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Abstract
RGS7, RGS11, and their binding partner Gβ5 are localized to the dendritic tips of retinal ON bipolar
cells (ON-BPC), where mGluR6 responds to glutamate released from photoreceptor terminals by
activation of the RGS7/RGS11 substrate, Gαo. To determine their functions in retinal signaling, we
investigated cell-specific expression patterns of RGS7 and RGS11 by immunostaining, and measured
light responses by electroretinography (ERG) in mice with targeted disruptions of the genes encoding
them. RGS7 staining is present in dendritic tips of all rod ON-BPC, but missing in those for subsets
of cone ON-BPC, whereas the converse was true for RGS11 staining. Genetic disruption of either
RGS7 or RGS11 produced delays in the ON-BPC-derived electroretinogram b-wave, but no changes
in the photoreceptor-derived a-wave. Homozygous RGS7 mutant mice had delays in rod-driven b-
waves, whereas, RGS11 mutant mice had delays in rod-driven, and especially in cone-driven b-
waves. The b-wave delays were further enhanced in mice homozygous for both RGS7 and RGS11
gene disruptions. Thus, RGS7 and RGS11 act in parallel to regulate the kinetics of ON bipolar cell
responses, with differential impacts on the rod and cone pathways.
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Introduction
The R7 RGS (Regulators of G protein Signaling) proteins RGS6, RGS7, RGS9, and RGS11
are largely restricted to neurons (Watson et al., 1994; Gold et al., 1997; Snow et al., 1998;
Thomas et al., 1998; Zhang et al., 2000; Krishna et al., 2002), where they are thought to act as
negative regulators of G protein signaling through acceleration of GTP hydrolysis by Gi/o class
G proteins (for review see, (Ross and Wilkie, 2000; Cowan et al., 2001). Whereas specific
functions have been attributed to photoreceptor- and brain-specific isoforms of RGS9 (Zhang
et al., 1999; Chen et al., 2000; Lyubarsky et al., 2001; Nishiguchi et al., 2004; Krispel et al.,
2006; Rahman et al., 1999; Rahman et al., 2003; Cabrera-Vera et al., 2004; Kovoor et al.,
2005), the physiological functions of other R7 RGS proteins are not known.

Retinal ON bipolar cells respond to glutamate from photoreceptor terminals through the
activation of mGluR6 (Nawy and Copenhagen, 1987; Nakajima et al., 1993; Masu et al.,
1995), which activates Gαo. Light results in decreased glutamate release, leading to inactivation
of mGluR6 and Gαo (Nawy, 1999; Dhingra et al., 2000; Vardi et al., 2000; Dhingra et al.,
2002), opening of cation-selective channels of unknown molecular identity(Shiells et al.,
1981; Slaughter and Miller, 1981; Shiells and Falk, 1990; Nawy and Jahr, 1991; Yamashita
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and Wassle, 1991) and membrane depolarization. These responses occur on a sub-second time
scale, suggesting that some mechanism is required to accelerate GTP hydrolysis by Gαo., which
in the absence of a GAP requires tens of seconds to hydrolyze GTP.

The GTPase accelerating proteins, or GAPs, that act on Gαo in the mGluR6 pathway have not
yet been identified. The variant of RGS20 known as Ret-RGS1 (Dhingra et al., 2004) is present
in ON bipolar cells, and has been shown to be capable of acting as a GAP for Gαo in vitro.
Likewise, RGS11 and RGS7 have been reported to be present in the dendrites of ON bipolar
cells, where they co-localize with mGluR6 and their obligate partner subunit, Gβ5 (Morgans
et al., 2007); however, the differential distribution of RGS11 and RGS7 in different types of
bipolar cells was not investigated. Gβ5 knockout mice (Rao et al., 2007) have virtually no
retinal bipolar cell-derived b-wave response in their electroretinogram (ERG). This result
suggests an important role for R7 RGS proteins in signal transduction within ON bipolar cells,
because their light-induced depolarization is the source of the b-wave. However, the
photoreceptor synaptic connections to bipolar cells are abnormal in Gβ5 knockout mice, so it
remains unclear whether in wildtype mice R7 RGS proteins are important for signaling in ON
bipolar cells after synapses have developed.

To examine the potential roles of RGS7 and RGS11 we have used immunofluorescence to
study in detail their distributions in retinal neurons, and recorded ERG responses of mice with
genetic deficiencies in RGS7, RGS11, or both.

Materials and Methods
Mutant mice

RGS7 (011655-UNC) and RGS11 (011653-UNC) knockout/mutant mice were generated by
Lexicon Genetics Incorporated, the Woodlands, Texas, USA, and obtained from Mutant Mouse
Regional Resource Centers. The superscript tm1Lex refers to each mutant allele. The RGS11
mutant allele (RGS11tm1Lex) is an effective null allele, and produces no detectable RGS11
protein. The RGS7 mutant allele (RGS7tm1Lex) is a targeted deletion of exon 10, which
produces a low amount of a truncated protein that reacts with RGS7 antibodies. RGS7
(+/tm1Lex)RGS11(+/tm1Lex) mice were obtained by crossing RGS7(tm1Lex/tm1Lex)RGS11(+/+)
mice with RGS7(+/+)RGS11(tm1Lex/tm1Lex) mice in our lab. RGS7(+/tm1Lex)RGS11
(tm1Lex/tm1Lex) were further produced by crossing of RGS7(+/tm1Lex)RGS11(+/tm1Lex) mice
with RGS7(+/+)RGS11(tm1Lex/tm1Lex) mice. We have attempted to obtain RGS7
(tm1Lex/tm1Lex)RGS11(tm1Lex/tm1Lex) double homozygotes using the breeding paradigm of
intercrossing of RGS7(+/tm1Lex)RGS11(+/tm1Lex) double heterozygote mice but with limited
success (1 out of 77 offspring). Thus, the majority of the RGS7(tm1Lex/tm1Lex)RGS11
(tm1Lex/tm1Lex) double homozygotes were produced by intercrossing of RGS7(+/tm1Lex)
RGS11(tm1Lex/tm1Lex) mice.

