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PURPOSE. The retinal ON-bipolar cell (ON-BPC) light response is
initiated upon deactivation of the metabotropic glutamate re-
ceptor mGluR6 and the G protein Go. G protein-based signal-
ing cascades are typically accelerated by interaction of the G
protein � subunit with a member of the regulator of G protein
signaling (RGS) protein family. The goal of this study was to
determine whether RGS7 and/or -11 serve this function in
retinal ON-BPCs.

METHODS. Retinas from mice lacking RGS11 (RGS11�/�), or
with a deletion mutation in RGS7 (RGS7�/�), or both, were
compared to wild-type (WT) by immunofluorescence confocal
microscopy. The retinal light response was measured with the
electroretinogram (ERG). The kinetics of simulated light re-
sponses from individual rod bipolar cells were recorded by
whole-cell patch-clamp electrophysiology.

RESULTS. Levels of the R7 RGS interaction partners, G�5 and
R9AP, were reduced in the outer plexiform layer of the
RGS11�/� and RGS7�/�/RGS11�/� mice. ERG recordings dem-
onstrated a delay in the rising phase of the ERG b-wave, larger
photopic b-wave amplitudes, and increased scotopic threshold
response sensitivity in the RGS11�/� and RGS7�/�/RGS11�/�

mice. The ERG measured from the RGS7�/� retina was normal.
Patch-clamp recordings of chemically simulated light re-
sponses of rod BPCs revealed a 25-ms delay in the onset of the
ON-BPC response in the RGS7�/�/RGS11�/� mouse compared
with the WT.

CONCLUSIONS. RGS11 plays a role in the deactivation of G�o,
which precedes activation of the depolarizing current in ON-
BPCs. RGS7 must also serve a role as changes in RGS7�/�/
RGS11�/� mice were greater than those in RGS11�/� mice.
(Invest Ophthalmol Vis Sci. 2010;51:1121–1129) DOI:
10.1167/iovs.09-4163

The visual ON pathway, which responds to increases in light
intensity, originates at the first retinal synapse between rod

and cone photoreceptors and ON-bipolar cells (ON-BPCs).
Light stimulation causes photoreceptors to hyperpolarize,
thereby reducing the rate of glutamate release into the synaptic
cleft. ON-BPCs depolarize in response to the light-induced
decrease in synaptic glutamate. This unusual sign-inverting
synaptic response is mediated by a metabotropic glutamate
receptor, mGluR6,1 which is negatively coupled to the activa-
tion of a TRPM1-containing cation channel via the G protein
Go.2–4 Deactivation of mGluR6 leads to depolarization within
100 ms,5 allowing this signaling cascade to maintain a high
degree of temporal resolution.

The kinetics of most heterotrimeric G protein-based signal-
ing cascades are limited by the rate of GTP hydrolysis by the G
protein � subunit. Generally, the response time is shortened by
the GTPase accelerating activity provided by regulators of G
protein signaling (RGS) proteins.6 Based on time constraints,
RGS activity would seem to be required for the ON-BPC light
response, since the intrinsic rate of GTP hydrolysis by G�o is
slow, requiring tens of seconds.7,8 The situation is similar for
phototransduction in the photoreceptor outer segments. In
this case, GTP hydrolysis by transducin is accelerated by inter-
action with RGS9–1, a member of the R7 subfamily of RGS
proteins, in conjunction with its obligate binding partner G�5.
The RGS9–1/G�5 complex is tethered to the disc membrane
by association with a third protein, R9AP.9 Rods from trans-
genic mice lacking RGS9–1,10 G�5,11 or R9AP12 show normal
activation of the photoresponse, but a profoundly slowed time
course of deactivation.

RGS9 is one member of a large family of more than 30 RGS
proteins.13 The defining structural element of an RGS protein is
the RGS domain, a conserved �120 amino acid sequence,
through which it interacts with G� subunits to stimulate GTP
hydrolysis.14 RGS proteins in the R7 subfamily, which includes
RGS6, -7, -9, and -11,15 are characterized by a G protein �
subunit-like (GGL) domain, which facilitates interaction with a
unique G protein beta subunit, G�5. The R7 RGS proteins also
contain a disheveled/EGL-10/pleckstrin homology (DEP) do-
main through which they can bind to G protein-coupled re-
ceptors,16 as well as the membrane-anchoring proteins, R7BP
and R9AP.9,17–20 We and others have previously identified two
RGS proteins of the R7 subfamily, RGS7 and -11, that co-
localize with mGluR6 in the tips of ON-BPC dendrites,21–24

where they are poised to play a role in the mGluR6-based
signaling pathway.

In this study, we investigated the role of RGS7 and -11
complexes in the mGluR6 signal transduction pathway in
mouse ON-BPCs. We compared ON-BPC responses between
wild-type (WT) mice and genetically modified mice lacking
RGS11 (RGS11�/�), or with a deletion mutation in RGS7
(RGS7�/�), or both. The targeted mutation in RGS7 is a deletion
of exon 11, which encodes 33 amino acids spanning an inter-
domain region of unknown function and the first 9 amino acids
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of the GGL domain.25 The functionality of this deletion mutant
remains to be determined. We report that the absence of
RGS11 results in a delayed onset of ON-BPC light responses and
increased photopic amplitudes compared with WT mice. The
RGS7 deletion alone has no measurable effect on the ON-BPC
responses, but it enhances the effect of the lack of RGS11 in
RGS7�/�/RGS11�/� double-mutant mice.

