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Abstract

Retinitis pigmentosa (RP) is a debilitating blinding disease affecting over 1.5 million people worldwide, but the mechanisms
underlying this disease are not well understood. One of the common models used to study RP is the retinal degeneration-10
(rd10) mouse, which has a mutation in Phosphodiesterase-6b (Pde6b) that causes a phenotype mimicking the human disease.
In rd10 mice, photoreceptor cell death occurs with exposure to normal light conditions, but as demonstrated in this study,
rearing these mice in dark preserves their retinal function. We found that inactivating rhodopsin signaling protected
photoreceptors from degeneration suggesting that the pathway activated by this G-protein-coupled receptor is causing
light-induced photoreceptor cell death in rd10 mice. However, inhibition of transducin signaling did not prevent the loss of
photoreceptors in rd10 mice reared under normal light conditions implying that the degeneration caused by rhodopsin
signaling is not mediated through its canonical G-protein transducin. Inexplicably, loss of transducin in rd10 mice also led to
photoreceptor cell death in darkness. Furthermore, we found that the rd10 mutation in Pde6b led to a reduction in the
assembled PDE6αβγ 2 complex, which was corroborated by our data showing mislocalization of the γ subunit. Based on our
findings and previous studies, we propose a model where light activates a non-canonical pathway mediated by rhodopsin
but independent of transducin that sensitizes cyclic nucleotide gated channels to cGMP and causes photoreceptor cell
death. These results generate exciting possibilities for treatment of RP patients without affecting their vision or the
canonical phototransduction cascade.

Introduction
Retinitis pigmentosa (RP; OMIM: 268000) is a debilitating genetic
disorder characterized by night blindness and decreased visual

fields, which can progress to complete blindness, and is often
accompanied by severe photoreceptor cell loss (1). Mutations in
more than 50 genes lead to various forms of this disease, and
the two most commonly affected genes that lead to autosomal
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recessive RP are in the Usher syndrome type-2a (Ush2a) and
Phosphodiesterase-6 (Pde6) genes with Pde6 mutations accounting
for 36 000 cases of RP (2). Current therapies available for
hereditary RP symptoms are often insufficient and include
vitamin A supplementation and wearing sunglasses (3,4). The
biochemical mechanisms underlying photoreceptor cell death
and subsequent vision loss in RP are not fully understood, and
elucidating these mechanisms will aid in the development of
more personalized approaches for treating patients with this
disease.

One of the commonly used animal models of RP is the retinal
degeneration-10 (rd10) mouse where visual function is gradually
lost and is accompanied by photoreceptor cell death (5). This
phenotype closely mimics the human form of the disease. This
mouse model has a missense mutation in the catalytic β subunit
of the PDE6 holoenzyme (mutation denoted as PDE6βrd10/rd10,
i.e. rd10 hereafter) (5). Rd10 animals raised under normal light
conditions in a vivarium with a 12 h light/12 h dark cycle show
complete degeneration of the photoreceptor outer nuclear layer
(ONL) by postnatal day 45 (PN45). Intriguingly, our studies show
that rd10 mice reared in complete darkness show significant
preservation of the ONL at PN45. Elucidating the mechanism
behind this light-dependent photoreceptor cell death in the rd10
mouse may lead to new insights into the human form of the
disease in addition to development of better treatments for
autosomal recessive RP.

We hypothesized that the biochemical signaling cascade
underlying sensation to light plays a key role in the light-
dependent degeneration of photoreceptors in the rd10 mouse
model. The phototransduction cascade is fundamental to vision
in all mammalian species and begins when the light-sensing
G-protein-coupled receptor (GPCR) rhodopsin is activated by the
absorption of a photon through its chromophore 11-cis retinal.
The subsequent conformational change in rhodopsin leads to
activation of the heterotrimeric G-protein transducin. The α

subunit of transducin then activates the effector enzyme of
the phototransduction cascade PDE6, which leads to closing of
cyclic nucleotide gated channels and hyperpolarization of the
photoreceptor cell.

After photon absorption, the chromophore 11-cis retinal
attached to opsin is isomerized to all-trans retinal in photore-
ceptors (6). In a series of enzymatic reactions known as the
visual cycle, 11-cis retinal is regenerated in the retinal pigment
epithelium (RPE) and returned to photoreceptors to restore
rhodopsin’s photosensitivity (6,7). The visual cycle begins with
the reduction of all-trans retinal to all-trans retinol by NADPH-
dependent retinol dehydrogenase (6,8). All-trans retinol is then
esterified in the RPE by lecithin retinol acyltransferase before
being isomerohydrolyzed by the RPE-specific protein of 65 kDa
(RPE65), which catalyzes the production of 11-cis retinol (6,9).
The alcohol 11-cis retinol is then oxidized back to the aldehyde
11-cis retinal by 11-cis retinol dehydrogenase to complete
the cycle (6,8). Importantly, the RPE65 enzyme, among other
critical visual cycle components, becomes necessary for the
regeneration of rhodopsin’s photosensitivity, and without this
enzyme, photoreceptors are essentially rhodopsin-deficient (10).

The absence of RPE65 (Rpe65−/−) prevents apoptosis of pho-
toreceptors in mice exposed to high-intensity light (15 000 lux)
(11). These findings suggest a role for activated rhodopsin in
photoreceptor degeneration in response to light exposure. We
predicted that a similar signaling cascade is involved in photore-
ceptor cell death in rd10 mice. We also wanted to know if this
rhodopsin signaling requires transducin for apoptotic signaling
in rd10 mouse photoreceptors.