Genotyping
Mouse tails (1-2 mm long) were digested with 750 μl of proteinase K (0.5 mg/ml) in lysis
buffer (50 mM Tris, 50 mM EDTA and 0.5%SDS) at 55°C overnight. Genomic DNA was
extracted with 750 μl of 25:24:1 of phenol: chloroform: isoamyl acholol (Invitrogen). The
extracted DNA (about 500 μl) was precipitated with 500 μl of isopropanol, washed again with
70% ethanol, air dried and resuspended in 100-150 μl TE. Genotyping for the wildtype allele
and mutant allele of mRGS7 and mRGS11 were performed using the strategy recommended
by Lexicon Genetics. The following pairs of primers were used for PCR: 1285-96 and 1285-74
for wildtype mRGS7 allele; Neo3a and 1285-74 for mRGS7 mutant allele; 1286-upper and
1286-lower for wildtype RGS11 allele; Neo3a/1286-57 for mRGS11 mutant allele. Details of
the sequences are as follows: 1285-96, 5′CCTACACCAGAAACCAAGCC3′; 1285-74, 5′
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GACAGTCAGTGCTCAAACCC3); 1286-upper, 5′AGTTAAGGGCATTGGAGACCGT3′;
1286-lower, 5′CCAAAGAAACCGAAAGTGTGTTAGGG3′; 1286-57,
CTTCCAATATCCACCCTAGC; Neo3a, 5′GCAGCGCATCGCCTTCTATC3.

PCR reactions were performed on Robocycler (Stratagene) using Taq polymerase (Invitrogen,
catalog #10342-020 ) in 20 μl reaction volume with the following components: 1x Taq
polymerase buffer, 1.5 mM MaCl2, 0.05 mM of each dNTP, 0.5 μM of each primer, 2 μl
genomic DNA, and 0.05 u/μl Taq polymerase. The amplification protocol is:1 cycle of 94oC
for 2 min , 30 cycles of 94°C for 20 sec, 55°C for 30 sec, 68°C for 1 min 10 sec; and 1 cycle
of 68°C for 10 min. The wildtype RGS7 allele has a PCR product of 290 bp, the RGS7 mutant
allele has a PCR product of 379 bp, the RGS11 wildtype allele has a PCR product of 203 bp
and the RGS11 mutant allele has a product of 753 bp.

Mice were used as adults 6-8 weeks of age from either C57BL/6J strain (for some
immunostaining experiments), or from a mixed 129S5/SvEvBrd - C57BL/6J (129-C57)
background (for comparing mice with targeted RGS mutations and wildtype or heterozygous
littermates). Mice with the Rgs7tm1Lex and Rgs11tm1Lex alleles, had a similar mixed 129S5/
SvEvBrd - C57BL/6J (129-C57) background. ERG's were recorded from homozygous RGS7
mutants (Rgs7tm1Lex/Rgs7tm1Lex), homozygous RGS11 mutants (Rgs11tm1Lex/Rgs11tm1Lex),
or double homozygotes (Rgs7tm1Lex/Rgs7tm1Lex/Rgs11tm1Lex/Rgs11tm1Lex) and compared to
their wild type or heterozygous littermates or, for the double homozygotes, to mixed 129-C57
background mice wildtype or heterozygous at both RGS7 and RGS11 loci (for details see,
Mouse Genome Database (MGD), Mouse Genome Informatics, The Jackson Laboratory, Bar
Harbor, Maine. World Wide Web URL: http://www.informatics.jax.org.

The mice were reared and housed in a room with a 12 h light (< 40 lux)-12 h dark cycle. All
animal procedures conformed to US Public Health Service and Institute for Laboratory Animal
Research guidelines and were approved by the Baylor College of Medicine Institutional Animal
Care and Use Committee.

ERG recording
Animals were dark-adapted over-night in a ventilated light-tight box. The next day they were
prepared for recording under red illumination (LED, γ > 620 nm). Pupils were dilated to 3 mm
in diameter with topical atropine (0.5%), tropicamide (1%) and phenylephrine (2.5%), before
anesthesia and at least 1 hour before recording ERG's. A drop of proparacaine hydrochloride
(0.5%) was used for corneal anaesthesia. The mice were initially anaesthetized with an
intraperitoneal injection of Ketamine (70 mg/kg;) and Xylazine (7 mg/kg; both drugs from
Vedco, Inc., St Joseph, MO, USA). A single dose of maintenance anesthesia : Ketamine (56
mg/kg) and Xylazine (5.6 mg/kg) was administered after ∼45 mins, via a subcutaneous needle
fixed to the flank.

Rectal temperature was maintained between 36 to 37 °C with an electrically heated blanket
(CWE, Inc., Ardmore, PA, USA). The animal was housed in an aluminum Faraday cage to
insulate the recorded signals from external static electrical fields. The animal's head was held
steady, to reduce noise originating from respiratory and other movements, using an aluminum
head holder with a hole for the upper incisors to fix the upper jaw. This fixation ensured that
the jaw remained open throughout the recording. Moist room air was pumped through a clear
PVC pipe kept close to the open mouth. The head holder also served as the ground. All animals
were recovered after the ERG recording session.

Recording sessions lasted up to 2 hours. ERG's were recorded differentially between DTL fiber
electrodes (Dawson et al., 1979) moistened with normal saline and placed on the two eyes.
Eyes were covered with contact lenses that were pressure molded from 0.19 mm clear ACLAR

Mojumder et al. Page 3

J Neurosci. Author manuscript; available in PMC 2009 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.informatics.jax.org


film (Ted Pella, Inc. USA) for the stimulated eye and 0.7 mm opaque PVC for the non-
stimulated eye (for details see, (Sagdullaev et al., 2004)). Both lenses were placed over a cover
of 1.2% methylcellulose in 1.2% saline. The signals were amplified (DC to 500 Hz), digitized
at 2 KHz, and sent to the computer for averaging, display and storage, and subsequent analysis.