MATERIALS AND METHODS

Animals

Heterozygote RGS7�/� (RGS7tm1Lex, MGI:3528964; http://www.
informatics.jax.org/external/ko/data/Lexicon/8/lexjac1.lexgen.
com_3a8080/nih/analysis/imageviewer.jsf@assayid�48&imageid�
1606&type�image.htm) and RGS11�/� (RGS11tm1Lex, MGI:3528953)
mice were originally produced by Lexicon Pharmaceuticals (The
Woodlands, TX). RGS7�/� heterozygotes were kindly provided by
Theodore Wensel (Baylor College of Medicine, Houston, TX) and
RGS11�/� mice were obtained from the Mutant Mouse Regional Re-
source Center (University of North Carolina, Chapel Hill, NC) pur-
chased from the Texas Institute for Genomic Medicine (Houston, TX).
The genetic background of both mutants includes 129S5/SvEvBrd and
C56BL6/J. All mice used in this study were from the same breeding
colony and share common ancestry. RGS7�/�, RGS11�/�, double-mu-
tant RGS7�/�/RGS11�/�, and WT mice were produced by breeding
mice generated from RGS7�/� and RGS11�/� heterozygous parents.
The WT and homozygous knockout experimental animals were litter-
mates from heterozygous matings. Genotyping was performed as rec-
ommended by Lexicon Pharmaceuticals. Animals aged from P21 to P50
were used in this study. All animal procedures were conducted in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research and the National Institutes of Health
guidelines and were approved by the institutional animal care and use
committees at both WSU (Washington State University) and OHSU
(Oregon Health & Sciences University).

Immunohistochemistry

Immunohistochemistry on retina sections was performed as described
previously.26,27 Antibodies directed against RGS7, RGS11, G�5, and
R9AP were kind gifts of Theodore G. Wensel and have been described
in the retina.21 Rabbit polyclonal antibody (R4612) against full-length
bovine RGS7 and goat polyclonal antibody against G�5 (peptide MAT-
DGLHENETLASLKC) were generated at Bethyl Laboratories (Montgom-
ery, TX). The RGS11 antibody was raised in rabbits against a recombi-
nant polypeptide corresponding to residues 248-471 of mouse
RGS11.28 Antibodies were used at the following concentrations: anti-
G�5, 1:500–1:1000; anti-RGS7, 1:500–1:1000; anti-RGS11, 1:1000–1:
5000; anti-mGluR6,29 1:100; and mouse monoclonal anti-PKC� (Sigma,
St Louis, MO), 1:5000. Appropriate secondary antibodies were coupled
to either Alexa-488, or Alexa-594 (Molecular Probes, Eugene, OR) and
diluted 1:2000.

Western Blot Analysis

Retinal extracts containing 10 �g of total protein were subjected to
electrophoresis on precast 4% to 12% polyacrylamide gradient gels
(Novex; Invitrogen, Carlsbad, CA). The separated proteins were elec-
trophoretically transferred to PVDF membranes, which were probed
with different antibodies, as previously described.29 Secondary anti-
bodies conjugated to IR dyes were used at a dilution of 1:10,000, and
visualized with an infrared imaging system (Odyssey; Li-Cor, Lincoln,
NE).

In Vitro Electrophysiology

Animals were anesthetized with isoflurane (Halocarbon Laboratories,
River Edge, NJ), and subsequently euthanatized by cervical dislocation.
For electrophysiological studies, the eyes were enucleated, the ante-

rior segment and vitreous removed, and the posterior eye cups placed
in oxygenated Ames medium at 25°C. The retina was isolated,
mounted ganglion cell side down on an 0.8-�m cellulose membrane
filter (Millipore, Bedford, MA), and vertically sliced (�200 �m) using a
custom-made tissue slicer, as described previously.5 Nitrocellulose
strips holding retinal slices were immobilized between two beads of
silicone grease on a coverslip and then placed in the recording cham-
ber, which was perfused at a rate of �2 mL/min with bicarbonate-
buffered Ames medium continuously bubbled with 95% O2-5% CO2. All
procedures were performed under normal visible-light illumination.
For ON-BPC recordings, the chamber was heated to 32°C to 34°C, and
the medium was supplemented with 4 �M L-aminophosphonobutyric
acid (L-AP4; Tocris Bioscience, Ellisville, MO) to maximally activate the
mGluR6 receptors, thereby mimicking darkness. Slices were viewed
with an upright microscope (BX 51WI; Olympus, Tokyo, Japan) fitted
with a �40 water-immersion objective and infrared gradient contrast
optics.30

Patch electrodes were fabricated from thick-walled borosilicate
glass to have a resistance of 6 to 10 M�. For most experiments, the
patch electrode was filled with an intracellular solution containing (in
mM): 135 K�-methanesulfonate, 6 KCl, 2 Na2-ATP, 1 Na-GTP, 1 EGTA,
2 MgCl2, and 5 Na-HEPES (pH 7.4). To slow response run-down in the
GTP-�-S experiments described in Figure 1, the pipette solution con-
tained (in mM): 108 K�-gluconate, 20 TEA, 10 HEPES, 20 BAPTA, 4
MgATP, and 1 NaGTP, adjusted to pH 7.4 with KOH. Alexa-488 hydra-
zide (Molecular Probes) was added at a concentration of 100 �M for
morphologic identification of bipolar cell types after patch-clamp re-
cording. All chemicals were obtained from Sigma-Aldrich unless oth-
erwise stated.