To test this hypothesis, mice lacking functional rod transducin-
α alleles (Gnat1−/−) and mice lacking functional Rpe65 alleles
(Rpe65−/−) were crossed with rd10 mice to generate Gnat1−/−
rd10 and Rpe65−/− rd10 experimental mice (10,12). Ablation
of RPE65 inactivates rhodopsin signaling since it is required
for regeneration of rhodopsin’s chromophore 11-cis retinal
(10). A rhodopsin knockout mouse could not be used because
photoreceptor degeneration is observed, and outer segments
(OSs) fail to develop properly in this mouse model (13).

After validating the Gnat1−/− rd10 and Rpe65−/− rd10 mice,
we found that the lack of functional transducin failed to prevent
light-induced photoreceptor cell death in rd10 mice and, to our
surprise, led to degeneration in dark. Indeed, we found that
removal of Rpe65 delays photoreceptor cell death in rd10 mice
reared under normal light conditions. In addition, we found
that the levels of the functional PDE6αβγ 2 heterotetramer were
highly reduced. Lastly, we observed that the levels of each indi-
vidual subunit of PDE6 were decreased in rd10 mice in addition
to mislocalization of PDE6γ .

Results
Dark rearing rd10 mice delays photoreceptor cell death

Mice homozygous for the rd10 mutation were raised from birth
in either complete darkness or in a vivarium with a 12 h ∼ 175 lux
light: 12 h dark cycle. At PN45, whole eyes from these mice were
collected along with C57BL6/J controls for histological analysis
of the retinal ONL by hematoxylin and eosin (H&E) staining and
immunofluorescence microscopy. Rd10 mice raised in normal
cyclic light conditions experienced substantial photoreceptor
degeneration (Fig. 1A and B). In contrast, there was significant
preservation of the ONL in rd10 mice raised in complete dark-
ness with approximately three to four layers of photoreceptor
nuclei remaining at PN45 (Fig. 1A and B). These findings suggest
that the rd10 mutation sensitizes photoreceptors to light and
makes them susceptible to cell death. As shown in Fig. 1A, no
substantial changes were observed in the RPE or inner retinal
layers (inner nuclear layer and ganglion cell layer) between
rd10 mice raised in complete darkness and under normal light
conditions. Overall, our findings show significant preservation
of photoreceptors in dark reared rd10 animals.

Retinal function is preserved in dark reared rd10 mice

We next sought to determine if the surviving photoreceptors
are functional in dark reared rd10 mice in early adulthood at
PN45. One of the commonly used methods for determination
of photoreceptor function is electroretinography (ERG) where
electrical activity originating from the neural retina is measured
after exposure to a light stimulus. This technique allows for anal-
ysis of both rod and cone photoreceptor function. Indeed, the
preservation of the ONL in rd10 mice raised in complete darkness
correlated with increased photoreceptor function in contrast to
rd10 mice raised under cyclic light conditions (Fig. 2A–D). ERG
traces of the cyclic light reared rd10 mice revealed a complete
absence of ‘a’ and ‘b’ waves in contrast to dark reared rd10
mice and age-matched C57BL6/J controls under both scotopic
and photopic conditions (Fig. 2A and B). Scotopic ERGs at varying
light intensities confirmed the increased ‘b’-wave amplitude in
dark reared rd10 mice in contrast to rd10 mice raised under
cyclic light conditions, which suggest that functional rod pho-
toreceptor neurons are preserved in these mice (Fig. 2C). Sim-
ilarly, photopic ERGs of the cyclic light and dark reared rd10
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Figure 1. Dark rearing delays photoreceptor cell death in rd10 animals. (A)
Brightfield images of H&E stained retinal cross sections from the PN45 rd10 mice

reared under standard light conditions and in darkness (OS, outer segment; IS,

inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion

cell layer). Scale bar = 30 μm. (B) Spider diagram showing the quantification of the

ONL thickness at six regions from the inferior to superior retina in the light and

dark reared rd10 mice at PN45 (n = 3). Data are shown as the mean ± standard

error of the mean (SEM) with statistical significance calculated using the two-

tailed homoscedastic unpaired student’s t-test (∗P < 0.05; ∗∗P < 0.01).

mice revealed a significantly increased ‘b’-wave amplitude in
the dark reared rd10 mice implying that dark rearing preserves
cone photoreceptors in these mice (Fig. 2D). When compared to
age-matched C57BL6/J wild-type controls, we saw a reduction
in both ‘a’-wave and ‘b’-wave amplitudes in the dark reared
rd10 mice under scotopic but not photopic testing conditions
(Fig. 2A–D). This is likely due to the mutation in the rod-specific
PDE6β subunit, which affects the levels of the rod-specific PDE6
holoenzyme (Fig. 5).

