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G

-protein signaling pathways play central roles in vertebrate
vision. Phototransduction in photoreceptor cells use a wellstudied G-protein signaling cascade to convert the absorption of
light by visual pigments to an alteration in membrane potential
(1). Across the synapse, ON bipolar cells (ON-BCs) also rely on
G proteins to sense glutamate released from rod and cone
photoreceptors. These cells use a metabotropic glutamate receptor, mGluR6 (2, 3), coupled through the heterotrimeric G
protein Gαo (4, 5), to gate cationic TRPM1 channels (6–8). The
hyperpolarizing light-evoked response of rod and cone photoreceptors reduces glutamate release, allowing TRPM1 channels
to open and depolarize ON-BCs. Thus, Gαo deactivation appears
to be the key molecular event in the mGluR6 cascade that leads to
the generation of the ON-BC light-evoked response.
Although Gαo undergoes spontaneous deactivation, the rate
of its intrinsic GTP hydrolysis that drives this process is too slow
to account for the fast speed of the ON-BC light-evoked response, which occurs within hundreds of milliseconds. Members
of the Regulator of G protein Signaling (RGS) protein family
serve as GTPase accelerating proteins (GAPs) for the heterotrimeric G proteins. They stimulate the rate of the GTP hydrolysis on the Gα subunits thereby facilitating their deactivation
(9). However, the identity of the dominant GAP in ON-BCs that
shapes their light-evoked responses remains unknown.
Two members of the R7 subfamily of RGS proteins, RGS7
and RGS11, have been found to accumulate at the dendritic tips
of ON-BCs, where they interact with mGluR6 (10–13). R7 RGS
proteins form obligate trimers with their subunits Gβ5 and R7BP
(or R9AP) (14). Knockout of Gβ5 eliminates the expression of
all R7 RGS and completely abolishes the ON-BC responses to
light concomitant with deﬁcits in synapse formation (15). However, eliminating RGS11, R9AP, or R7BP, or partially disrupting
RGS7 function, produces only minor deﬁcits (10–13) that are
inconsistent with their major role in Gαo inactivation.
www.pnas.org/cgi/doi/10.1073/pnas.1202332109

In this study, we identify the key GAPs that ensure fast Gαo
deactivation needed for the generation of rod ON-BC lightevoked responses. We generated RGS7 null mice completely
devoid of RGS7 expression. Although the knockout of RGS7
produced no signiﬁcant alteration in rod ON-BC light-evoked
responses, concurrent elimination of RGS11 resulted in a severe
reduction in light sensitivity without affecting the rod phototransduction cascade or synaptic connectivity between rods and
rod ON-BCs. Furthermore, the time-to-peak of rod ON-BC
responses to steps of bright light was ∼40-fold longer than WT.
These results indicate that the action of RGS7 and RGS11 is
required for the generation of rod ON-BC light responses with
high sensitivity and speed.
Results
To gain insight into the function of RGS7 in the mGluR6 cascade of ON-BCs, we generated a line of RGS7-knockout
(RGS7−/−) mice (Fig. 1). Our targeting strategy was based on
elimination of the critical exon 4, which is expected to introduce
a frameshift mutation, thereby truncating RGS7 in the middle of
the N-terminal DEP domain and preventing the translation of
critical functional elements of the protein (Fig. 1A). Indeed,
retinas obtained from RGS7−/− mice contained no detectable
RGS7 protein (Fig. 1B). This result is in contrast to previous
attempts to eliminate RGS7 in mice, which used an RGS7 mutation with an internally truncated sequence that resulted only in
partial reduction of its expression level (10–12). Notably, elimination of RGS7 reduced the level of short splice isoform of Gβ5
(Gβ5S) (Fig. 1B), suggesting the essential role of the association
with RGS for the stability of this protein. Knockout of RGS7
also resulted in destabilization of R7BP, conﬁrming the idea that
both proteins exist in a complex in ON-BC dendrites (16). Importantly, knockout of RGS7 did not affect the expression of any
other proteins essential for ON-BC light-evoked signaling (Fig.
1B). We further conﬁrmed speciﬁc elimination of the RGS7
puncta in the outer plexiform layer of the retina using immunohistochemical staining (Fig. 1C).
Examination of the ON-BC function by single-ﬂash electroretinography (ERG) revealed that the b-wave of the response
that is thought to reﬂect the depolarizing activity of ON-BCs
displayed similar sensitivity and time course in both wild-type
(WT) and RGS7 knockouts (Fig. 1D). In addition, patch-clamp
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The time course of signaling via heterotrimeric G proteins is
controlled through their activation by G-protein coupled receptors
and deactivation through the action of GTPase accelerating
proteins (GAPs). Here we identify RGS7 and RGS11 as the key GAPs
in the mGluR6 pathway of retinal rod ON bipolar cells that set the
sensitivity and time course of light-evoked responses. We showed
using electroretinography and single cell recordings that the
elimination of RGS7 did not inﬂuence dark-adapted light-evoked
responses, but the concurrent elimination of RGS11 severely reduced their magnitude and dramatically slowed the onset of the
response. In RGS7/RGS11 double-knockout mice, light-evoked
responses in rod ON bipolar cells were only observed during persistent activation of rod photoreceptors that saturate rods. These
observations are consistent with persistently high G-protein activity in rod ON bipolar cell dendrites caused by the absence of the
dominant GAP, biasing TRPM1 channels to the closed state.

