe65–/– mice behave as if
strongly adapted by background light or previous light bleaching,
even when they were not exposed to light or bleaching. The rods have
low circulating current (Figs. 2 and 3), low light sensitivity (Fig. 2)
and accelerated kinetics of response decay (Fig. 4). Rpe65–/– rods con-
tain a high concentration of the apoprotein opsin, mostly unphos-
phorylated and unbound to arrestin6,8,9. Because opsin activates the
visual cascade at a low level13–15, we conclude that spontaneous opsin
activity in Rpe65–/– mice activates PDE, leading to closure of cGMP-
gated channels. The low circulating current and small intracellular
Ca2+ concentration of dark-adapted Rpe65–/– rods (Fig. 7 and Table
1) must result from opsin activation of the cascade.

Deleting Gnat1 eliminated degeneration in Rpe65–/– mice (Fig. 5a),
although dark-rearing had no effect (Fig. 5b), confirming that light-
independent opsin activation caused cell death. Rpe65–/– Gnat1–/–

double knockout mice had normal retinal morphology (Fig. 5a)
despite accumulating retinyl esters to high levels (Fig. 6), indicating
that ester accumulation does not contribute to degeneration.

How activation of the cascade by opsin apoprotein causes degenera-
tion is unknown. A high concentration of opsin apoprotein might pro-
duce structural weakness in the outer segment disk membrane6, but

this seems an unlikely mechanism for degeneration. Total opsin levels
in Rpe65–/– retinas are lower than rhodopsin levels in wild-type mouse
retinas (refs. 6,9 and data not shown). Total opsin levels in Rpe65–/–

Gnat1–/– double knockout mice, however, are similar to levels in age-
matched, wild-type mice (data not shown) at 28 and 40 weeks of age,
when decreased opsin levels and degeneration in Rpe65–/– mice are evi-
dent. Thus, total opsin levels in nondegenerating Rpe65–/– Gnat1–/–

retinas are higher than in age-matched, degenerating Rpe65–/– retinas.
Alternatively, the low Ca2+ concentration in Rpe65–/– rod outer seg-

ments might trigger apoptosis, as previously suggested for developing
neurons (for example, ref. 29) and photoreceptors17. Rpe65–/– rods
have a low concentration of free Ca2+ in the outer segment (Fig. 7 and
Table 1), but the concentration of Ca2+ in rods from non-degenerat-
ing Rpe65–/– Gnat1–/– double mutant mice is nearly normal.

One difficulty with this hypothesis is that the Ca2+ concentration in
Rpe65–/– mice is about half that observed in wild-type mice (Table 1),
even though circulating current is 10–15% of normal. As free Ca2+

concentration and current are linearly related30,31, one would expect
Ca2+ to be even lower in Rpe65–/– mice. We found no evidence for
altered cGMP-gated channel function or rod exchanger mRNA levels
that might account for this difference. The discrepancy may reflect
changes in the morphological or physiological state of Rpe65–/– rods;
when Rpe65–/– rods were given 11-cis-retinal to regenerate rhodopsin,
the free Ca2+ concentration rose to the abnormally high value of ∼600
nM, twice that observed in dark-adapted wild-type mice (M.L.W. and
G.L.F., unpublished observations). More experiments are needed to
determine whether lowered Ca2+ concentration has a role in cell
death during constitutive activation.

Degeneration in Rpe65–/– mice may also be influenced by aberrant
transducin localization in rods. In light-exposed wild-type mice,
transducin rapidly translocates from rod outer to inner segments32.