Inactivating transducin does not prevent light-induced
photoreceptor cell death in rd10 mice

To determine if transducin was involved in the mediation
of this light-dependent photoreceptor cell death in the rd10
mouse, we crossed rd10 mice with the Gnat1−/− mouse model.
The Gnat1−/− mouse lacks a functional rod transducin-α gene
(Gnat1) and yet experiences almost no photoreceptor degenera-
tion due to the loss of transducin (12). Gnat1+/− rd10 × Gnat1+/−
rd10 crosses were used to generate Gnat1−/− rd10 knockout mice

and rd10 littermate control mice. The loss of rod transducin-α
subunit (GαT1) was validated by western blot. GαT1 was absent
in retinal extracts of Gnat1−/− rd10 double knockout mice
(Fig. 3A). The litters from the heterozygous crosses were raised in
either cyclic light or complete darkness for 45 days. H&E stained
retinal sections and immunofluorescence microscopy were
used to analyze the retinal morphology. At PN45, photoreceptor
cell death is seen in both the normal light reared Gnat1+/+
rd10 and Gnat1−/− rd10 animals suggesting that transducin is
not mediating the light-dependent photoreceptor cell death
(Fig. 3B and D). To our surprise, dark rearing Gnat1−/− rd10
mice failed to preserve photoreceptors and caused substantial
photoreceptor degeneration with almost no ONL nuclei left at
PN45 (Fig. 3C and E). Overall, these findings suggest that the
light-dependent photoreceptor cell death observed in rd10 mice
occurs through a transducin-independent mechanism.

Inactivating Rpe65 protects rd10 mice from
light-induced photoreceptor cell death

To determine if the activation of rhodopsin is mediating the
light-dependent photoreceptor cell death in rd10 animals,
we inactivated rhodopsin by blocking the recycling of its
chromophore 11-cis retinal with the use of the Rpe65−/−
mouse model (10). A 11-cis retinal is regenerated from all-
trans retinal in part by RPE65, a retinol isomerase encoded
by the Rpe65 gene (10). We crossed Rpe65−/− mice with rd10
mice to ultimately develop Rpe65−/− rd10 knockout mice and
littermate control rd10 mice. We then validated these mice by
immunofluorescence microscopy (Fig. 4A). As expected, RPE65
(green) was absent in the Rpe65−/− rd10 knockouts. Litters from
heterozygous crosses were then raised in either normal light
or complete darkness for 45 days before mice were sacrificed
and whole eyes were collected for histological analysis. H&E and
immunostaining of retinal sections were then imaged to analyze
the retinal morphology. At PN45, significant photoreceptor
cell death is seen in the normal light reared Rpe65+/+ rd10
mice (Fig. 4B and D). Strikingly, however, standard light reared
Rpe65−/− rd10 mice experience a slower rate of photoreceptor
cell death with approximately three layers remaining at PN45
(Fig. 4B and D). When these mice were raised in complete
darkness, photoreceptor nuclei were preserved to a similar
extent between rd10 mice and Rpe65−/− rd10 mice as seen by
similar ONL thickness (Fig. 4C and E). Altogether, these findings
suggest that rhodopsin is signaling independently of transducin
to mediate the light-dependent photoreceptor cell death in the
rd10 mouse.

The functional PDE6 holoenzyme is reduced and
misassembled

We next wanted to test how the rd10 mutation in the β sub-
unit of PDE6 affects the assembly of the holoenzyme. To this
end, we immunoprecipitated the PDE6 complex with ROS1 anti-
body, which specifically detects the assembled functional PDE6
holoenzyme (14), in rd10 and C57BL6/J control retinal lysates at
PN15 before the onset of photoreceptor degeneration (Fig. 5A).
We then immunoblotted the fractions from the immunoprecipi-
tation and probed with antibodies directed against PDE6α, PDE6β

and PDE6γ to check for the assembly of each subunit to the
complex. Interestingly, in rd10 mice, the levels of all three PDE6
subunits are considerably reduced in the bound (assembled)
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Figure 2. Preservation of retinal function in dark reared rd10 mice. (A) Representative scotopic (0.151 cd-s/m2) ERGs of the standard light (red) and dark (green) reared rd10

mice at PN45 along with age-matched C57BL6/J controls (black) after overnight dark adaptation (Scotopic scale bar: x-axis = 20 ms, y-axis = 200 μV). (B) Representative

photopic (7.6 cd-s/m2) ERGs of the standard light (red) and dark (green) reared rd10 mice along with age-matched C57BL6/J controls (black) under light-adapted conditions

using a 30 cd-s/m2 rod-saturating white background light at PN45 (Photopic scale bar: x-axis = 20 ms, y-axis = 40 μV). (C) Light stimulus intensity plot of the scotopic

‘b’-wave response from the standard light and dark reared rd10 mice along with age-matched C57BL6/J controls at PN45 (n = 3). The dose response relationship was

modeled using the Naka-Rushton fit with maximum amplitudes determined to be 833 ± 64, 479 ± 31 and 50 ± 5 μV for the wild-type, dark and light reared rd10 mice,

respectively. (D) Light stimulus intensity plot of the photopic ‘b’-wave response from the dark and standard light reared rd10 mice along with age-matched C57BL6/J

controls at PN45 (n = 3). The dose response relationship was modeled using the Naka-Rushton fit with maximum amplitudes determined to be 153 ± 20, 129 ± 19 and

22 ± 4 μV for the wild-type, dark and light reared rd10 mice, respectively. Data are shown as the mean ± SEM with statistical significance calculated using the two-tailed

homoscedastic unpaired student’s t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

fraction in contrast to age-matched C57BL6/J controls suggesting
that there is a decrease in the amount of assembled, functional
PDE6 (Fig. 5A). Furthermore, significant amounts of the PDE6γ

subunit are present in the unbound (unassembled) fraction in
rd10 mice with no enrichment of PDE6γ in the bound (assembled)
fraction as seen in the age-matched C57BL6/J controls (Fig. 5A).
These data suggest that the PDE6 holoenzyme is misassembled,
and there is a likely dysregulation of PDE6 if the γ subunit is
unable to interact with the α and β subunits.