A custom-made LED (λ=max, 462 nm; –5.8 to 1.9 log sc td s) based stimulator provided the
light stimuli. The maximum stimulus pulse width was < 5 ms. The light was collected in a cone
internally coated with white paint and sent through a fiber optic cable (0.5 inch diameter, 36
inches long; Edmund Optics, Barrington, NJ, USA) into the Faraday cage. A diffuser and a
stainless-steel cone at the distal end of the fiber-optic cable kept very close to the stimulated
eye provided a Ganzfeld stimulus. ERGs were recorded using brief full field flashes from
darkness, or in the presence of a steady rod suppressing backgrounds of 1.8 log sc td (λmax,
462 nm). The half time of the pulse width was taken as time zero for the ERG recording. Flash
intensity was varied by doubling the pulse widths of the stimuli and by choosing banks of pre-
attenuated LEDs.

ERG records were only used for analysis if the presence of a stable background was verified
for 15-20 min. (Bui and Fortune, 2004). The intervals between flashes were adjusted so that
the response returned to baseline before another stimulus was presented. For the lowest
intensity stimulus the inter-flash interval was 2 seconds and for the highest intensities it was
kept at 10 seconds. Low amplitude responses such as the scotopic threshold response (STR)
were averaged over many trials (40) and higher amplitude responses over fewer trials (10-20).
A digital 60 Hz notch filter was applied offline. Another stimulus paradigm, for isolation of
cone-driven signals, is described in appropriate sections of Results.

Light calibration
A calibrated photometer (IL1700, International Light Research, Peabody, MA, USA) with a
filter corrected for human scotopic vision was used to measure stimulus intensities. Our use of
this approach was justified because a previous study on murine ERG a-waves had shown that
the spectral sensitivity of the mouse rods is very similar to the CIE scotopic spectral efficiency
(Lyubarsky et al., 1999). The luminance was recorded as sc cd m−2. To estimate the energy of
the flash stimuli a 1 KHz train of current pulses, each having a 75.77 ms duration was used to
activate the different LED settings within the stimulator. Assuming that the luminance of the
LED's was constant for the different pulse widths used, we calculated the luminance–time
product for each of the single flash stimuli used and expressed them in units of sc cd s m-2.
The luminance values and the luminance–time product were multiplied with the mouse dilated
pupillary area measured in mm2 to get retinal illuminance and retinal illuminance-time product
values in units of scotopic Trolands (sc td) and scotopic Troland seconds (sc td s) respectively.
Based on the study of (Saszik et al., 2002), a flash of 1 sc td s should produce 121.6
photoisomerizations per rod in the mouse retina, and this factor was used to estimate the
photoisomerizations indicated in the figures. An alternative value of 181 photoisomerizations
(sc td s)−1 has also been reported, based on measured bleaching rates (Lyubarsky et al.,
2004), and would shift the indicated number of photoisomerizations by a factor of 1.5.

Data processing
The oscillatory potentials (OP's) were extracted offline by band-pass filtering in the frequency
domain between 55 to 250 Hz using a Butterworth second order filter implemented in Matlab
(v7.01, The Math Works Inc., Natick, MA, USA). The input data were processed in both the
forward and reverse directions to eliminate phase distortion. Sigmaplot 9.0 (Systat Software,
Inc., San Jose, CA) was used to graph the data and for statistical analysis.
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Intravitreal injections
Injections were performed using a trinocular stereo dissecting microscope (6.6 ×
magnification) under dim red illumination (> 620 nm) to avoid light-adapting the rods.
Pharmacological agents were delivered via a 26 gauge steel needle with a conical style non-
coring point fixed on a 10 μl Hamilton microsyringe (Hamilton Company, Reno, NV, USA)
and inserted at a 45° angle, into a small pilot hole 0.5 mm behind the limbus (created by a 30G
needle). A ∼1 μl volume of balanced salt solution, pH 7.4 containing GABA was slowly
injected over a 1 min interval to achieve an estimated final concentration of ∼35 mM in a vitreal
volume of 20 μl (Saszik et al., 2002). After injection, the ERG was monitored until the drug
effects on the waveform were stable (approximately 40-45 mins) before collecting the
recordings shown.

Tissue preparation
Light-adapted adult mice were used for immunohistochemical analysis. Animals were
euthanized by carbon-dioxide inhalation and the eyes were rapidly excised from the head. The
corneas were slit open, the lens was expressed, and the eyes were immersed in 4%
formaldehyde in 0.1 M cacodylate buffer (pH 7.4) for 5 minutes at 4°C. The eyes were rinsed
in phosphate buffered saline (PBS; pH 7.4), cryoprotected in 30% sucrose in PBS overnight
at 4 °C, embedded in OCT embedding medium (Tissue-Tek, Elkhart, IN) and fast frozen on
dry ice. Frozen sections through the retinal layers were taken along the vertical meridian of the
eyecup at a thickness of 10-12 μm and collected onto Superfrost/Plus microscope slides
(Fisherbrand, Fisher Scientific, Pittsburgh, PA, USA). Sections were stored at −20°C until use.

Retinal wholemounts were prepared after excising the eye and removing the cornea and lens
(as described in the previous paragraph). The neural retina was rapidly isolated free of the
retinal pigmented epithelium in 1× PBS (4 °C, pH 7.4) and then immediately fixed lightly in
4% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) for 5 min at 4 °C. The vitreous
humor was removed, and relaxing cuts were made in the retinal margin to allow the retina to
flatten. The retina was rinsed in 1× PBS and immunolabeled free-floating.

Antibodies and antisera
Details of primary antibodies used in this study are presented in Table 1. Secondary antisera
were raised in goat or donkey and were specific for either mouse, rabbit or sheep
immunoglubulins and conjugated to fluorescent dyes: Alexa Fluor-488, Alexa Fluor-555 and
Alexa Fluor-647 (dilution: 1:200-1:500; Molecular Probes, Eugene, OR, USA).