A
RGS7 FRT/LoxP

3

4

RGS7 LoxP

3

4

RGS7 -/-

3

Neo

Protein:
5
5

* stop

RGS7-/-

WT

RGS7+/-

frame shift

B

split codon

FRT site

LoxP site

5

RGS7-/-

WT

RGS7
RGS11
mGluR6
TRPM1
G 5
R7BP

C

WT
RGS7 DAPI

G o

R9AP

R7BP

G 5S

G 5L

TRPM1

G o
actin

mGluR6

RGS11

R9AP

D

RGS7-/OS
IS
ONL
OPL
INL
IPL
GC

E

RGS7 +/+

RGS7 -/-

Downloaded by guest on June 16, 2021

Fig. 1. Complete elimination of RGS7 preserves retina ON-BC responses to
light. (A) Targeting exon 4 in the Rgs7 gene by homologous recombination
is expected to truncate the protein in the middle of the DEP domain. (B)
Western blot analysis of protein expression in mouse retinas. Knockout of
RGS7 (RGS7−/−) selectively reduces the levels of its interaction partners Gβ5
and R7BP (P < 0.05, t test; error bars are SEM values) without affecting the
expression of proteins critical for the ON-BC function. Four retinas from
separate mice in each case were used for the quantiﬁcation. (C) RGS7 immunoreactivity is absent in the outer plexiform region of retina crosssections. (Scale bar: 20 μm.) (D) RGS7-knockout mice display normal light
responses as measured by ERG. A representative trace is shown out of four
total experiments conducted with different mice, all yielding similar
results. (E) Flash families of rod ON-BC responses in RGS7−/− mice display
normal amplitude and response kinetics. Flash strengths were 0.4, 0.7, 1.4,
2.7, 5.5, and 11 activated rhodopsin (Rh*) per rod. Records are representative of data collected across four cells from one WT and nine cells from
two RGS7−/− mice.

recordings from single-rod ON-BCs revealed no change in the
magnitude or time course of the light-evoked response (Fig. 1E).
Because the GTP hydrolysis on Gαo plays a profound role in the
generation of the light response in the ON-BCs (17), elimination
of the dominant GAP in these cells is expected to produce
a strong phenotype, as demonstrated in similar studies on rod
photoreceptors (18). We addressed the possibility of a functional
compensation from other RGS proteins in ON-BCs, as suggested
7906 | www.pnas.org/cgi/doi/10.1073/pnas.1202332109