Whole-cell voltage-clamp recordings were performed at a holding
potential of �60 mV with a patch-clamp amplifier (EPC-10; HEKA
Instruments, Inc., Bellmore, NY). Chemically simulated BPC light re-
sponses were elicited by pressure application of the mGluR6 antago-
nist, (RS)-�-cyclopropy1–4-phosphonophenylglycine (CPPG; 500 �M;
Tocris Bioscience). Pulses were delivered via a 5 M� patch pipette
onto bipolar cell dendrites for 5 seconds at �6 psi with a pressure
ejection system (Spritzer II; Toohey Instruments, Fairfield, NJ). Current
responses were digitally sampled at 20 kHz and filtered at 5 kHz. The
amplitude and kinetics of the agonist-induced responses were charac-
terized by measuring three parameters: the time lag between CPPG
application and when the response reached 10% of maximum; the 10%
to 90% increase-time of the response, and the peak amplitude.

Electroretinogram Recording

ERGs were recorded from 15 WT, 7 RGS7�/�, 6 RGS11�/�, and 6
RGS7�/�/RGS11�/� mice. The mice were dark-adapted overnight (�12
hours), prepared for recording under dim red light, and anesthetized
with an intraperitoneal injection of ketamine and xylazine (100:10
mg/kg). Anesthesia was maintained with the same drugs (30:3 mg/kg)
delivered approximately every 30 minutes, via a small butterfly infu-
sion needle placed in the flank. Rectal temperature was maintained at
36.5°C to 38°C by placing the mouse on a circulating-water heating
pad. A wire loop placed under the upper teeth was used to draw the
mouse into a custom-made holder that stabilized the head and allowed
delivery of O2, both of which minimized breathing artifacts during
recording. Before ERG recording, the pupils were dilated with 2.5%
phenylephrine and 1% tropicamide, and the cornea anesthetized with
1.0% proparacaine. The ERG was recorded from a custom-made con-
tact lens electrode placed against the cornea with a small drop of 1%
methylcellulose. A platinum loop placed over the eye and positioned
behind the equator served as the reference, and a needle electrode
placed in the tail served as the ground.

Flash stimulation was provided by a photostimulator (model PS22;
Grass-Telefactor, West Warwick, RI), and two high-intensity photoflash
units (a 2405CX and a modified 1205CX power supply with 205 flash
units; Speedotron, Chicago, IL), which were mounted at the head of a
light tunnel connected to a Ganzfeld. Flash intensity measurements in
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candela-s/square meter were made with an optometer (350 linear/log
optometer; UDT Instruments, San Diego, CA) set to integration mode.
Scotopic conversions were estimated based on the color temperatures
of the flash units.31

Full-field scotopic ERGs were recorded to flashes of increasing
intensity (�6.4 to 2.4 log scotopic [scot] cd-s/m2). The interval be-
tween flashes ranged from 2 to 150 seconds for the dimmest to highest
intensities. ERGs were the averages of 5 to 60 responses for flash
intensities 	 �3.2 log scot cd-s/m2; for higher intensities, ERGs were
recorded to a single/paired flash. Rod-isolated ERGs were obtained by
subtracting dark-adapted cone-isolated ERGs from the mixed rod/cone
responses for flash intensities above �1.0 log scot cd-s/m2. Cone ERGs
were obtained with a paired flash protocol; the first flash saturated the
rods for a defined interval, during which a second flash produced an
isolated cone response.32,33 For flash intensities below 1.5-log scot
cd-s/m2, each flash was presented 0.7 second after a 1.6-log scot
cd-s/m2 conditioning flash. At higher intensities, identical paired
flashes were separated by 0.7 to 1.5 seconds. Full-field photopic ERGs
were recorded in response to flashes of increasing intensity (�1.4 to
3.7 log phot cd-s/m2) presented against a rod-saturating background
(60 cd/m2). Photopic ERGs were the averages of 2 to 60 responses.

Scotopic threshold responses (STRs) generated in the proximal
retina were recorded by low-pass filtering the ERGs at 30 Hz (�3 dB)
for intensities up to �3.9 log scot cd-s/m2. For higher intensities, the
low-pass filter was set to 300 or 1000 Hz for intensities lower or higher
than �0.4 log scot cd-s/m2, respectively. All ERGs were amplified
(2–10 K) and high-pass filtered (�3 dB at 0.1 Hz) before being sampled
at 5 kHz with a 12-bit A/D converter and stored for off-line analysis.
Total recording time, including setup, was typically 1.5 hours.

ERG Analysis

To study the kinetics of the rising phase of the ERG response, we
calculated the rate of increase from the derivative of the filtered ERG
(i.e., dERG(t)/dt) after digital isolation and subtraction of the oscilla-
tory potentials. The oscillatory potentials (OPs) were digitally isolated
with an anticausal, Chebychev filter (�3 dB at 30 and 300 Hz), using
routines written by the authors in commercial software (MatLab; The
MathWorks, Natick, MA). The lower cutoff of the band-pass filter was
set at 30 Hz since this frequency enabled isolation of all OPs, even for
the highest flash intensity, but did not introduce distortion into the
rising phase of the ERG response (see Fig. 5B). The rates of increase
were calculated for all photopic recordings and for scotopic ERG
b-waves recorded to flash intensities below �1.5 log scot cd-s/m2

before intrusion of the a-wave. Maximum rate of increase was obtained
from the peak of the derivative.