Immunolabeling
Immunofluorescent labeling of frozen sections was performed using protocols similar to those
used elsewhere (Sherry et al., 2006; Mojumder et al., 2007; Mojumder et al., 2008). Sections
were thawed, fixed in 4% formaldehyde for 10-15 min at room temperature to improve section
adherence to the slide, rinsed, treated with 1-2% NaBH4 to reduce autofluorescence, and rinsed
again. Non-specific labeling was blocked using 10% normal goat serum or normal donkey
serum, 5% bovine serum albumin, 0.5-1% fish gelatin and 0.1% Triton X-100 in 1× PBS
(blocker). Excess blocker was removed and the sections were incubated in a combination of
primary antibodies diluted in blocker for 24 hours at 4 °C. The sections were rinsed in 1× PBS
(3 times for 10 min), incubated in the blocking solution for 30 min, and then incubated with a
combination of secondary antibodies for 30-45 min at room temperature. Sections were rinsed,
coverslipped in a fade-retardant mounting medium (Prolong Gold, Molecular Probes, Eugene,
OR), and examined in the microscope.
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Retinal wholemounts were immunolabeled free-floating. Wholemounts were treated with
1-2% NaBH4 for 1-2 min, rinsed in deionized water followed by 1×PBS and incubated in
blocker solution for 1 h at room temperature to block non-specific labeling. Retinas were
incubated in primary antibody for 3 days at 4 °C. They were then were rinsed in 1×PBS for 2
h at room temperature and incubated free-floating in secondary antibody at room temperature
for 1 h. Retinas were rinsed in 1×PBS for 2 h at room temperature, flattened onto microscope
slides with the ganglion cell side up, coverslipped with Prolong Gold and examined in the
confocal microscope.

To confirm the specificity of immunolabeling methods, sections were processed in the absence
of primary antibodies or by substituting normal animal serum corresponding to the host species
of the primary antibody. These treatments eliminated labeling, as expected. All antibodies and
antisera were diluted in the appropriate blocker solution.

In some of our experiments we used two primary antibodies from rabbit for double labeling
using modification of a protocol described previously (Hunyady et al., 1996; Shindler and
Roth, 1996; Wang et al., 1999) . In this experiment a high-density labeling of a target protein
for one immunofluorescent channel, was achieved through tyramide signal amplification
(TSA) using the catalytic activity of horseradish peroxidase (HRP) whereas, the second target
was then detected by sequential use of conventional secondary immunofluorescence labeling
described previously. Covalent coupling of highly reactive, short-lived tyramide radicals to
residues (principally the phenol moiety of protein tyrosine residues) in the vicinity of the HRP–
target interaction site, yields stable signal resistant to loss by diffusion.

Tyramide stock solution was prepared by dissolving one vial of the solid Alexa-488 labeled-
tyramide provided by the manufacturer (Invitrogen Corporation/Molecular Probes, Inc.,
Eugene, OR) in 150μL of DMSO. All endogenous peroxidase activity was quenched by
incubating each slide in a peroxidase-quenching buffer (1xPBS + 1–3% H2O2) for 60 minutes
at room temperature. The specimen was incubated with 1% blocking reagent for 60 minutes
at room temperature. The section was then incubated with primary antibody diluted in 1%
blocking reagent overnight. To find out the optimal primary antibody concentration serial
dilutions of primary antibody were used in a preliminary experiment. To ensure that there was
no non-specific staining in the retina and that the peroxidase quenching buffer worked
successfully, a control slide with blocking solution but without primary antibody was processed
in parallel. The section was rinsed with 1xPBS X 3times X 10 min each. A working solution
of the HRP conjugate was prepared by diluting the stock solution 1:100 in 1% blocking
solution. 15μL of the HRP conjugate working solution was applied to each section and
incubated for 30 minutes at room temperature. The section was then rinsed with 1xPBS X
3times X 10 min each. Tyramide working solution was prepared by diluting the tyramide stock
solution 1:200 in 0.0015% H2O2 just prior to labeling. 15 μL of the tyramide working solution
was applied to each section and incubated for 10 min at room temperature. The sections were
then rinsed with 1x PBS X 3times X 10 min each. The sections were subsequently incubated
overnight with the other primary antibody diluted in blocker using standard antibody
concentrations described in Table 1. The sections were rinsed in 1xPBS (3 times for 10 min),
incubated in the blocking solution for 30 min, and then incubated with a secondary antibodies
(of different emission spectra from that fluorescent labeled tyramide) for 30-45 min at room
temperature. Another control consisting of primary + secondary antibody incubation but no
TSA was used to ensure that the use of a fluorescent secondary antibody targeting the low
abundance primary antibody in the tissues would be below the level of detection by the confocal
microscope. Sections were rinsed, coverslipped in a fade-retardant mounting medium (Prolong
Gold, Molecular Probes, Eugene, OR), and examined in the confocal microscope.

Mojumder et al. Page 6

J Neurosci. Author manuscript; available in PMC 2009 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Imaging
Confocal images were acquired using a a confocal laser scanning microscope (LSM) with a
krypton–argon laser (LSM 510; Zeiss, Thornwood, NY). Images were captured sequentially
for each channel using either 40× (numerical aperture = 1.30) or 63× (numerical aperture =
1.40) oil immersion objective lenses. Stacks of serial optical sections were collected at a step
size of 0.3-0.6 μm. Each image shown is either a maximum projection of an image stack, or a
single, representative optical section processed with Zeiss LSM personal computer software
and prepared using Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA).

Results
Overlapping, but distinguishable, distributions of RGS7 and RGS11 in the dendritic tips of
ON bipolar cells in the OPL

As reported previously (Morgans et al., 2007), we found that antibodies for all three proteins,
RGS7, RGS11, and Gβ5, displayed strong punctate staining in the outer plexiform layer.
Moreover, the staining coincided with staining for mGluR6,(Fig. 1) the metabotropic glutamate
receptor specific for dendritic tips of ON bipolar cells (Vardi and Morigiwa, 1997), and was
found at the tips of cells staining for Gαo (Fig. 2), the G protein of the mGluR6 cascade,
consistent with co-localization with the mGluR6 transduction machinery in the dendritic tips
of ON bipolar cells. However, in contrast to previous reports, we found that the distributions
of these three GAP proteins were not identical, and varied between rod and cone ON bipolar
cells.