by earlier studies (10–12, 19). The dendritic tips of ON-BC are
also known to contain RGS11, a protein that interacts with
mGluR6 and shares similar structural organization with RGS7,
including obligate association with Gβ5 (10–13). Consistent with
the earlier observations (10–13), knockout of RGS11 in mice was
not found to affect substantially ERG responses (Fig. S1), supporting our previous report that elimination of RGS11 alone
does not affect light responses of rod ON-BCs (11).
To test the hypothesis that RGS11 masks the effects of RGS7
elimination, we generated double-knockout (DKO) mice lacking
both RGS7 and RGS11 (RGS7−/−RGS11−/−; Fig. 2A). In these
mice, all of the RGS7 and RGS11 immunoreactivity was eliminated from the dendritic tips of ON-BCs (Fig. 2B). Concurrent
loss of RGS7 together with RGS11 further reduced the levels of
Gβ5S, reinforcing the conclusion that these proteins form
obligatory complexes (Fig. 2 A and B). Nevertheless, the expression of the main signal transducers, mGluR6, TRPM1, and
Gαo, remained unchanged. The cytoarchitecture of the DKO
retinas was also normal (Fig. 2C). We found that rod ON-BCs
from DKO retinas were no different from their WT littermates
in overall morphology, dendritic branching, and the ability of the
mGluR6 and TRPM1 to localize to the dendritic tips (Fig. 2C).
Furthermore, dendritic tips of DKO ON-BCs were precisely
aligned against the synaptic ribbon marker of the photoreceptors, CtBP2, in a manner indistinguishable from WT (Fig.
2C). Examination of the ﬁne ultrastructure in DKO retinas by
electron microscopy revealed the preservation of the intact
synaptic triads containing bipolar cell dendrites reaching into the
axonal arbor (spherule) of the rod photoreceptors (Fig. 2D).
These data indicate that concurrent elimination of RGS7 and
RGS11 did not affect the synaptic connectivity of the ON-BC.
Preservation of the synaptic connectivity allowed us to determine the functional consequences of simultaneous elimination of RGS7 and RGS11, as opposed to previous studies with
Gβ5 knockouts, where synapses did not form during development (20). Light-evoked potentials (a-wave) measured by
ERG (Fig. S2) and rod outer segment photocurrents measured
with suction electrodes (Fig. S3) revealed rod responses that
were indistinguishable from WT, suggesting that genetic
manipulations did not affect the phototransduction cascade.
However, the dark-adapted ERG b-wave was completely absent
in DKO mice across a wide range of the light intensities (Fig. 3).
Although the ERG may not allow the slow depolarizing activity
of ON-BCs to be separated unambiguously from other ERG
components, the no–b-wave phenotype suggests that a depolarizing response in DKO ON-BCs fails to develop on the fast
timescale of WT ON-BC responses.
To characterize quantitatively alterations in ON-BC activity,
single-cell recordings of light-evoked currents for scotopic stimuli (activating only rods) were made in rod ON-BCs (Fig. 4),
a subclass of ON-BC in the mammalian retina that receives the
predominant output of rod photoreceptors (21). Voltage-clamp
recordings (Vm = −60 mV) revealed no detectable ﬂash response
in the rod ON-BCs from DKO retinas, consistent with ERG
measurements, despite the preservation of normal responses in
neighboring OFF bipolar cells that use other mechanisms for
synaptic transmission (Fig. 4B). We hypothesized that a short
reduction of synaptic glutamate concentration during a ﬂash
response might not reduce G-protein activity sufﬁciently to open
TRPM1 channels. We therefore recorded the responses of the
dark-adapted rod ON-BCs during a 20-s step of brighter light
[∼2,400 activated rhodopsin (Rh*) per rod per s] (Fig. 4 C and
D) that prolongs the hyperpolarization of rods (22) and is thus
expected to prolong the reduction in glutamate concentration.
We found that these steps of brighter light produced responses in
DKO rod ON-BCs that were much smaller in maximum amplitude (∼10 pA) than the response of WT rod ON-BCs (which can
exceed 500 pA) and displayed a time-to-peak of ∼3 s (Fig. 4E).
Cao et al.

A

C
WT

DKO

mGluR6 /PKC

WT

DKO

RGS7
RGS11

TRPM1/PKC

G 5
TRPM1
mGluR6

mGluR6 /CtBP2
G o
actin

B
RGS7

DKO

WT

D

DKO
WT

DKO

RGS11

Fig. 2. Intact cytorachitecture and synaptic morphology in retinas of mice lacking both RGS7 and RGS11. (A) Western blot analysis of protein expression in mouse
retinas. Concurrent knockout of both RGS7 and RGS11 does not affect the expression of the key ON-BC signaling proteins. Retinas from four mice were used for
the quantiﬁcation. (B) Retinas of RGS7,RGS11 DKOs completely lack RGS7-, RGS11-, and Gβ5-positive synaptic puncta in the outer plexiform layer. (Scale bar:
10 μm.) (C) Normal morphology, dendritic branching, and accumulation of mGluR6 and TRPM1 at the dendritic tips of the ON-BC in DKO retinas. Only bipolar cells
and outer plexiform layer are shown. (Scale bar: 5 μm.) (D Left) Intact morphology of synapses between rods and horizontal/bipolar cells analyzed by electron
microscopy. High magniﬁcation of the DKO synapses reveals the presence of the bipolar cell (BC) and horizontal cell (HC) dendrites within the rod spherules that
contained intact ribbons (*). (Scale bar: 0.5 μm.) (Right) Quantiﬁcation of synapses with all three identiﬁable features. Quantiﬁcation results are based on
preparations obtained from two separate mice for each genotype. For each genotype, 200–300 synaptic triads were scored by three independent investigators
for the presence of ON-BC dendrites in the rod spherules. Error bars reﬂect deviation of the counts among the investigators.