The rd10 mutation alters levels of the PDE6 subunits

We next wanted to determine if the reduction in the assembled
PDE6 holoenzyme in rd10 mice was due to an instability of the
complex or a reduction in the steady-state protein levels of the
individual subunits. Immunoblotting of retinal lysates from rd10
mice revealed that the levels of the PDE6β subunit are dra-
matically reduced prior to photoreceptor degeneration (Fig. 5B).
The drastic loss in PDE6β levels is accompanied by a significant
decrease in its cognate partner catalytic PDE6α subunit (Fig. 5B)
implying that the ability for cGMP hydrolysis and consequently
phototransduction efficiency is greatly reduced. Lastly, the levels
of the inhibitory γ subunit are also decreased (Fig. 5B). The reduc-
tion in PDE6β levels was confirmed by immunofluorescence

microscopy of retinal sections from the rd10 mice before the
onset of photoreceptor degeneration (Fig. 5C). Overall, the rd10
mutation substantially affects the levels of each individual PDE6
subunit.

PDE6γ but not PDE6α is mislocalized in both standard
light and dark reared rd10 mice

After finding PDE6γ in the unassembled fraction of our pull-
down experiment, we predicted that the PDE6 subunits may
not be properly localized in rd10 mice. To test this hypothesis,
we used immunofluorescence microscopy to examine retinal
sections from normal light and dark reared rd10 mice for PDE6α,
PDE6β and PDE6γ localization before the onset of photorecep-
tor degeneration. Retinal sections were first stained with anti-
PDE6β antibody and wheat germ agglutinin (WGA, a rod OS
marker) and counterstained with 4′,6-diamidino-2-phenylindole
(DAPI) to see how the Pde6b mutation affects PDE6β localization.
The reduction in PDE6β observed in Fig. 5B was confirmed by
immunofluorescence microscopy (Fig. 5C), but its localization
remained obscure (Fig. 5C). We found PDE6α to be properly local-
ized to the OS in both normal light and dark reared rd10 mice
(Fig. 6A), and its levels were severely reduced in agreement with
Fig. 5B. On the contrary, we observed substantial mislocalization
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Figure 3. Light-dependent photoreceptor cell death in rd10 mice is not mediated by transducin signaling. (A) Validation of the Gnat1−/− rd10 mice by immunoblotting

retinal lysates and subsequently probing with an antibody against rod transducin-α (GαT1). GAPDH serves as a loading control. Molecular weight in kilodaltons is

indicated on the right. (B) H&E stained retinal cross sections from the standard light reared Gnat1−/− rd10 mice along with littermate rd10 controls at PN45. (OS, outer

segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer). Scale bar = 30 μm. (C) H&E stained retinal cross sections from

the dark reared Gnat1−/− rd10 mice along with littermate rd10 controls at PN45. Scale bar = 30 μm. (D) Spider plot showing the quantification of the photoreceptor

nuclei at six regions from the inferior to superior retina in the standard light reared Gnat1−/− rd10 mice and littermate rd10 controls at PN45. (E) Quantification of

photoreceptor nuclei at six regions from the inferior to superior retina in the dark reared Gnat1−/− rd10 mice and littermate rd10 controls at PN45. Data are shown as

the mean ± SEM (n = 3, two-tailed homoscedastic unpaired student’s t-test; ∗P < 0.05; ∗∗P < 0.01; N.S., not significant).

of PDE6γ in both normal light and dark reared rd10 mice in
contrast to the C57BL6/J control prior to the onset of photore-
ceptor degeneration (Fig. 6B). These data suggest that the rd10
mutation could alter the regulation of the PDE6 holoenzyme
through mislocalization of the inhibitory PDE6γ subunit.

Discussion
Our studies reveal that dark rearing prolongs survival and func-
tion of rod and cone photoreceptors in the rd10 mouse model
(Figs 1 and 2). We also examined the signaling pathways underly-
ing the light-dependent photoreceptor cell death and the protec-
tion afforded by dark-rearing rd10 mice. Our findings show that

the light-induced photoreceptor degeneration caused by the rd10
mutation is mediated by rhodopsin signaling (Fig. 4). However,
the degeneration is independent of the canonical rhodopsin-
transducin signaling cascade (Fig. 3). Intriguingly, the protection
afforded by dark rearing was lost when transducin signaling was
abolished (Fig. 3). However, inhibition of rhodopsin signaling had
no substantial effect on photoreceptor survival in dark-reared
rd10 mice (Fig. 4). The rd10 mutation also caused a significant
reduction in the levels of the functional PDE6αβγ 2 heterote-
tramer in addition to a possible misassembly of PDE6 and a
reduction in each of the individual subunits (Fig. 5). Corroborat-
ing the misassembly of PDE6, PDE6γ but not PDE6α was mislocal-
ized in both light and dark reared rd10 mice (Fig. 6). It has been
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Figure 4. Inactivating Rpe65 protects rd10 mice from light-induced photoreceptor cell death. (A) Validation of the Rpe65−/− rd10 mice at PN15 before the onset of

photoreceptor degeneration by immunofluorescence microscopy of retinal cross sections stained with RPE65 antibody (green), PNA (cone photoreceptor OS marker,

red) and DAPI nuclear counterstain (blue). Scale bar = 20 μm. (B and C) H&E stained retinal cross sections from the standard light reared (B) and dark-reared (C) Rpe65−/−
rd10 mice along with littermate rd10 controls at PN45 (OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer).