To quantify rod photoreceptor kinetics, a P3 model was ensemble
fitted to the leading edges of bright flash ERG a-waves.32 The derived

parameters were: S [(sc cd-s/m2)�1 s�2], the rod sensitivity parameter
that scales flash intensity; td (in milliseconds), the delay due to the filter
and finite duration of the flash; and RmaxP3 (in microvolts), the max-
imum rod response. The changes in the ERG b-wave were quantified
by fitting a Naka-Rushton function to the plot of the ERG b-wave
amplitude against flash intensity.34 Only b-waves recorded to flash
intensities above �4.0 log scot cd-s/m2 were included in the fit, to
avoid any significant STR contributions from the proximal retina. The
derived parameters were the response maximum, Vmax (in microvolts),
and the flash intensity that produces the half-maximum response, K
(scotopic candela-seconds/square meter). One-way ANOVA was used
for ERG parameters. For analyses that indicated a significant effect,
post hoc tests were performed with Bonferroni correction for multiple
comparisons. For all comparisons, the level of statistical significance
was set at P 	 0.05 before Bonferroni correction.

RESULTS

Requirement for GTP Hydrolysis for Activation
of the Depolarizing Light Response in Rod
Bipolar Cells

Whole-cell patch-clamp recordings were obtained from rod
BPCs in slices of mouse retina. The dark state was mimicked by
bathing the slices continuously in a saturating concentration (4
�M) of the group III mGluR agonist, L-AP-4. This treatment
activates the mGluR6 cascade, resulting in closure of the trans-
duction channel and hyperpolarization of the cell, as would
occur when glutamate is released by photoreceptors in the
dark. Responses were elicited by puffs of 500 �M CPPG, an
antagonist of group III metabotropic glutamate receptors.
CPPG application simulates the light-induced decrease in syn-
aptic glutamate, displacing L-AP4, and thereby opening the
mGluR6-coupled transduction channel. A concentration of 500
�M CPPG is sufficient to fully antagonize bath L-AP-4 and turn
on the maximum transduction current. The overall shape of
chemically simulated light responses (Fig. 1A) is similar to that
of true light responses.5

Rod BPCs begin to depolarize within 100 ms in response to
the light-induced decrease in synaptic glutamate levels.5 This
depolarization is thought to be mediated by deactivation of
mGluR6 and the G protein, Go, which requires rapid hydrolysis
of the bound GTP. To verify this fundamental underlying as-
sumption about the mGluR6-based signaling cascade in mouse
ON-BPCs, we performed recordings in which the nonhydrolyz-
able GTP analogue, GTP-�-S, was included in the intracellular
electrode solution. The intracellular solution also contained a

FIGURE 1. GTP hydrolysis is neces-
sary for the activation of the depolar-
izing light response in ON-BPCs. (A)
CPPG-activated currents were mea-
sured in rod bipolar cells in retinal
slice preparations immediately after
break-in and at 30-second intervals
thereafter. Currents were recorded
from rod BPCs in whole-cell voltage
clamp mode at a holding potential of
�60 mV. The retinal slice prepara-
tion was bathed in the mGluR6 acti-
vator, L-AP4 (4 �M), to simulate dark-
ness, and a 5-second puff of the
inhibitor CPPG (500 �M) was ap-
plied to the dendritic terminals to
simulate light stimulation. The pi-
pette solution contained a high con-
centration of BAPTA to delay current
decline. For the traces labeled
GTP�S, the pipette solution also contained 300 �M GTP�S. (B) Summary of CPPG-induced current magnitude with control pipette solution and
GTP�S-containing internal solution (control traces, n � 13; GTP�S traces, n � 8; error bars, SEM).
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high concentration of the calcium chelator, BAPTA, which has
been shown to eliminate the rapid current decline in rod
bipolar cells and dramatically reduce time-dependent rundown
of the light-activated current.35 In control cells containing
BAPTA, the CPPG-activated current declined by �50% over a
2-minute interval (Fig. 1A). In contrast, if the electrode was
filled with a solution containing GTP-�-S, the initial CPPG-
activated current (recorded immediately after break-in) was
reduced by �75% and decayed rapidly over time. After a
2-minute interval in the presence of GTP-�-S, the CPPG-acti-
vated current was reduced to 5% of its original value (Fig. 1B).
Similar to previously reported results,36,37 these experiments
demonstrate that GTP hydrolysis is necessary to elicit the
depolarizing current in ON-BPCs.

Association of RGS7 and -11 with Rod and Cone
Terminals in the OPL

We have shown that G�5 is localized to the OPL of the retina,
where it co-localizes with mGluR6.21 Of the family of R7 RGS
proteins (RGS6, -7, -9, and -11) that are known to bind G�5,
RGS7 and -11 are present in the OPL (Fig. 2A), where they form
a complex with G�5.21 To determine whether RGS7 and -11

are differentially distributed between rod BPCs and cone ON-
BPCs, we double-labeled obliquely cut OPL sections for either
RGS7 or -11, and the cone photoreceptor marker, peanut
agglutinin (PNA). The results in Figure 2B indicate that both
RGS7 and -11 complexes are associated with cone pedicles as
well as rod spherules, supporting the conclusion that rod BPCs
and cone ON-BPCs contain both RGS7 and -11 complexes.