The time-to-peak of WT rod ON-BCs was ∼75 ms, 40-fold
shorter than in the DKO rod ON-BCs. Such slowing of the rod
ON-BC light-evoked response was not observed in RGS7+/−
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Fig. 3. Concurrent knockout of RGS7 and RGS11 causes no b-wave phenotype revealed by ERG. Mice lacking RGS7 and RGS11 (DKO) displayed
normal a-waves but failed to generate b-waves on a fast timescale in response to ﬂashes across broad range of light intensities. ERGs were recorded
on dark-adapted mice. Each trace is a representative out of four recorded
from separate WT and DKO mice. Numbers indicate light intensities of the
ﬂashes in cd·s/m2.
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RGS11+/− mice (Fig. S4), despite reduced RGS protein concentration (Fig. 1B). Thus, elimination of both RGS7 and RGS11
relegated TRPM1 channels to a lower range of open probabilities
and slowed opening to light stimuli. These results are consistent
with high, persistent Gαo activity in rod ON-BC dendrites in
darkness that increases saturation within the mGluR6 signaling
cascade (17).
Discussion
The time course of G-protein signaling is important for deﬁning
the functional properties of a signaling cascade. Here we have
identiﬁed the key RGS proteins, RGS7 and RGS11, which serve as
the dominant GAPs in rod ON-BCs. We show that their GAP
activity endows these cells with the ability to mount a rapid response to the absorption of light in rod photoreceptors, a property
that is key to the visual system’s ability to detect fast changes in
light intensity (23, 24). Accelerated light-evoked responses of ONBCs with respect to rod photoresponses suggest that the speed of
G-protein signaling, and the consequent turnover of second
messengers, must be fast compared with phototransduction (17).
What makes G-protein activity in ON-BCs different from other
G-protein cascades, like phototransduction, is that the deactivation of Gαo produces the onset of the response rather than
providing response termination. Thus, GAP proteins play a particularly important role in setting the speed of ON-BC responses.
Several previous studies have addressed the functional role of
RGS proteins in the ON-BCs. The levels of both RGS7 and
RGS11 are dramatically reduced in the retinas of Gβ5 knockPNAS | May 15, 2012 | vol. 109 | no. 20 | 7907
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Fig. 4. Elimination of RGS7 and RGS11 slows the response of rod ON-BCs. (A)
Light-evoked responses (black) to a 10-ms ﬂash for a representative WT rod
ON-BCs in voltage-clamp (Vm = −60 V). The ﬂash monitor above the traces
indicates the timing of the ﬂash. Flash strengths were 0.4, 0.7, 1.5, 2.9, 5.9, and
11 Rh* per rod, with data collected across nine cells from two WT mice. (B,
Upper) Absence of light-evoked responses (red) to 10-ms ﬂashes for DKO rod
ON-BC. (Lower) Viability of the retinal slice was conﬁrmed by measuring lightevoked responses (red) in neighboring DKO OFF-BC. The ﬂash monitor above
the traces indicates the timing of the ﬂash. Flash strengths were 0.4, 0.7, 1.5,
2.9, 5.9, 11, and 24 Rh* per rod. Records are representative of data collected
across nine rod ON-BC and four OFF-BC cells from two DKO mice. (C and D)
Light-evoked response (black) to a step of light producing 2,400 Rh* per rod
per s averaged across seven voltage-clamped (Vm = −60 V) WT rod ON-BCs from
one mouse (C) and averaged across seven voltage-clamped rod ON-BCs from
two DKO mice (D; red). (E) Comparison of the time course of step responses in
WT rod ON-BCs (black) and DKO rod ON-BCs (red). Exponential ﬁts to rising
phases revealed a time constant of ∼0.06 s in WT rod ON-BCs (not displayed)
and ∼0.9 s in DKO rod ON-BCs. Membrane currents were low-pass ﬁltered at
300 Hz and digitized at 1 kHz.