Scale bar = 30 μm. (D) ONL spider plot showing the quantification of the ONL thickness at six regions from the inferior to superior retina in the light reared Rpe65−/−
rd10 mice and littermate rd10 controls at PN45. (E) ONL spider plot from the inferior to superior retina in the dark reared Rpe65−/− rd10 mice and littermate rd10 controls

at PN45. Data are shown as the mean ± SEM (n = 3, two-tailed homoscedastic unpaired student’s t-test; ∗P < 0.05; ∗∗P < 0.01; N.S., not significant).

shown that photoreceptor degeneration caused by mutations in
PDE6 such as rd1 and rd10 can be genetically rescued by inactivat-
ing cyclic nucleotide-gated channels (15,16), but this approach
has limited clinical applicability since the phototransduction
cascade becomes arrested. Our study reveals that a rhodopsin-
mediated signaling event that is independent of transducin is
causing cell death in rd10 mice. Novel therapies can be designed

to target this pathway that modulates photoreceptor viability
and thus treat patients with RP while not affecting their vision.

The rd10 mouse model is a widely used mouse model of RP,
which carries a missense mutation in exon 13 of the Pde6b gene
that leads to a substitution of arginine for cysteine (Arg560Cys)
in the β subunit of the PDE6 holoenzyme (5). We found that
this mutation causes a significant reduction in levels of the
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Figure 5. The rd10 mutation causes a reduction in the levels of the functional PDE6 complex and its individual subunits. (A) PN15 C57BL6/J (left) and rd10 (right) retinal

lysates were used for immunoprecipitation by incubation with ROS1 antibody, which recognizes the assembled PDE6αβγ 2 complex. Following immunoprecipitation,

total (T), unbound (U) and bound (B) fractions were subjected to size separation by gel electrophoresis and then electroblotted onto PVDF membranes before probing

with antibodies directed against either PDE6α, PDE6β, or PDE6γ to check for the assembly of each subunit to the complex. (B) Immunoblot of retinal lysates from

PN15 C57BL6/J wild-type control mice (n = 3) and rd10 mice (n = 3) probed with antibodies directed against PDE6α, PDE6β, PDE6γ and GAPDH (loading control). (C)
Immunofluorescence microscopy images of retinal cross sections from C57BL6/J wild-type control mice and light and dark reared rd10 mice after probing with an

antibody directed against PDE6β (red), WGA (rod photoreceptor OS marker shown in green) and DAPI (blue) counterstain. Scale bar = 10 μm.

functional PDE6αβγ 2 holoenzyme in addition to a probable
misassembly of PDE6. We found the majority of PDE6γ in the
unassembled fraction of rd10 mice, and PDE6γ was mislocalized
in the inner segments (ISs) of rd10 mice. Similarly, we witnessed
a reduction in all three subunits of PDE6 with PDE6α and PDE6β

being most dramatically affected. These findings are similar
to a recently published study showing that the rd10 mutation

causes an instability of the PDE6 holoenzyme and a subsequent
reduction in basal and maximal PDE6 activity (15). Interestingly,
inactivation of cyclic nucleotide-gated channels protects rd10
mice from photoreceptor degeneration implicating Ca2+ ion
influx as one factor driving cell death (15). Altogether, these
findings point to altered regulation of the PDE6 holoenzyme as
a cause of degeneration in rd10 mice.
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Figure 6. PDE6γ but not PDE6α is mislocalized in both light and dark reared rd10 mice. (A) Immunofluorescence microscopy images of retinal cross sections from the

light and dark reared rd10 mice along with a C57BL6/J wild-type control after probing with antibody directed against PDE6α (red), WGA (rod photoreceptor OS marker

shown in green) and DAPI (blue) nuclear counterstain. Scale bar = 10 μm. (B) Immunofluorescence microscopy images of retinal cross sections from the light and dark

reared rd10 mice along with a C57BL6/J wild-type control after probing with antibody against PDE6γ (red), WGA (green) and DAPI (blue). Scale bar = 10 μm.

Interestingly, mice lacking the inhibitory PDE6γ subunit have
dysregulation of the PDE6 holoenzyme and undergo rapid pho-
toreceptor cell death even in the presence of PDE6αβ (17). This
absence of PDE6γ leads to a paradoxical decrease in PDE6αβ

activity, which causes high cGMP concentrations that likely keep
the cGMP-gated cation channels open continuously leading to an
excessive cation influx and photoreceptor degeneration (17,18).

Alternatively, it is possible that the rd10 mutation and subse-
quent PDE6γ mislocalization could lead to protein misfolding
and aggregation that can overload the proteasome (19). This idea
is supported by findings that show an overload of the protea-
some is a common underlying mechanism in many forms of
hereditary retinal disease, especially when the causative muta-
tions are in phototransduction genes (19).
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After inactivating rhodopsin signaling, we found that pho-
toreceptors were protected in normal light conditions suggesting
that rhodopsin is mediating light-accelerated photoreceptor cell
death in rd10 mice. Strikingly, our data also revealed that pho-
toreceptor degeneration in rd10 mice raised under normal light
conditions is independent of transducin-α, which is rhodopsin’s
canonical interactor. Altogether, these findings lead us to con-
clude that rhodopsin can signal through other Gi/o-family mem-
bers besides transducin (T). This conclusion is supported by
several other studies, which have suggested that rhodopsin can
couple to other members of the Gi/o family (20–24). For instance,
one report showed that activated rhodopsin expressed in cell
culture inhibited adenylyl cyclase activity through a Gi signaling
cascade (20). Another study using primary retinal cell culture
found that activation of rhodopsin in the plasma membrane
altered the adenylate cyclase cascade to cause photoreceptor cell
death (24). Yet, another study found that Giβγ can replace Tβγ