Staining for Gβ5 was uniform between rod and cone ON bipolar cells (Figs. 1-4), and we were
unable to identify any clear cases in which cells stained for mGluR6 but not Gβ5 or for Gαo
but not Gβ5. These results are consistent with the idea that Gβ5 is present in all dendritic tips
of ON bipolar cells, likely associated with either RGS7 or RGS11, or both. In contrast, RGS7
staining was more intense in rod bipolar cells than in cone ON bipolar cells (Figs. 1-4). To
obtain a semi-quantitative measure of staining intensities, fluorescence intensity profiles for
RGS7, RGS11 or Gβ5 were measured for ON cone bipolar cell dendritic tips (identified by
clustering and appearance of multiple peaks, for example, grey trace, Fig 3J) and for single
peaks corresponding to rod bipolar cell dendritic tips. The average ratio of cone to rod tip peak
intensity profile over 70 pairs of adjacent rod and cone ON bipolar cells, compared pairwise
to ensure identical conditions for staining and imaging, was found to be significantly less than
unity (Fig 3K) for RGS7, indicating more intense signal for RGS7 in rod bipolar cells than in
ON cone bipolar cells. On the other hand the same ratios for RGS11 or Gβ5 were not
significantly different from unity indicating that these two proteins showed similar staining
intensities in the dendritic tips of both ON cone and rod bipolar cells.

Although many cone ON bipolar cells stained for RGS7, staining was undetectable in a subset
of cone ON bipolar cell dendritic tips, identified by their clustering pattern and staining for
mGluR6 (Fig. 1), Gαo (Fig. 2), or Gβ5 (Fig. 4), or by lack of staining for PKCα (a marker for
rod bipolar cells, but not cone ON bipolar cells, Fig. 3). A reverse pattern was observed for
RGS11. Although labeled dendritic tips were fairly uniform in intensity of RGS11 staining
(Figs. 1-4), some dendritic tips that stained for mGlurR6 (Fig. 1) or Gαo (Fig. 2) did not stain
for RGS11, and these appeared by morphology to be rod bipolar cells. This hypothesis was
confirmed by double staining for rod bipolar cell marker PKCα, which revealed that some, but
not all, rod bipolar cell dendritic tips lack detectable RGS11 staining (Fig. 3). If these dendritic
tips belong to different bipolar cells then this observation suggests that at the biochemical level,
there may be more than one class of rod bipolar cells.

Mojumder et al. Page 7

J Neurosci. Author manuscript; available in PMC 2009 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These results lead to the conclusions that some rod bipolar cells dendritic tips lack RGS11,
and some ON cone bipolar cell dendritic tips lack RGS7, but that all ON bipolar cells contain
Gβ5. Double staining would be expected to reveal ON cone bipolar cells staining for Gβ5 but
not RGS7, and some rod bipolar cells staining for Gβ5 but not RGS11. These predictions are
borne out by the results (Fig. 4). The conclusion of overlapping, but not identical, distributions
of RGS11 and RGS7 is further confirmed by double staining for these two RGS proteins (Fig.
4G-I). While some cells stain for both RGS11 and RGS7, some cone ON bipolar dendritic tips
lack detectable RGS7, and some rod bipolar dendritic tips lack RGS11.

RGS7 and RGS11 mutant mice
To determine the functional roles of RGS7 and RGS11 in retinal signaling, we obtained mice
with targeted disruptions of the RGS7 or RGS11 genes, and bred them to homozygosity at each
locus. The RGS7 mutation consists of a targeted disruption of a single exon of RGS7, and this
mutation apparently leads to formation of a truncated protein which reacts with the RGS7
antibodies (Fig. 5A). The amount of the truncated gene product appears to be much less than
that of full-length RGS7 in the wild-type retinas. Immunofluorescence in the mutant animals
confirmed greatly decreased staining for RGS7 in the RGS7 mutant animals (Fig. 5B), with
diminished staining detectable in dendritic tips of rod bipolar cells. These results suggest that
the RGS7 mutation is likely to function as a hypomorphic allele, and functional consequences
observed by electroretinography (see below) support this idea.

Figure 6A shows that by immunoblotting no RGS11 could be detected in mice homozygous
for the targeted disruption of the RGS11 gene. There was no detectable RGS11 staining in
RGS11 knockout mice compared to the wild-type control (Figure 6C, F). RGS7 gene disruption
did not appear to affect the expression or distribution of RGS11 (Fig. 5D, E) and Gβ5 (Fig. 5F,
G). Likewise, by immunostaining, there was no noticeable effect of the RGS11 knockout on
the expression and distribution of RGS7 (Fig. 6B, E) or Gβ5 (Fig. 6D, G). In addition to
verifying altered R7 RGS protein levels in the mutant retinas, these results serve to confirm
the specificity of the immunofluorescence signals obtained with the antibodies and conditions
used in our studies of wildtype mice.

Delayed scotopic b-wave ERG responses in mutant mice
To examine the contribution of RGS7 and RGS11 to the light-evoked retinal responses we
recorded ERGs from RGS7 and RGS11 mutant mice and compared the recordings to their
heterozygous or wild type litter mate controls. Fig 7 shows representative waveforms for RGS7
mutant animals compared to their heterozygous controls for a range of stimulus intensities for
the fully dark-adapted condition. Very low stimulus intensities (for example, −5.5 and −4 log
sc td s) produced the negative and positive scotopic threshold responses (n-STR and p-STR)
which are known to originate from light-evoked responses of amacrine or ganglion cells distal
to bipolar cells in rodents (Saszik et al., 2002;Bui and Fortune, 2004;Mojumder et al., 2008).
RGS7 mutation caused an attenuation of the n-STR (−5.5 log sc td s). For higher scotopic
intensities (for example, −1.9 log sc td s) that produced an ERG response driven primarily by
light-evoked activity of the rod-rod bipolar cell circuit, there was a delay in the leading edge
of the b-wave response and a slight decrease in amplitude in this RGS7 mutant. There was no
change in the trailing edge of the b-wave response. For higher intensities (e.g., 1.6 log sc td s)
that produced a mixed rod+cone driven ERG response, there was no change observed in the
photoreceptor-derived leading edge of the a-wave response or the rod+ ON cone bipolar cell
driven b-wave. Although, this particular animal showed a delayed trailing edge of the b-wave
response, the averaged data (see below) showed no significant difference from controls in the
trailing edge.
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The RGS11 knockout showed ERG changes that were distinct from those in the RGS7 mutants.
For low stimulus intensities (−5.5 log sc td s) both the n- and p-STRs were attenuated. Higher
scotopic intensities (for example, −1.9 log sc td s) showed a delay in the leading edge of the
rod-bipolar cell-derived leading edge of the b-wave response, but no change in the trailing edge
of the b-wave response. Higher intensities (e.g., 1.6 log sc td s) showed a delay in both the
leading and trailing edges of the b-wave response. However, there was no change in the leading
edge of the photoreceptor-derived a-wave indicating that the delays observed in the b-wave
were most likely due to changes in signaling downstream of the photoreceptor
phototransduction cascades.