outs, for instance. However, gross neurological deﬁcits observed
in this model (25, 26) resulted in the malformation of the photoreceptor to ON-BC synapse and the predictable lack of the
electroretinogram b-wave (20). Thus, the contribution of the
RGS7 and RGS11 to the ON-BC light-evoked responses cannot
be assessed in that model. Similarly, several groups used a strain
of RGS7 mutant mice that was combined with the RGS11 null
(10–12). These studies documented a 25-ms phase delay in the
ERG b-wave with no change in the slope of the rising phase and
no differences in light sensitivity. It should be noted that such
observations are inconsistent with a dominant effect on Gαo
activity, which would be expected to alter signiﬁcantly the rising
phase of light-evoked responses from ON-BCs. Indeed, biochemical characterization of this RGS7 mutant strain revealed
the lack of RGS7 elimination and documented only partial disruption of the protein structure (10, 12). This ﬁnding suggests
that the reduction in RGS7 function by the hypomorphic mutation was not sufﬁcient to substantially alter the kinetics of the
Gαo deactivation to the extent that it would limit the generation
of the ON-BC responses. In contrast, the strain of RGS7knockout mice used in this study is a complete null with a total
elimination of RGS7 protein and hence with a complete abolishment of its GAP activity. In fact, our ERG recordings on
7908 | www.pnas.org/cgi/doi/10.1073/pnas.1202332109