Effect of the RGS7 and -11 Mutations on Other
ON-BPC Proteins

To examine the effect of RGS7 and -11 on the expression of
other ON-BPC proteins, we compared protein levels and dis-
tribution of G�5, RGS7, RGS11, and R9AP in retinas from WT,
RGS7�/�, RGS11�/�, and RGS7�/�/RGS11�/� mice. RGS11 was
undetectable in both the RGS11�/� and RGS7�/�/RGS11�/�

retinas by both immunoblot analysis of retinal extracts and
immunofluorescent staining of retina sections (Figs. 3). There
was little difference in RGS7 immunofluorescence in the OPL
of the different mouse genotypes; however, on immunoblots
the apparent molecular weight of two RGS7 immunoreactive
bands was each reduced by �4 kDa in the RGS7�/� and
RGS7�/�/RGS11�/� lanes, consistent with the predicted loss of

FIGURE 2. RGS7 and -11 are associated with both rod and cone ON-BPCs. (A) Labeling of a mouse retinal section for RGS7 (green, left) and the
rod-BPC marker, PKC� (red). Triple labeling for RGS11 (green, right), PKC� (red), and the cone marker, peanut agglutinin (PNA, blue). Scale bar,
20 �m. (B) Oblique retina sections through the OPL were double labeled for PNA-Alexa488 (green) to mark cone pedicles and either RGS7 (left)
or RGS11 (right; both red). In the merged image, co-localization of PNA and the RGS proteins to cone terminals appears yellow. The red puncta
in the merged image are associated with rod terminals.

FIGURE 3. Levels of RGS7, RGS11, and associated proteins are altered in the OPL of RGS mutant mice. (A) Immunofluorescent labeling for RGS7,
RGS11, R9AP, and G�5 in the OPL of WT, RGS7�/�, RGS11�/�, and RGS7�/�/RGS11�/� mice. (B) Western blot analysis of total retinal protein from
WT (lane 1), RGS7�/� (lane 2), RGS11�/� (lane 3), and RGS7�/�/RGS11�/� (lane 4) mice probed for RGS7, RGS11, R9AP, and G�5. (�) The major
RGS7 band in the RGS7 deletion mutant.
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33 amino acids in the RGS7 mutant. R9AP was barely detect-
able in the OPL of the RGS11�/� and RGS7�/�/RGS11�/�

retinas, and G�5 immunofluorescence was reduced (Fig. 3A). A
slight reduction in R9AP and G�5 immunofluorescence in the
OPL was observed in the RGS7�/� retina. On immunoblots, the
levels of R9AP and G�5 (both long and short forms) appeared

unchanged in the mutant retinas (Fig. 3B), probably because of
R9AP expression in photoreceptor outer segments9 and G�5
expression in outer segments and the IPL.21,22 The distribution
and expression levels of RGS7 in the RGS11�/� retina and of
RGS11 in the RGS7�/� retina did not appear significantly dif-
ferent from WT.

Photopic ERG b-Wave in the RGS11�/� and
RGS7�/�/RGS11�/� Mice

To investigate the effect of the deletion mutation in RGS7
and/or genetic ablation of RGS11 on the retinal light response,
we compared ERGs from WT mice with those from RGS7�/�,
RGS11�/�, and RGS7�/�/RGS11�/� mice. Figure 4 shows
mean cone-mediated photopic ERGs from WT and mutant
mouse groups. The ERG responses from the RGS11�/� and
RGS7�/�/RGS11�/� mice were clearly larger and had a delayed
rising phase compared with those of the WT mice. In contrast,
the ERG responses of the RGS7�/� mice were indistinguishable
from those of the WT mice. The key differences between the
mutant and WT photopic ERGs are highlighted in Figure 5A. At
the lower flash intensity (top traces), the rising phase of the
photopic ERG response was markedly delayed in the RGS7�/�/
RGS11�/� mice relative to WT mice. The bottom ERG traces in
Figure 5A were recorded in response to intensely bright
flashes. Here, the phase of the photopic response was delayed,
and the overall amplitude was larger in both the RGS11�/� and
the RGS7�/�/RGS11�/� mice. Maximum ERG amplitudes were
obtained from filtered photopic responses after digital isolation
and subtraction of the OPs (Fig. 5B, orange traces: see the
Methods section). The ERG amplitude was measured at 50 and
170 ms, postflash times that correspond to the peaks of the
photopic ERGs of the WT and RGS7�/�/RGS11�/� mice, re-

WT

50µV

RGS7∆/∆

RGS11-/-

0 100 200 300 400 500

post flash time (msec)

RGS7∆/∆/RGS11-/-

0 100 200 300 400 500

post flash time (msec)

FIGURE 4. Photopic ERGs are larger in RGS11�/� and RGS7�/�/
RGS11�/� mice. Mean cone-mediated photopic ERGs recorded from
each genotype recorded to flash intensities from �1.4 to 3.7 log phot
cd-s/m2. Mean photopic ERGs 
 SE curves (gray traces) recorded in
response to the brightest flash intensity are shown offset for each
genotype. All plots are at the same scale as that shown for WT mice.
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spectively. RGS7�/�/RGS11�/� mice had significantly larger
photopic ERG amplitudes at 170 ms compared with those of
WT and RGS7�/� mice; there was no effect of genotype on
photopic ERG amplitudes at 50 ms (Table 1).