The averaged ERG waveforms (average ± S.E.M) for the RGS7 mutants compared with
wildtype or heterozygous controls (Fig 7A, left) show that the reduction in the n-STR (−5.5
log sc td s) and delay in the scotopic b-wave (−1.9 log sc td s) were significant. However, ERG
changes for the mixed rod-cone ERG's were not significant, indicating that the RGS7 mutation
primarily affected the light-evoked responses from the rod bipolar cells and the third-order
responses in the scotopic circuit (i.e., downstream to rod- rod bipolar cells). ERG changes for
the RGS11 knockout (Fig 7A, right) on the other hand produced an attenuation of both the n-
and p-STRs and a delay in the leading edge of the scotopic b-wave, indicating that RGS11
mutation affected the light-evoked responses from the rod bipolar cells and the third-order
responses in the scotopic circuit (i.e., downstream to rod- rod bipolar cells). There was delay
in the leading and trailing edges of mixed rod+cone-derived b-waves in the RGS11 mutants;
we verified (see below) that the fully-dark adapted cone-derived signals contributed to this
delay. The leading edges of the photoreceptor-derived a-waves were unchanged in RGS11
mutants, similar to RGS7 mutants, indicating the effects of RGS11 mutation on the ERG most
likely occur downstream from the photoreceptors.

To investigate if the delayed mixed rod+cone-derived b-wave seen at higher stimulus
intensities could have contributions from the fully dark-adapted cone circuit, we used a cone-
isolation paradigm. In this paradigm the rod response was saturated by a 250 ms intense flash
(3.0 log sc td). Preliminary experiments using high intensity flashes (1.9 log sc td s) showed
that there was no measurable ERG response at this transient background, indicating that this
transient flash suppressed both rod and cone responses. Cone responses are known to recover
faster than rod responses from the effects of a saturating flash of light (Baylor, 1987; Lyubarsky
et al., 1999). Studies in rodents have found that the ERG responses probed between 1200 to
5000 ms after a rod saturating flash in rodents (Pennesi et al., 2003; Mojumder et al., 2008)
are predominantly cone-derived. We used a more conservative time of 750ms after the flash
response to probe for a cone-only response in the fully dark-adapted condition. We used this
earlier inter-stimulus interval because our preliminary observations indicated that at these early
times the cone-derived responses lacked significant oscillatory potentials on the leading edge
of the b-wave, which could confound interpretation of the delay in the leading edge of the b-
wave. As seen in Fig 8A, the probe flash response produced a b-wave response lacking
prominent a-waves as expected from a cone-driven response.

Fig 8B shows that the leading and trailing edges for the average b-wave response for the cone-
isolated b-wave for the RGS11 mutant animal were substantially delayed compared to its
control. This result indicates that RGS11 in the cone-circuit contributes to the shaping of both
the leading and trailing edges of the b-wave for the mixed rod+cone-derived fully dark-adapted
ERG.

RGS11 mutation but not RGS7 mutation produces a delay in the photopic b-wave
Fig 9, bottom panel, shows representative ERG waveforms for RGS7 (left) and RGS11 (right)
mutant animals compared to their heterozygous controls recorded for a background of 1.8 log
sc td which was enough to suppress all rod activity (Krishna et al., 2002;Mojumder et al.,
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2008). RGS11 mutation produced a delay in both the leading and trailing edges of the b-wave
response for all stimulus intensities, very similar to the fully dark-adapted cone-isolated
response. The averaged (± S.E.M) ERG waveforms for a high intensity flash (2.3 log sc td s)
show that the delays were significant for the RGS11 mutant animals. This delay can be more
prominently observed (right inset) after filtering the waveforms of oscillatory potentials
(Butterworth high pass filter 55 Hz). The RGS7 animals did not show significant differences
from the controls under photopic conditions.

Simultaneous disruption of RGS7 and RGS11 genes produces an additive effect on ERG
responses

Mice were bred to homozygosity for the disrupted alleles at both the RGS7 and RGS11 loci,
and their ERG responses recorded. The results (Figs. 10-11) show clearly that both proteins
are important for the kinetics of the bipolar cell responses. The most sensitive responses, the
n-STR and p-STR, were both attenuated even more severely in the double-mutants than in
either of the single mutants (Fig. 10). Over a wide range of intensities the b-wave responses
were considerably more delayed. At a stimulus energy of −1.9 log sc td s (Fig. 11A), normalized
averaged responses show a striking phenotype: a substantially greater delay in the rising edge
of the b-wave responses in the double mutant than in either the RGS11 mutant or RGS7 mutant
mice. Thus both RGS7 and RGS11 contribute to shaping the b-wave responses, and they appear
to act in parallel branches of the signal transduction cascade, either in the same cell or, as
suggested by the immunostaining results, perhaps in different sets of bipolar cells.