RGS7-knockout mice document a similar small phase delay of
the b-wave onset (Fig. 1D) that was seen in previous studies with
RGS7 mutant strain only upon concurrent elimination of RGS11
(10–12). It should be noted that the minor phase delay observed
in our ERG recordings does not reﬂect changes in rod ON-BC
light-evoked responses (Fig. 1E). This ﬁnding further supports
our conclusion that complete elimination of both RGS7 and
RGS11 is required to reduce the level of GAP activity to the
extent that it would rate-limit Gαo deactivation and hence affect
both the sensitivity and the time course of the ON-BC responses.
In parallel with this work, another study recently reported a lack
of ON-BC signaling in a different mouse line lacking both RGS7
and RGS11 (27). In agreement with our ﬁndings, these mice also
exhibited no detectable ERG b-wave at short times after the
delivery of a bright ﬂash. Although both of our studies observed
a substantial number of normally formed synaptic triads, quantitative comparisons suggest that the other mouse model suffers
from morphological deﬁcits in the outer plexiform layer, a difference that might be explained by variations in the genetic
manipulations and/or the strain background.
The increases in G-protein activity expected from the loss of
the dominant GAP would be predicted to increase the extent of
saturation within rod ON-BCs (17). This increase in saturation
would further bias TRPM1 channels to their closed state, requiring larger and longer decrements in G-protein activity to
open channels. We found that in darkness DKO rod ON-BCs
exhibited this increase in saturation. Light-evoked responses of
DKO rod ON-BCs were different from WT in two important
ways. First, DKO rod ON-BCs lacked discernable responses to
ﬂashes of light that produced transient reductions in synaptic
glutamate, indicating dramatically reduced light sensitivity. Second, the onset of the response was much slower in DKO than in
WT rod ON-BCs, indicative of the slower deactivation of Gαo
and consequently slow development of the depolarizing ON response. These features are consistent with the increased darkadapted G-protein activity and match the predicted consequences
expected upon the elimination of the dominant GAP in the rod
ON-BC signaling cascade.
It should be noted that the ∼3-s time-to-peak of the step response of DKO rod ON-BCs is still much faster than would be
expected if GAP activity were eliminated entirely, because Gαo
inactivates in vitro with a time constant of ∼30 s (28). Given the
promiscuous nature of RGS–G-protein interactions (9, 28),
other proteins in rod ON-BCs may provide some residual GAP
activity in the absence of RGS7 and RGS11. For instance, proteins like RetRGS1 (19) may still contribute to the ﬁne regulation of the mGluR6 signaling in rod ON-BCs. The regulation of
Gαo inactivation in other classes of cone ON-BCs may also differentially require the activity of RGS7, RGS11, or other RGS
proteins. The mechanisms providing ﬁne regulation of these
mGluR6 signaling cascades remain to be determined.
Materials and Methods
Mouse Strains, DNA Constructs, and Antibodies. RGS7-knockout mice were
generated by homologous recombination in hybrid 129/C57 ES cell lines
following standard procedures. The targeting strategy included ﬂanking
exon 4 with LoxP sites and incorporating a neomycin resistance cassette,
ﬂanked by FLP recognition target (FRT) sites immediately downstream from
exon 4 (Fig. 1). The targeting vector contained a long homology arm
extending for ∼6 kbp upstream from exon 4 and a short homology arm with
the ∼2-kbp sequence downstream from this exon. The recombination event
was conﬁrmed by Southern blotting with an internal probe, PCR, and by
sequencing recombination and junction sites. To eliminate the FRT-ﬂanked
neomycin cassette in vivo, chimeric mice were bred with a germ-line FLP
deleter strain B6.Cg-Tg(ACTFLPe)9205Dym/J (Jackson). Speciﬁcity of the
cassette deletion was conﬁrmed by PCR and sequencing. The resulting
conditional RGS7 mice were crossed with a germ-line Cre-expressor strain
B6.FVB-TgN(EIIa-Cre)C5379Lmgd (Jackson) to achieve elimination of exon 4 by
LoxP recombination. Again, speciﬁcity of the deletion was conﬁrmed by PCR
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Electron Microscopy. Eyes were enucleated, cleaned of extraocular tissue, and
preﬁxed for 15 min in cacodylate-buffered half-Karnovsky’s ﬁxative (11). The
eyecups were hemisected along the vertical meridian and ﬁxed overnight in
the same ﬁxative. The specimens were rinsed with cacodylate buffer (pH 7.4)
and postﬁxed in 2% (vol/vol) osmium tetroxide (Electron Microscopy Sciences)
in buffer for 45 min, gradually dehydrated in an increasing acetone series (25–
100%), and embedded in Durcupan ACM resin (Electron Microscopy Sciences).
Blocks were cut with 70-nm thickness and were stained with 6% aqueous
uranyl acetate for 10 min and Sato’s lead stain for 3 min. Sections were examined in a Tecnai G2 spirit BioTwin (FEI) transmission electron microscope at
an 80-kV accelerating voltage. Images were captured with a Veleta CCD camera (Olympus) operated by TIA software (FEI). Quantiﬁcation of the synaptic
features was done by ﬁrst identifying rod spherules with synaptic ribbons and
adjacent processes of the horizontal cells. We then separately counted normal
synaptic triads, which additionally contained rod bipolar dendrites juxtapositioned within the spherules, and abnormal triads, which did not appear to
contain bipolar cell dendrites. Quantiﬁcation was done by analysis of ∼200–300
synapses for each genotype independently by three investigators.