To better compare the kinetics of the photopic ERG be-
tween mouse strains, the bright flash responses were normal-
ized relative to amplitude at 170 ms (Fig. 5C). For WT and
RGS7�/� mice, the photopic ERG rapidly rose to a peak at
around 40 ms, after which the response decayed and settled at
a plateau between 110 and 150 ms. In contrast, the photopic
ERGs from the RGS11�/� and RGS7�/�/RGS11�/� mice rose
slowly to reach plateaus at 115 and 170 ms, respectively. The
rates of recovery of the photopic ERG were essentially identi-
cal across all groups of mice, although the onset of this recov-
ery was delayed in the RGS7�/�/RGS11�/� mice (Fig. 5C).

The results in Figures 5A and 5C indicate that the rising
phase of the photopic ERG response was delayed by RGS11
deficiency, a deficit that was accentuated by the addition of the
RGS7 mutation. It is unclear from Figure 5A whether the ERG
changes in the RGS11�/� and RGS7�/�/RGS11�/� mice re-
sulted from a decrease in the slope of the rising phase and/or
a delay in the onset of the rising phase of the ERG. To inves-
tigate, we calculated the maximum rate of increase (i.e., max-
imum slope) of the photopic ERG from the derivative of the
filtered response (see the Methods section). Figure 5D shows
mean ERG derivatives for two flash intensities. The peak of the
derivative function defines the maximum slope of the rising

phase of the ERG response. Overall, maximum slopes were not
significantly different between the ERGs of the WT and mutant
mice (Fig 5E). Figure 5F shows the latency to reach the max-
imum slope plotted as a function of flash intensity. Responses
of both the RGS11�/� and RGS7�/�/RGS11�/� mice were
clearly delayed relative to those of the WT and RGS7�/� mice.
The magnitudes of the delays were relatively constant across
flash intensities with the RGS11�/� responses delayed on av-
erage (
SE) by 4.0 
 0.2 ms and the RGS7�/�/RGS11�/�

responses by 7.7 
 0.2 ms relative to those of WT mice.
Groups were statistically compared at the intensities indicated
by the vertical lines in Figure 5F. The RGS11�/� and RGS7�/�/
RGS11�/� responses were significantly delayed (P 	 0.001)
relative to the WT and RGS7�/� responses. At the higher
intensity, the RGS7�/�/RGS11�/� responses were also signifi-
cantly delayed (P 	 0.05) relative to the RGS11�/� responses,
demonstrating that RGS7 contributes to the ON-BPC response.
The results from Figures 5C–F suggest that the delayed rising
phase of the photopic ERGs in RGS11�/� and RGS7�/�/
RGS11�/� mice is primarily due to an increased latency before
the onset of the response.

Delay of the Scotopic ERG b-Wave in the RGS11�/�

and RGS7�/�/RGS11�/� Mice

We also compared scotopic rod-isolated ERGs from the WT
mice with those from the RGS7�/�, RGS11�/� and RGS7�/�/

TABLE 1. ERG Parameters

Parameter WT RGS7�/� RGS11�/� RGS7�/�/11�/�

ERG maximum photopic amplitudes, �V
Measured at 50 ms 215 
 21 205 
 23 233 
 20 193 
 24
Measured at 170 ms* 181 
 21† 159 
 35† 281 
 16 357 
 38‡

Phototransduction parameters
RmaxP3, �V �748 
 42 �744 
 71 �814 
 48 �829 
 45
S, (log sc cd-s/m2)�1 s�2 3.40 
 0.04 3.28 
 0.04 3.49 
 0.04 3.41 
 0.05
td, ms 4.3 
 0.1 4.6 
 0.1 4.2 
 0.2 4.5 
 0.2

ERG b-wave parameters
Vmax, �V 1025 
 68 996 
 151 1185 
 130 1287 
 65
K, log sc cd-s/m2§ �2.77 
 0.06 �2.70 
 0.06 �2.97 
 0.12 �2.96 
 0.08