Although rod and cone ON-bipolar cell responses dominate the b-wave (Robson and Frishman,
1995; Naarendorp et al., 2001; Saszik et al., 2002; Mojumder et al., 2008) there have been
suggestions that voltage changes in inner retinal neurons may contribute it in rabbit (Dong and
Hare, 2000, 2002, 2003). To test the possibility that the changes observed in b-waves of the
mutant mice, we used intravitreal injection of GABA to block signals from neurons of the
proximal inner retina. Intravitreal injection of GABA is known isolate the light-evoked
potentials from the rod-bipolar cells and to confer linearity upon the amplitude-intensity
function of the murine dark-adapted b-wave for low-intensities, by suppressing proximal inner-
retinal potentials such as the negative and positive scotopic threshold responses (Saszik et al.,
2002). As shown in Fig. 11B-D, GABA injection had little effect on the phenotypical
differences between the RGS7/11 double mutants and wildtype mice. Although the scotopic
threshold responses (n-STR and p-STR) were suppressed in animals of both genotypes (Fig.
11B), confirming the effective suppression of inner retinal signaling by GABA, the delay in
the rising phase of the b-wave resulting from disruption of the R7 RGS protein genes was still
prominent (Fig. 11C, D). Thus it can be concluded with confidence that delays in ON-bipolar
cell responses are largely responsible for the altered b-waves observed in the mutant mice, and
that these alterations do not depend on signaling by the proximal inner retina.

Discussion
There are three major conclusions that emerge from the results presented in this study. The
first is that RGS7 and RGS11 have distinct, albeit closely related and perhaps partially
redundant, functions in the retina. This conclusion emerges from the observation that they are
found in different cell types, including, in some cases, different dendritic tips of rod bipolar
cells and cone ON bipolar cells. This conclusion is further supported by the observation that
both scotopic threshold responses and b-wave responses are clearly different in mice with
genetic disruptions of both genes as compared to mice with a disruption of either gene by itself.
the increased effects observed in double mutants is consistent with the hypothesis suggested
by the differential immunostaining that there are some rod BPC dendrites whose signaling is
regulated by RGS7 and not RGS11, and others in which both contribute to regulating response
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kinetics. The ERG b-wave is an average over all of these, so if in retinas lacking only one RGS
protein some cells are delayed and others not, but all are delayed in the double mutants, an
increased delay in the average would be expected. Additionally, in those dendrites normally
expressing both, removing two RGS proteins instead of one may just result in a lower total
concentration of RGS proteins, and thus slower kinetics. Additional support for different but
overlapping functions of RGS7 and RGS11 comes from the observation that changes in b-wave
responses are largely confined to rod-driven responses in RGS7 mutants, whereas they are
most striking in responses involving cone inputs in RGS11 mutants.

The second major conclusion is that, as hypothesized at the outset of this work, RGS7 and
RGS11 regulate the kinetics of the b-wave responses mediated by inactivation of Gαo. The
simplest explanation for this effect is that in wildtype mice RGS7 and RGS11 directly bind to
Gαo activated by the complex of glutamate with mGluR6, and accelerate its GTP hydrolysis.
While both proteins have been shown to have this activity in vitro (Hooks and Harden,
2004), we have no direct evidence that this is their precise function in retinal ON bipolar cells.
As an example of an alternative hypothesis, it could be that one or both of these RGS proteins
regulates the response to a completely different GPCR in bipolar cells, whose activation in turn
regulates bipolar cell response kinetics by effects on levels of cyclic nucleotides, calcium, or
phosphoinositides. The viability of such alternative hypotheses is sustained by the observation
that most of the Gαo in bipolar cells is not localized to the dendritic tips, unlike mGluR6 ,
RGS7, RGS11, and Gβ5. We cannot say with certainty that the effects of removing RGS7 and
RGS11 are due to their presence in bipolar cell dendritic tips, although their striking co-
localization with mGluR6 makes this the most economical interpretation.

The persistence of the effects of RGS7/RGS11 disruption after blocking inner-retinal activity
proximal to bipolar cells with GABA, excludes the possibility that other mechanisms, such as
feedback from amacrine cells, involving these two RGS proteins, contribute substantially to
the observed changes in the b-wave response (excluding the oscillatory potentials). It is also
clear that the effects are exerted in the bipolar cells and not the photoreceptors, as photoreceptor
responses, represented by the a-wave, are unaltered in mice with RGS7 and RGS11 defects.

A third major conclusion is that RGS7 and RGS11 are not required for light responses of ON
bipolar cells on a sub-second time scale. Although the responses are delayed when these
proteins are lacking, the delays are on the order of tens of milliseconds rather than seconds, as
observed, for example, in photoreceptor responses of RGS9 knockout mice (Chen et al.,
2000). Given the slow GTPase kinetics for isolated Gαo, it seems very likely that a third protein,
and possibly others as well, in ON bipolar cells, is capable of serving as a GAP (GTPase
accelerating protein) for Gαo. It would be interesting to explore the possibility that ret-RGS1
(Dhingra et al., 2004) plays this role.