Antibodies. The generation of rabbit anti-R9AP 144–223 (29), sheep anti-RGS9c
(30), sheep anti-RGS6 (FL) (16), sheep anti RGS11 (CT) (16), rabbit anti-RGS11
(CT) (16), sheep anti-mGluR6 (31), and sheep anti-TRPM1 (31) were described.
Rabbit anti-RGS7 (7RC1), anti-R7BP (TRS), and anti-Gβ5 (ATDG) were generous
gifts from William Simonds (National Institute of Diabetes and Digestive and
Kidney Diseases/National Institutes of Health, Bethesda). Rabbit anti-RGS7
(07-237; Upstate Biotechnology), mouse anti-β-actin (AC-15; Sigma), mouse
anti-PKCα (ab11723; Abcam), mouse anti-CtBP2 (612044; BD Biosciences), and
rabbit anti-Gαo (K-20; Santa Cruz Biotechnology) were purchased.
Preparation of Retina Lysates and Western Blotting. Whole retinas were removed from mice and lysed by sonication in ice-cold PBS supplemented with
150 mM NaCl, 1% Triton X-100, and Complete protease inhibitor tablets
(Roche). Lysates were cleared by centrifugation at 20,800 × g for 15 min at 4 °C.
Total protein concentration in the supernatant was measured by using
a bicinchoninic acid protein assay kit (Pierce). Supernatants were added with
SDS sample buffer (pH 6.8) containing 8 M urea and were subjected to 12.5%
SDS/PAGE. Protein bands were transferred onto PVDF membranes, subjected
to Western blot analysis by using HRP-conjugated secondary antibodies, and
detected by using ECL West Pico system (Pierce). Signals were captured on
ﬁlm and scanned by densitometer, and band intensities were determined by
using NIH ImageJ software.
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Immunohistochemistry. Dissected eyecups were ﬁxed for 15 min with 4%
paraformaldehyde, cryoprotected with 30% sucrose in PBS for 2 h at room
temperature, and embedded in optimal cutting temperature medium. Tenmicrometer frozen sections were obtained and blocked in PT1 (PBS with
0.1% Triton X-100 and 10% donkey serum) for 1 h, then incubated with
primary antibody in PT2 (PBS with 0.1% Triton X-100 and 2% donkey serum)
for 1 h. After four washes with PBS with 0.1% Triton, sections were incubated with ﬂuorophore-conjugated secondary antibodies in PT2 for 1 h.
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After four washes, sections were mounted in Fluromount (Sigma). Images
were taken with a Zeiss LSM 780 confocal microscope.
Single-Cell Electrophysiological Recordings from Rods and Rod ON-BCs. Mice
were dark-adapted overnight and euthanized in accordance with protocols
approved by the University of Southern California (Protocol 10890) and
followed guidelines set by the National Institutes of Health on the care and
use of animals. Rod photocurrents were measured with suction electrodes
from outer segments protruding from clusters of dissociated tissue, and rod
ON-BC (21) light-evoked currents were measured in whole-cell voltageclamp recordings (Vm = −60 mV) from 200-μm-thick dark-adapted retinal
slices as described (32–34). Retinal tissues were superfused with Ames’ media
equilibrated with 5% CO2/95% O2 and maintained at 35–37 °C. The internal
solution for whole-cell recordings consisted of (in mM): 125 K-Aspartate,
10 KCl, 10 Hepes, 5 N-methyl-D-glucamine (NMG)–N-(2-hydroxyethyl)ethylenediamine-N,N,N-triacetic acid, 0.5 CaCl2, 1 ATP·Mg, and 0.2 GTP·Mg; pH
was adjusted to 7.2 with NMG·OH. Light responses were evoked with two
types of stimuli: (i) 10- or 30-ms ﬂashes from a blue LED (λmax ∼470 nm) or
standard light bench (35), respectively, whose strength varied from producing a just-measurable response and increased by factors of two to three,
were delivered to generate ﬂash families; or (ii) longer steps of bright light
were delivered to measure the response of rod ON-BCs when rod photoreceptors were persistently hyperpolarized (22). Membrane currents were
ﬁltered at 300 Hz by an 8-pole Bessel ﬁlter and digitized at 1 kHz.
ERG. Electroretinograms were recorded by using the UTA system and a BigShot Ganzfeld (LKC Technologies). Mice (4–8 wk old) were dark-adapted
(≥6 h) and prepared for recordings by using dim red light. Mice were
anesthetized with an i.p. injection of ketamine and xylazine mixture containing 100 and 10 mg/kg, respectively. All procedures were approved by the
Institutional Animal Care and Use committee at the Scripps Florida Research
Institute. Recordings were obtained from the right eye only, and the pupil
was dilated with 2.5% phenylephrine hydrochloride (Bausch & Lomb), followed by the application of 0.5% methylcellulose. Recordings were performed with a gold loop electrode supplemented with contact lenses to
keep the eyes immersed in solution. The reference electrode was a stainless
steel needle electrode placed s.c. in the neck area. The mouse body temperature was maintained at 37 °C by using a heating pad controlled by ATC
1000 temperature controller (World Precision Instruments). ERG signals were
sampled at 1 kHz and recorded with 0.3-Hz low-frequency and 300-Hz highfrequency cut-offs.
Full ﬁeld white ﬂashes were produced by a set of LEDs (duration < 5 ms)
for ﬂash strengths ≤2.5 cd·s/m2 or by a Xenon light source for ﬂashes >
2.5 cd·s/m2 (ﬂash duration < 5 ms). ERG responses were elicited by a series of
ﬂashes ranging from 2.5 × 10−4 to 2.5 × 101 cd·s/m2 in increments of 10-fold.
Ten trials were averaged for responses evoked by ﬂashes up to 2.5 × 10−1
cd·s/m2, and three trials were averaged for responses evoked by 2.5 × 100
cd·s/m2 ﬂashes. Single ﬂash responses were recorded for brighter stimuli. To
allow for recovery, interval times between single ﬂashes were as follows: 5 s
for 2.5 × 10−4 to 2.5 × 10−1 cd·s/m2 ﬂashes, 30 s for 2.5 × 100 cd·s/m2 ﬂashes,
and 180 s for 2.5 × 101 cd·s/m2 ﬂashes.
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