Figure 7  Free Ca2+ concentration in rods from wild-type (WT; blue), Rpe65–/–

(red) and Rpe65–/– Gnat1–/– (black) mice. Rods were loaded with the Ca2+-
sensitive dye fluo-5F and exposed to a 4-s laser light at 1.8 × 1010 photons
μm–2 s–1. Fluorescence emission was measured as a photomultiplier tube
(PMT) current. The wild-type, Rpe65–/– and Rpe65–/– Gnat1–/– traces are the
mean of 8, 7 and 12 determinations, respectively. We fit the individual
decreases in fluorescence in the Rpe65–/– rods with the double exponential
decay function used to analyze wild-type rods28. The faster of the two time
constants for Rpe65–/– rods (τ1 = 169 ± 28 ms; n = 7) was not significantly
different from that for wild-type mice (τ1 = 148 ± 30 ms; n = 8). Wild-type
and Rpe65–/– Gnat1–/– rods showed a higher initial value of fluorescence
than Rpe65–/– rods, reflecting the relatively higher dark-adapted Ca2+

concentration (see Table 1).

Table 1  Calcium concentrations

na Darkb (nM) Saturating lightb,c (nM)

Control (wild-type) 6 246 ± 37 60 ± 10

Rpe65–/– 7 138 ± 14 40 ± 5

Rpe65–/– Gnat1–/– 12 307 ± 37

aNumber of determinations. bMean ± s.e.m. cSaturating illumination is from the laser exposure
used to measure the dye fluorescence.
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But transducin translocation is defective in Rpe65–/– mice33; light
does not induce transducin migration to the inner segment. The
inappropriate colocalization of unliganded opsin and rod transducin
in Rpe65–/– rod outer segments may affect the level of constant trans-
ducin signaling and, therefore, the rate of retinal degeneration17.
One important role for the rapid, light-induced translocation of
transducin to the inner segment may be to reduce signaling during
continuous light exposure.

The accelerated response kinetics of Rpe65–/– rods (Fig. 4) were not
observed in a previous study11. This difference probably results from
intrinsic variability in rod response waveform and the much larger
sample number in the present experiments (see legend to Fig. 4). It is
notable that rods partially regenerated with 9-cis-retinal have acceler-
ated kinetics of response decay, which has previously been attributed
to opsin activation of the cascade11, consistent with our conclusions.

In conclusion, these studies show that constitutive opsin signaling
causes retinal degeneration in rod cells of the Rpe65–/– mouse. The
contribution of all-trans-retinyl ester accumulation is minimal. As
Rpe65–/– mice are also a model of prolonged vitamin A deprivation,
our experiments may also confirm an explanation16 as to why rods
deprived of retinal, but containing opsin, show progressive degenera-
tion34,35. For the first time, we show that activation of an unliganded
G-protein-coupled receptor molecule lacking mutations in its
sequence8 causes disease from abnormal signaling activity in estab-
lished models of human disease. It will be interesting to determine
whether other G-protein-coupled receptor molecules similarly con-
tribute to human disease.

METHODS
Mice. We handled mice in accordance with the guidelines provided by the
Association for Research in Vision and Ophthalmology and the Tufts
University Institutional Animal Care and Use Committee. Rpe65–/– (ref. 6)
and Gnat1–/– (ref. 26) mice have been previously described. We housed mice in
standard filter-top cages and maintained them either on a 14 h light:10 h dark
or a 12 h light:12 h dark cycle. Gnat1–/– and Rpe65–/– double knockout mice
were generated by crossbreeding Rpe65–/– mice with Gnat1–/– mice. Dark-
reared mice were raised in a ventilated dark chamber (Plastic Designs).

Genotype analysis. We carried out PCR on genomic DNA prepared from tail
biopsy samples to screen for the presence of Rpe65 or Gnat1 as follows: denat-
uration at 95 °C for 4 min, followed by 27 cycles of 95 °C for 1 min, 61 °C for 
1 min and 72 °C for 1 min. We used triple primer sets to amplify and distin-
guish either the Rpe65- or the Gnat1-null genes from the wild-type gene.
Primers for Rpe65–/– transgenic mice were as previously described6. Primer
sets for transducin gene amplification will be provided on request.