to restore the rhodopsin-stimulated GTPase activity of Tα, and
they also found that Giα exhibited rhodopsin-stimulated GTPase
activity when reconstituted with Giβγ or Tβγ (23). If rhodopsin’s
non-canonical G-protein interactor can be identified in vivo, it
may be possible to treat RP patients without affecting their vision
or the canonical phototransduction cascade by targeting this
non-canonical subunit. Remarkably, inhibitory drugs targeting
G-protein subunits have already been developed and are show-
ing strong efficacy in preclinical models (25).

Likewise, transducin-independent signaling in photorecep-
tors is well documented (26–29). For example, deletion of Grk1
led to photoreceptor degeneration, even in the absence of trans-
ducin (26). A previous report also showed that photoreceptor
cell death caused by bright light is independent of transducin
(27). Likewise, transducin signaling was found to not play a
direct role in the light-dependent dephosphorylation of GRK1
(29). Another study found that activation of rhodopsin leads to
phosphorylation of the insulin receptor, and this is independent
of transducin implying that other pathways can be activated
through rhodopsin signaling (30). Interestingly, the insulin recep-
tor has been shown to play a neuroprotective role when mice are
exposed to light (31). The activated insulin receptor is thought
to desensitize cyclic nucleotide-gated channels to the effects of
cGMP (32). This would likely result in increased closure of these
ion channels and decreased Ca2+ entry into the cell.

When we compared our mechanistic findings to other stud-
ies of rd10 mice, we found that the signaling pathways underly-
ing the photoreceptor degeneration observed in rd10 mice may
be complex and multifactorial. For instance, one report found
that inhibition of MCP-1 signaling increased photoreceptor via-
bility in rd10 mice (33). Another study found that inhibition of
ceramide-mediated apoptotic signaling reduced photoreceptor
cell death in rd10 mice (34). Interestingly, activation of adeno-
sine monophosphate-activated protein kinase (AMPK) signaling
protected photoreceptors in rd10 mice (35). Likewise, activation
of Wnt signaling rescued photoreceptors in rd10 mice from
undergoing severe photoreceptor degeneration (36). A previous
report also found that inhibition of p75NTR signaling reduced
photoreceptor cell death in rd10 mice (37). Remarkably, inhibition
of TNFα signaling also reduced photoreceptor cell death in rd10
mice (38). Inhibition of AMPA/kainate signaling was found to
increase photoreceptor survival in rd10 mice as well (39). Per-
haps tying multiple pathways together, one group observed that
calcium overload and calpain activation occurred in rd10 mice
before the onset of photoreceptor degeneration in addition to
an increased permeability of lysosomal membranes (40). Lastly,
Nakao et al. found that adenylyl cyclase caused photoreceptor

cell death in rd10 mice (41). Altogether, these findings sug-
gest that the mechanisms underlying neurodegeneration in rd10
mice are complex and multifactorial.

Similarly, multiple studies have shown that various treat-
ment regimens can mitigate the photoreceptor degeneration
seen in the rd10 mouse model. For example, it has been shown
that injection of pro-insulin or IGF1 has a neuroprotective effect
in rd10 mice (42,43). Inhibition of microglial phagocytosis by
treatment with cRGD also increased photoreceptor survival
in rd10 mice (44). In a similar manner, Granulocyte Colony-
Stimulating Factor (G-CSF) and Erythropoietin delayed neu-
rodegeneration in rd10 mice (45). Interestingly, treatment with
either tamoxifen, tauroursodeoxycholic acid, carnosic acid, or
Norgestrel reduced photoreceptor cell death in rd10 mice (46–49).
Implicating oxidative stress as one factor driving photoreceptor
cell death, treatment with antioxidants such as α-tocopherol
and ascorbic acid preserved photoreceptor function in rd10 mice
(50). Suggestive of a dysregulation of iron, injection of transferrin
protected rd10 mice from undergoing severe photoreceptor
degeneration (51). This was complemented by another study,
which found that treating rd10 mice with zinc desferrioxamine
had a neuroprotective effect (52). Lastly, valosin-containing
protein inhibitors and continuous environmental enrichment
provided some degree of neuroprotection in rd10 mice (53–55).

Surprisingly, our findings also reveal that transducin is crit-
ical for photoreceptor survival in rd10 mice reared in complete
darkness. It is important to note that the photoreceptor degen-
eration in the Gnat1−/− rd10 mice was not caused by the removal
of the Gnat1 since the Gnat1−/− mouse model exhibits minimal
changes in retinal ONL thickness up to 1 year of age, and no
mRNA is produced from the knockout gene (12). Likewise, this
cell death is unlikely to be a gene dosage effect since Gnat1+/−
rd10 mice undergo photoreceptor cell death at the same rate
as Gnat1−/− rd10 mice in light (unpublished data). The ONL
thickness is also indistinguishable between Gnat1+/− rd10 and
littermate rd10 mice when they are reared in the dark (unpub-
lished data). Moreover, double and triple knockouts have been
generated in previous studies without any noticeable effects on
photoreceptor viability (26,27,56). Most notably, Fan et al. showed
that the Rpe65−/− Grk1−/− Gnat1−/− triple knockout mouse
model had increased photoreceptor survival in contrast to their
Rpe65−/− Grk1−/− mouse model (26).