Data are expressed as the mean 
 SE.
* One-way ANOVA: P 	 0.001.
†‡ Columns with different symbols are significantly different at P 	 0.001 on post hoc analysis.
§ One-way ANOVA: P � 0.06.
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FIGURE 6. The scotopic ERG b-wave
is delayed in RGS11�/� and RGS7�/�/
RGS11�/� mice. (A) Mean scotopic
rod-isolated ERGs from WT (black),
RGS7�/� (green), RGS11�/� (red), and
RGS7�/�/RGS11�/� (blue) mice. Num-
bers to the left of traces indicate flash
intensity (log scot cd-s/m2). (B) ERG
b-wave latency plotted against flash in-
tensity. (C) Latency to reach maximum
rate of increase (max slope) of filtered
ERG b-wave. (D) Maximum b-wave
amplitude. Inset: Plot of RGS7�/�/
RGS11�/� b-wave amplitudes shifted
0.2 log unit to the right along the x-axis
(blue circles). WT b-wave amplitude
plots from main graph are shown with
solid black lines. (E) Maximum rate of
increase of filtered ERG b-wave. Error
bars, 
SE.
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RGS11�/� mice. Figure 6A shows mean dark-adapted rod-
isolated ERGs for a range of flash intensities. Similar to our
findings for the photopic ERG, the ERG b-waves from the
RGS11�/� and RGS7�/�/RGS11�/� mice were qualitatively
larger and slower than those in the WT and RGS7�/� mice.
Figure 6B clearly shows the delay to the peak of the b-waves in
the RGS11�/� and RGS7�/�/RGS11�/� mice. The magnitudes
of the delays were relatively constant, with the responses of
the RGS11�/� mice delayed on average (
SE) by 11.6 
 0.5
ms and those of the RGS7�/�/RGS11�/� mice by 24.5 
 0.9
ms, relative to the WT mice. Statistical analysis for the highest
flash intensity in Figure 6B confirmed that the b-wave peak in
the RGS7�/�/RGS11�/� mice was significantly delayed relative
to that in the WT and RGS7�/� mice (P 	 0.001) and the
RGS11�/� mice (P 	 0.05). While the RGS11�/� response
appeared delayed relative to the WT and RGS7�/� responses,
these delays were not significant on post hoc comparison.

There was a trend for larger b-wave amplitudes in the
RGS11�/� and RGS7�/�/RGS11�/� mice (Fig 6D) although
differences in maximum b-wave amplitude were not significant
(Table 1). In contrast, there was a borderline significant differ-
ence (P 	 0.06) in rod b-wave sensitivity, with the RGS11�/�

and RGS7�/�/RGS11�/� mice some 0.2 log units more sensitive
than the WT and RGS7�/� mice (K, Table 1). As for the
photopic responses, to examine whether the delayed b-wave
resulted from a reduced slope or slower onset of the response,
we calculated the maximum slope of the filtered scotopic
b-wave. There was no difference in the maximum b-wave slope
between the mice (Fig 6E), and the delay in latency to reach
the maximum slope in the RGS7�/�/RGS11�/� mice (Fig 6C)
was consistent with the delay to the peak of the b-wave.
Together these results suggest a slightly increased scotopic
b-wave sensitivity in RGS11�/� and RGS7�/�/RGS11�/� mice
and indicate that a delay in the onset of the b-wave accounts for
the delayed b-wave peak. Phototransduction parameters were
not different between genotypes (Table 1), indicating that the
delays in the scotopic ERGs resulted from changes downstream
of the photoreceptors.

Enhanced Scotopic Threshold Sensitivity in the
RGS11�/� and RGS7�/�/RGS11�/� Mice

We also examined the effects of the RGS7 and -11 mutations on
the scotopic threshold response (STR). Figure 7A shows STRs
illustrating both the positive (p)STR and negative (n)STR com-
ponents. These STR components originate within the proximal
retina, most likely from the amacrine and ganglion cells in
mice.38 In Figures 7B and 7C the amplitudes and latencies of
the two STR components are plotted as functions of flash

intensity. As for the ERG b-wave, the RGS11�/� and RGS7�/�/
RGS11�/� mice had greater STR sensitivity. The inset in Figure
7B demonstrates this increase in sensitivity. Here, the STR
amplitude plots of the RGS7�/�/RGS11�/� mice (blue symbols)
have been shifted 0.4 log units right along the x-axis where
they almost perfectly overlap the STR amplitude plots from the
WT mice (solid lines). The times to reach the peaks of the STR
components were not different between the WT and mutant
mice (Fig 7C). These results indicate a slightly larger increase in
STR sensitivity in the RGS11�/� and RGS7�/�/RGS11�/� mice
than would be predicted from the b-wave results, possibly
resulting from more sustained output from the bipolar cells
into the proximal retina.

Effect of RGS7 and -11 on Simulated Light
Responses from Individual Rod BPCs

To investigate the combined effect of genetic ablation of
RGS11 and the deletion mutation in RGS7 on the kinetics of the
ON-BPC light response, we compared chemically simulated
light responses from rod BPCs in retinal slices from WT and
RGS7�/�/RGS11�/� mice. This technique allowed us to bypass
the photoreceptors entirely, thereby eliminating any effect of
impaired signaling in these cells in the RGS7�/�/RGS11�/�

retina. In some experiments, rod bipolar cells were morpho-
logically identified by filling with Alexa-488 hydrazide during
whole-cell recording; in other instances, rod BPCs were iden-
tified by their characteristic peak-to-plateau response, which is
readily distinguishable from the more sustained response in
cone ON-bipolar cells.5 As shown in Figure 8, the CPPG re-
sponses of the rod BPCs were similar in overall shape, indicat-
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FIGURE 8. Simulated light responses from rod BPCs in the WT and
RGS7�/�/RGS11�/� retinas. The CPPG responses of cells from the WT
(A) and RGS7�/�/RGS11�/� (B) mice were grossly similar. The time-
course of the response is compared by showing normalized responses
on an expanded timescale (C). As shown, the onset of the CPPG
response was delayed by �25 ms in rod BPCs in the RGS7�/�RGS11�/�

retina.
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ing that rod BPC function was not grossly disrupted in the
RGS7�/�/RGS11�/� retina; however, the onset of the response
in the RGS7�/�/RGS11�/� retina was delayed by �25 ms (Fig.
8C). As determined by the time interval from pressure appli-
cation to the 10% increase time, the delay in the onset of the
CPPG response increased from 50.3 
 1.8 to 74 
 3.1 ms (P 	
0.001; SEM). In contrast, the amplitude and 10% to 90% in-
crease times were unaffected (Table 2). We also recorded
simulated light responses from rod BPCs in retinal slices from
the RGS7�/� and RGS11�/� mice. There was no detectable
delay in the response from RGS7�/� mice (n � 8). The re-
sponses from the RGS11�/� cells were delayed slightly (�10
ms) but this result was not statistically significant given the
relatively small number of recordings (n � 15). Nevertheless,
the above results strongly suggest that RGS7 and/or -11 play a
role in the deactivation of G�o, which precedes activation of
the depolarizing current in these cells.

DISCUSSION

Deactivation of the mGluR6-Go signaling cascade underlies the
light response of retinal ON-BPCs. We confirmed that GTP
hydrolysis is essential for deactivation of the pathway, yet the
intrinsic GTPase rate of G�o is too slow7,8 to account for the
rapid kinetics of this response. In the past decade, RGS protein
complexes have been shown to accelerate GTP hydrolysis and
promote rapid termination of many cellular responses. In ret-
inal photoreceptors, the RGS9-G�5-R9AP complex stimulates
GTP hydrolysis by G�T, thereby accelerating recovery of the
photoresponse.11 Recently, our laboratories and others have
demonstrated that similar complexes containing RGS7 and -11
are present in the dendritic tips of ON-BPCs, suggesting a role
for these proteins in the mGluR6 signal transduction path-
way.21–24 Here, we present evidence that RGS7 and -11 play a
role in regulating the onset, amplitude, and sensitivity of the
ON-BPC light response.

Genetic deletion of RGS11 leads to striking effects on the
levels of its binding partners. Immunoblots from RGS11�/�

retina reveal a dramatic reduction of R9AP and G�5 protein
levels in the OPL (Fig. 2). Similar results were recently reported
by Cao et al.23 A reduction of G�5 is also seen in photorecep-
tors of RGS9�/� mice.10 In photoreceptors, proper formation
of the entire RGS9-G�5-R9AP complex is necessary to prevent
rapid proteolytic degradation of the individual protein compo-
nents,10,12 and this appears to be the case for the RGS11
complex in ON-BPC dendrites.

The delay in the onset of the rising phase of both the rod-
and cone-isolated ERG b-waves and the chemically simulated
rod BPC light response in the RGS11�/� and RGS7�/�/
RGS11�/� mice suggests a role for RGS11-G�5-R9AP in accel-
erating an early phase of Go inactivation. Mojumder et al.24

similarly reported delays in ERGs from RGS11- and RGS7-defi-
cient mice. We found no change in the maximum rates of
increase of the ERG b-wave across genotype, suggesting that
RGS11-G�5-R9AP is not absolutely necessary for ON-BPC re-
sponses. We also found much larger photopic ERG amplitudes
in RGS11�/� and RGS7�/�/RGS11�/� mice at longer post-

stimulus times. The bright flash and photopic ERGs from these
mice lacked the initial overshoot seen in the WT RGS7�/� mice
(Fig. 5C), and instead continued to increase over a longer
period, which generated the larger amplitudes. However, the
mechanism underlying the increased photopic amplitudes re-
mains to be elucidated. Larger photopic amplitudes were not
reported for RGS11�/� mice by Mojumder et al.,24 but we used
a brighter flash (�400-fold), which may account for the differ-
ence in results.

The increase in STR sensitivity in the RGS11�/� and RGS7�/�/
RGS11�/� mice was slightly greater than for the b-wave, sug-
gesting that the change in the ON-BPC light response of these
mice is propagated downstream to amacrine and ganglion
cells. Our STR results are in contrast to those of Mojumder et
al.24 who reported attenuated STRs from RGS7- and RGS11-
deficient mice. The cause of the difference in STR results could
be due to differences in experimental techniques used to
record the STR (e.g., reference electrode location), but this
remains to be determined.

Unlike RGS11, the deletion mutation of RGS7 had little
effect on the distribution of RGS11, G�5, or R9AP, and had no
discernable effect on the ERG. It is clear, however, that RGS7
plays a role in the ON-BPC response, as the delay in the onset
of both the rod and cone-isolated ERG b-waves and in the
increase of the chemically simulated rod BPC light response
were accentuated in RGS7�/�/RGS11�/� mice compared with
those of the RGS11�/� mice. Furthermore, Mojumder et al.24

reported a small delay in the rising phase of the scotopic
b-wave in the RGS7 mutant. Compared with the other three
mouse groups, we had higher variability in the ERG measure-
ments from our RGS7�/� mice, which may have masked the
subtle scotopic ERG changes reported in these mice by Mo-
jumder et al.24 However, these findings suggest that, although
the RGS7 mutant is functionally impaired, these mice probably
retain GTPase accelerating activity. It is possible that RGS7 and
-11 serve redundant functions in the ON-BPC dendrites and
that RGS7, and even RGS7�/�, can compensate for loss of
RGS11 in the RGS11�/� retina. Generation of true RGS7/11
double knockouts is likely to be necessary to reveal the full
extent of the effect of R7 RGS proteins on the ON-BPC light
response.
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