Chemicals and solutions. R. Crouch (Medical University of South
Carolina) provided 11-cis-retinal. We purchased the fluorescent Ca2+ dye
fluo-5F as the acetoxymethyl ester from Molecular Probes. We purchased all
other chemicals from Sigma Chemical. We carried out dissections and incu-
bations with acetoxymethyl ester dye and 11-cis-retinal in Locke’s solution
(140 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 20 μM EDTA,
3.0 mM HEPES buffer, 10 mM glucose and 5 mM sodium ascorbate, pH
7.4). During suction pipette and fluorescence measurements, we continu-
ously perfused photoreceptors with Dulbecco’s modified Eagle medium
(Sigma Chemical, D-2902), supplemented with 15 mM NaHCO3, 2 mM
sodium succinate, 0.5 mM sodium glutamate, 2 mM sodium gluconate and
5 mM NaCl, bubbled with 5% CO2. The pH was adjusted to 7.4 and the
temperature was 33–37 °C. We filled the suction pipette and bath ground
electrode with Locke’s solution without glucose or ascorbate. We assessed
the purity and concentration of the 11-cis-retinal chromophore by spec-
trophotometry before each experiment.

Dissection, dye-loading and 11-cis-retinal incubation. We placed mice
3–10 weeks old (maintained on a 12 h light:12 h dark cycle) in total darkness

for 3 h before the experiments. Under dim red light, we killed mice by cervi-
cal dislocation, excised the eyes, trimmed off fat and extraocular muscle and
washed them with 1–2 ml cold Locke’s solution. Under infrared illumina-
tion, we carried out the rest of the dissection with an infrared-sensitive tele-
vision camera (charge-coupled device camera model OS-40D, Mintron
USA) or an infrared-sensitive viewer (FJW Optical Systems). We hemisected
the eye with a razor blade and discarded the front of the eye (with lens). We
cut the eyecup, retina-side up, into two roughly equal pieces by slicing close
to the optic nerve head. We reserved three pieces of eyecup on ice in total
darkness in Locke’s solution. We placed the remaining piece in Locke’s solu-
tion into a 35-mm petri dish whose bottom had been coated with Sylgard
(Dow Corning). We carefully peeled the retina from the pigment epithe-
lium/eyecup, inverted it (receptor-side up) onto the Sylgard surface and
finely chopped it with a shard of razor blade held by a hemostat. We pipetted
the retinal pieces into Locke’s solution on the stage of an inverted micro-
scope for electrical recording. For fluorescence measurements of Ca2+, we
incubated retinal pieces for 30 min in Locke’s solution containing 10 μM
fluo-5F-acetoxymethyl ester. To regenerate the photopigment, we exposed
rods for 30 min to Ringer’s solution containing 30 μM 11-cis-retinal from an
ethanolic stock solution.

Recording of light responses. We recorded suction-pipette currents by
conventional methods. Responses were low-pass filtered at 35 Hz and digi-
tized at a sampling rate of 100 Hz (PCLAMP, Axon Instruments) with a PC-
compatible computer. We delivered light stimuli from a dual-beam optical
bench through a 500-nm interference filter, controlled stimulus intensity
with absorptive neutral density filters and measured intensity with a cali-
brated silicon photodiode (Graseby Optronics). In some experiments, we
stimulated rods with white light, whose effective intensity was estimated by
comparing the relative sensitivity of the electrical response of control mice
to dim flashes of white and 500-nm light. We estimated rhodopsin bleach-
ing from the photosensitivity for a vitamin-A2-based pigment in solution36,
corrected for the difference in dichroism in free solution and in disk mem-
branes37. In a few experiments, we stimulated rods with light from the laser
(488 nm), which we calibrated in the same way as light from the optical
bench. We allowed rods exposed to multiple flashes to recover for 30 s or 60 s
after each flash. We determined the single-photon response by squaring the
mean response of 30–60 flashes to the same dim intensity and comparing
the squared mean to the waveform of the time-dependent variance by
bringing the two into alignment at their rising phases. This provides an esti-
mate of 1/n, where n is the mean number of rhodopsins activated by the
dim flash. We divided the mean response to the flash by n to give the single-
photon response.