Future experiments will be needed to address the mecha-
nisms underlying the neurodegeneration observed in the dark
reared Gnat1−/− rd10 mice. We suspect that some basal activity
between transducin and PDE6 is required for photoreceptor
survival to modulate the high intracellular Ca2+ levels observed
in darkness (57). Interestingly, transducin is known to translo-
cate to different subcellular locations of the photoreceptor cell
depending on lighting conditions (58). In complete darkness,
transducin is found in the OSs of rod photoreceptors, but upon
exposure to light, it translocates and diffuses throughout the rod
photoreceptor (58). Its sequestration to the OS only in darkness
may allow for some basal activity that modulates high intracel-
lular Ca2+ levels observed in darkness (57). Similarly, arrestin and
Grb14 translocate from the IS in darkness to the OS upon light
exposure, and this process is dependent on rhodopsin signaling
yet independent of transducin signaling (59,60). Alternatively,
in Gnat1−/− mice, intracellular Ca2+ concentrations do not
undergo light-dependent reductions, and prolonged exposure
to high Ca2+ levels may become toxic to photoreceptors (61).
Another study also showed that oxidative stress is increased in
Gnat1−/− mice, and this could be responsible for the under-
lying neurodegeneration observed (62). Future experiments
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addressing the intracellular Ca2+ concentrations and oxidative
stress in Gnat1−/− rd10 mice will provide more insight into the
mechanisms underlying the neurodegeneration observed.

In conclusion, this work shows for the first time that the
signaling cascade responsible for the light-accelerated photore-
ceptor cell death in rd10 mice relies on the rhodopsin GPCR
but is independent of its G-protein transducin. However, future
studies will be necessary to identify the transducin-independent
signaling pathway, and whether or not rhodopsin is mediating
light-induced photoreceptor cell death through an increased ion
flux mechanism (15). It is tempting to speculate that if a protein
downstream of rhodopsin can be identified and targeted for
drug-mediated inhibition, patients with photoreceptor cell loss
caused by light exposure can be treated while preserving their
visual function.

Materials and Methods
Generation of mice and genotyping

Rd10 mice were obtained from the Jackson Laboratory in the
C57BL6/J background. These mice were confirmed to be homozy-
gous for the rd10 allele and were bred with Gnat1−/− mice and
Rpe65−/− mice that were kindly provided by Dr Vladimir Kefalov
from Washington University with the approval of Dr Janis Lem
from Tufts University. Gnat1+/−rd10 and Rpe65+/−rd10 strains
were then separately crossed to generate Rpe65−/−rd10 and
Gnat1−/−rd10 experimental mice, which were raised in rooms
either in complete darkness or with a standard 12 h ∼ 175 lux
light: 12 h dark cycle. Littermate rd10 mice from these crosses
were used as controls. The mouse models used for experimenta-
tion had no confounding rd1 and rd8 alleles (63,64). The genotype
of offspring from breeding pairs was determined by polymerase
chain reaction amplification of genomic DNA derived from ear
biopsies. The Rpe65 wild-type and null alleles were identified
using the following primers (5′-TCA TGG TCT AGC CAT GTC TG-
3′, 5′-CAC TTG TGT AGC GCC AAG TG-3′ and 5′-AAT CCC TAC CAG
ATG CCA TC-3′) (65). The Gnat1 wild-type and null alleles were
identified by using the following primers (5′-TAT CCA CCA GGA
CGG GTA TTC-3′, 5′-GCG GAG TCA TTG AGC TGG TAT-3′ and 5′-
GGG AAC TTC CTG ACT AGG GGA GG-3′) (66). All experiments
were conducted with the approval of the West Virginia Univer-
sity Institutional Animal Care and Use Committee, and all works
were performed with adherence to the principles set forth in the
ARVO Statement for the Ethical Use of Animals in Ophthalmic
and Vision Research, which advocates minimum use of animals
per study needed to obtain statistical significance.

Electroretinography

The ERG photoresponse was measured as previously described
(67) using the UTAS BigShot LED Ganzfeld System with UBA-
4204 amplifier and EM for Windows (LKC Technologies). After
overnight dark adaptation, mice were placed under anesthesia
using 1.5% isoflurane mixed with oxygen at 2 l/min. Elec-
troretinograms (ERGs) from each eye were measured simultane-
ously from the corneal surface using electrodes after pupillary
dilation with a 1:1 solution of 8% tropicamide: 1.5% phenyle-
phrine hydrochloride. The electrodes were referenced to a needle
electrode placed on the scalp between the ears. Hydroxypropyl
methylcellulose (Novartis Pharmaceuticals) was added to facili-
tate contact between electrodes and the cornea while maintain-
ing the integrity of the cornea. The mouse’s body temperature
was maintained at a temperature of 37◦C using a regulated

heating pad. Scotopic responses were obtained in complete
darkness using single LED white light flashes of inten-
sities varying from 2.45 × 10−4 to 2.4 cd-s/m2. Photopic
responses were obtained with single LED white light flashes
after light adaptation using 30 cd-s/m2 rod photoreceptor-
saturating white light. The photoresponse versus flash intensity
data was modeled using the Naka-Rushton fit as described
previously (68).