Retinal morphology. We oriented right eyes by a cautery mark to the superior
pole of the eye before enucleation. We punctured the anterior eye segment
with a needle and immediately immersed the eye in a fixative of 4%
paraformaldehyde/0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at
4 °C overnight. The eye was then dehydrated in a graded series of alcohol and
embedded in paraffin. We bisected eyes along the vertical meridian through
the optic nerve head and stained with hematoxylin and eosin for light
microscopy. We carried out morphological analysis by counting rows of pho-
toreceptor cells in the ONL from four different areas in the central and mid-
peripheral retina across both the superior and inferior hemispheres. We
averaged the resulting numbers for each retina. We took the counts from five
or more representative mice for each genotype at each time point. We used the
two-tailed Student’s t-test to compare paired data from age-matched wild-
type and mutant mice.

HPLC analysis of retinyl ester content. We dark-adapted overnight six-
month-old wild-type, Rpe65–/– and Rpe65–/– Gnat1–/– double mutant mice.
We dissected out the anterior segments, lens and retinas under infrared illumi-
nation. We homogenized eye cups from a single mouse in 200 μl phosphate-
buffered saline and extracted retinyl esters with methanol/hexane. We assessed
levels of retinyl esters by reverse-phase HPLC analysis38–41. We equipped the
HPLC system with a Pecosphere-3 C18 column (Perkin-Elmer) and a Waters
996 Photodiode Array Detector with the wavelength set at 325 nm for retinol
and retinyl esters and 380 nm for retinal.
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Determination of free Ca2+ concentration. Methods for measuring calcium
in rod outer segments have been described previously27,28,42. We excited fluo-
rescence (wavelength, 488 nm) with an argon laser (American Laser
Corporation) and collected fluorescence with a 505-nm dichroic and a 510-
nm long-pass filter (Omega Optical). We recorded fluorescence from the outer
segments of single mouse rods either fully isolated or protruding from small
chunks of retina. We placed a miniature thermocouple (diameter 0.05 mm, T-
type, Cu-CuNi; Omega Engineering) within 0.5 mm of the rod and monitored
the temperature with a digital thermometer at 0.1 °C resolution (Model HH-
25TC, Omega Engineering). We noted the temperature at the time of each flu-
orescence measurement and used it to correct the dissociation constant of
Ca2+ binding to the dye as described28.

To prevent dye bleaching, we reduced the unattenuated intensity of the laser
to 2–5 × 1010 photons μm–2 s–1 with reflective neutral density filters
(Newport). We measured fluorescence with a low-dark-count photomultiplier
tube with a restricted photocathode (Model 9130/100A, Electron Tubes) and
amplified the current with a low-noise, current-to-voltage converter (PDA-
700, Terahertz Technology), low-pass filtered with an 8-pole Bessel filter
(Frequency Devices) and digitized with a PC-compatible computer. The data
were filtered at 1 kHz and acquired at 2 kHz.

We estimated the intracellular concentration of Ca2+ in darkness and after
illumination, from the initial and steady-state fluorescence after exposure to
the bright light of the laser. We used the Michaelis-Menten equation together
with estimates of the minimum and maximum fluorescence (Fmin and Fmax)
and the dissociation constant (Kd) to convert fluorescence into [Ca2+]i (refs.
27,28,42,43). We estimated the Fmin by exposing the rod to a zero-Ca2+/ion-
omycin solution (140 mM NaCl, 3.6 mM KCl, 3.08 mM MgCl2, 2.0 mM
EGTA, 3.0 mM HEPES buffer with 10 μM ionomycin, pH 7.4). When the
fluorescence reached a steady minimum value, we exposed the rod to a high-
Ca2+/ionomycin solution (50 mM CaCl2, 3.6 mM KCl, 3.0 mM HEPES
buffer, 140 mM sucrose with 10 μM ionomycin, pH 7.4) to estimate Fmax.
The Kd varied from 400 nM to 543 nM28 over the temperature range used in
these determinations (33–37 °C).

Note: Supplementary information is available on the Nature Genetics website.
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