Immunoblotting

Immunoblotting was performed using a protocol adapted from
our laboratory (67). Briefly, mice were sacrificed using CO2

followed by cervical dislocation, and retinas or whole eyes were
frozen on dry ice for protein studies. Retinas or whole eyes
were homogenized, and cells were lysed in phosphate buffered
saline (PBS) supplemented with protease inhibitor and 0.1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) detergent by sonication. Cellular debris was cleared
at 4◦C by centrifugation for 10 min at 12 000g. The samples
were placed into Laemmli buffer (2% SDS, 10% glycerol, 5%
2-mercaptoethanol, 0.002% bromophenol blue and 62.5 mm
Tris–HCl pH 6.8) and boiled for 10 min before western blotting
analysis. These lysates were loaded into standard SDS-PAGE
gels and fractionated by size. The proteins were transferred
onto PVDF membranes (Millipore) and subsequently blocked
for 1 h with Odyssey Blocking Buffer (LICOR Biosciences) before
incubation with primary antibody. The membranes were washed
three times for 5 min in 0.1% Tween-20 in PBS, and secondary
antibodies conjugated to infrared dye (Thermo-Fisher) were
used to detect the primary antibody at 1:50 000 dilution. The
membranes were then washed three times for 5 min in 0.1%
Tween-20 in PBS and then scanned using an Odyssey Infrared
Imaging System (LICOR Biosciences).

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as previously
described in our laboratory (67). Briefly, mice were sacrificed
using CO2 before secondary cervical dislocation. After enucle-
ation of the eyes, the lens and cornea were removed. Eyes
were immediately fixed by incubation in 4% paraformaldehyde
in PBS for 1.5 h. Eyes were then incubated in 20% sucrose
in PBS overnight after washing them three times in PBS for
5 min each. After placing the eyes in a 1:1 solution of optimal
cutting temperature compound (OCT): 20% sucrose in PBS for
2 h, they were flash frozen in OCT (VWR). A Leica CM1850
cryostat was used to cryosection eyes at 16 μm thickness and
collect retinal cross sections. The sections were placed on Super-
frost Plus Slides (Fisher Scientific). Slides were then permeabi-
lized with phosphate buffered saline supplemented with 0.1%
Triton X-100 (PBST) and incubated for 30 min in a blocking
buffer containing 0.05% sodium azide, 0.5% Triton X-100 and
10% goat serum in PBS. Retinal sections were incubated with
primary antibody overnight at 4◦C followed by three 5 min
washes with PBST before incubation with secondary antibody
and DAPI. After three 5 min washes in PBST and coverslip
placement, a Nikon C2 Confocal Microscope was used to image
slides.

Retinal histology of the rd10 mice

Knockout and control mice were euthanized, and whole eyes
were enucleated before marking the superior pole with a red
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tissue dye (MarketLab), and eyes were then fixed for 48 h
using Alcohol Z-fixative (Excalibur Pathology). Samples were
then shipped to Excalibur Pathology for tissue processing and
preparation of H&E stained slides. Images of stained slides were
collected on a Nikon C2 Microscope using Elements software
(Nikon). Images were processed using ImageJ software (National
Institutes of Health).

PDE6 assembly assay by ROS1 pulldown

After euthanasia, retinas were isolated and frozen on dry ice
before homogenization by sonication in co-immunoprecipitation
buffer (20 mm Tris–HCl pH 8, 137 mm NaCl, 2 mm EDTA, 0.1%
Triton X-100, 0.02% sodium azide, protease inhibitor cocktail
and 10 mm iodoacetamide). Samples were centrifuged at 13 000g
for 10 min at 4◦C to remove debris. Lysates were then precleared
by tumble incubation with protein A/G beads for 30 min at 4◦C
before centrifugation at 13 000g for 10 min. A total fraction
was collected before tumble incubating samples with ROS1
monoclonal antibody for 4 h at 4◦C. Samples were centrifuged at
13 000g for 10 min at 4◦C. The supernatant was tumble incubated
with protein A/G beads for 60 min at 4◦C before centrifugation
at 13 000g for 30 s. After collecting the unbound fraction, bead
pellets were washed three times with washing buffer (10 mm
Tris–HCl pH 7.4, 150 mm NaCl, 1 mm EDTA, 0.1% Triton X-100,
0.02% sodium azide and protease inhibitor cocktail). Laemmli
buffer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.002%
bromophenol blue and 62.5 mm Tris–HCl pH 6.8) was then added
to the beads, and samples were boiled for 5 min, lightly vortexed
and subjected to centrifugation at 13 000g for 30 s. Samples from
the total, unbound and bound fractions were then size frac-
tionated on SDS-PAGE gels before immunoblotting as described
earlier.

Antibodies

Throughout this work, the following primary antibodies were
used at 1:1000 dilutions: rabbit anti-PDE6γ (Thermo-Fisher),
rabbit anti-PDE6β (Thermo-Fisher), rabbit anti-PDE6α (Thermo-
Fisher), anti-assembled PDE6 (i.e. ROS1) was a kind gift from Dr
Ted Wensel from Baylor College and Rick Cote from University
of New Hampshire, rabbit anti-rod-transducin-α (Santa Cruz),
rabbit anti-RPE65 was a kind gift from Dr Michael Redmond
from the National Eye Institute, mouse anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH; Fitzgerald), rhodamine
peanut agglutinin (PNA: cone OS sheath marker, Vector
Laboratories) and fluorescein WGA (rod OS sheath marker,
Vector Laboratories).

Supplementary Material
Supplementary Material is available at HMG Online.
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