Finally, we note that the experiments described here are best suited for identifying defects in
signaling by photoreceptors or ON bipolar cells, because these contribute the a- and b-waves
which dominate the ERG records, and thus our major findings concern the roles of RGS7 and
RGS11 in ON bipolar cell responses. There may be even more severe defects in signaling by
inner retinal neurons that we are unable to detect because of their lack of strong effects on the
ERG. The same consideration applies to the roles of these R7 RGS proteins in the brain, where
RGS7 may be the most abundant RGS protein. The Lexicon data available on-line
(http://www.informatics.jax.org/searches/accession_report.cgi?id=MGI:
3528964#Additional_Info) indicates some behavioral abnormalities in the RGS7 mutants, but
we have not yet determined either the extent or the mechanisms of such abnormalities. Future
studies of RGS7 and RGS11 in the brain will likely implicate them in GPCR signaling pathways
there, in addition to their roles in the retina.
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Figure 1. Double staining for GAP proteins and mGluR6
Double labeling using antibodies directed against RGS7, RGS11 and Gβ5 (red) and the ON
bipolar cell marker mGluR6 (green). A-C (wholemount), Labeling for RGS7 co-localized with
labeling for mGluR6. Some closely clustered dendritic tips likely representing ON cone bipolar
cells were immunopositive for mGluR6 but not RGS7 (arrowheads). D-F (wholemount),
Labeling for RGS11 in the mouse retina co-localized extensively with labeling for mGluR6
especially at tightly clustered ON bipolar cell dendritic tips representing putative ON cone
bipolar cells. G-I (wholemount insets), Some isolated dendritic tips, likely representing rod
bipolar cells, were immunopositive for mGluR6 but not RGS11 (arrowheads). J-L (radial
section), Labeling for Gβ5 in the mouse retina co-localized extensively with labeling for
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mGluR6. M (radial section), The overlay of the region indicated by the white horizontal line
in J-L is shown here in an expanded scale to show the co-localization of Gβ5 and mGluR6.
N-O (radial section), Tyramide signal amplification (TSA) did not produce any visible
immunolabeling at the dilution of 1:10,000 for the red channel, eliminating the possibility of
cross reaction of the secondary antibodies detected in the red channel with the primary detected
in the green channel. Scale bar = 5μm (A-I and M-O), = 10μm (J-L).
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Figure 2. Double staining for GAP proteins and Gαo
Double labeling using antibodies directed against RGS7, RGS11 and Gβ5 (red) and Gαo
(green). A-C (radial section), While Gαo staining was widely distributed in ON bipolar cells,
the punctuate staining for RGS7 (A) in the OPL colocalized with labeling for Gαo (B) at the
dendritic tips of ON bipolar cells as seen from the overlay (C). Clusters of RGS7 staining
(arrows) indicate their presence in cone bipolar cells. D-F (insets of bracketed regions in A-
C magnified), The punctuate staining for RGS11 (D) in the OPL colocalized with labeling for
Gαo (E) at the dendritic tips of ON bipolar cells as seen from the overlay (F). G-I (radial
section), Clusters of RGS11 staining (arrows) indicate their presence in cone bipolar cells. J-
L (insets of bracketed regions in G-I magnified). Some rod-bipolar cell dendritic tips (arrows)
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were devoid of detectable staining for RGS11. M-O (radial section), The punctuate staining
for Gβ5 (M) in the OPL colocalized with labeling for Gαo (N) at the dendritic tips of ON
bipolar cells as seen from the overlay (O). P-R (insets of bracketed regions in M-O magnified),
Clusters of Gβ5 staining (arrows) indicate their presence in cone bipolar cells. Scale bar =
20μm (A-C, G-I and M-O), = 5μm (D-F, J-L and P-R).
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Figure 3. Double staining for GAP proteins and rod bipolar cell marker PKCα
Double labeling using antibodies directed against RGS7, RGS11 and Gβ5 (red) and PKC-α
(green). A-C (radial section), The punctuate staining for RGS7 (A) in the OPL colocalized
with labeling for PKC-α (B) at the dendritic tips of rod bipolar cells as seen from the overlay
(C). Clusters of RGS7 staining (arrows) indicate their presence in cone bipolar cells. The
horizontal lines are representative channel intensity graphed in figure J. D-F (radial section),
The punctuate staining for RGS11 (D) in the OPL colocalized with labeling for PKC-α (E) at
the dendritic tips of rod bipolar cells as seen from the overlay (F). Clusters of RGS11 staining
(arrows) indicate their presence in cone bipolar cells. Some rod-bipolar cell dendritic tips were
devoid of detectable staining for RGS11. G-I (radial section), The punctuate staining for Gβ5
(G) in the OPL colocalized with labeling for PKC-α (H) at the dendritic tips of rod bipolar
cells as seen from the overlay (I). Clusters of Gβ5 staining (arrows) indicate their presence in
cone bipolar cells. J, Typical channel intensity profiles for rod and cone bipolar cell dendritic
tips. Intensities were measured along white lines in A across a rod dendritic tip and, and a
cluster of cone bipolar cell dendritic tips. Rod bipolar cells had a discrete single peak whereas
cone-bipolars (being closely packed) showed multiple peaks. The peak channel intensity
profiles are indicated by dashed vertical lines. K, Average peak channel intensity profiles
(across 70 channel intensity profile values for each antigen) for cone bipolar tips as a ratio of
peak intensities for rod bipolar cells (across 70 channel intensity profile values) for RGS7,
RGS11 and Gβ5. Statistically significant difference is indicated by the star above the vertical
bar (paired t-test; p>0.01). Scale bar = 20 μm.
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Figure 4. Double staining for RGS proteins and Gβ5
Double labeling using antibodies directed against RGS7 and RGS11 (red) and Gβ5 (green).
A-C (whole-mount), A magnified wholemount view of the OPL shows ON-cone bipolar cells
in tight clusters. Some of the Gβ5 immunopositive puncta did not have significant labeling for
RGS7 (arrowheads). D-F (whole-mount), RGS11 immunopositive puncta in the OPL showed
good co-localization with closely spaced clusters of Gβ5 immunopositive puncta belonging to
ON cone bipolar cells. However, isolated Gβ5 immunopositive puncta likely belonging to rod
bipolar cells did not have detectable levels of RGS11 immunofluorescence (arrowheads). G-
I, Non-coincident immunofluorescence for RGS7 or RGS11 in the OPL (whole-mount).
Double labeling using antibodies directed against RGS11 (green) and RGS7 (red). Staining
for RGS7 and RGS11 did not overlap for some dendritic tips (arrowhead, RGS11+, RGS7−;
arrow, RGS7+, RGS11−). Scale bar = 5μm, A-I. J, K(radial section), Tyramide signal
amplification (TSA) did not produce any visible immunolabeling at the dilution of 1:10,000
for the red channel, eliminating the possibility of cross reaction of the secondary antibodies in
the red channel with the primary in the green channel. Scale bar = 10μm (J, K).
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Figure 5. Absence of full-length protein in RGS7 mutant mice
A, top panel, Western blot analysis of retinal lysates (1/30 of a retina) from 2 RGS7 mutant
mice and 2 wildtype mice using affinity purified anti-bovine RGS7 antibody R4163. The anti-
RGS7 antibody detected a band at molecular weight of ∼ 58 kD in the lanes containing retinal
lysates from wildtype mice. In the lanes containing retinal lysates from RGS7 mutant mice,
the anti-RGS7 antibody detected a band at a position lower than that of the wildtype RGS7
band. The signal intensity from the mutant RGS7 protein was much lower than that of the
wildtype full-length RGS7 protein. Bottom panel: western blot analysis of the same blot with
GAPDH antibody to show that comparable amounts of proteins were loaded. B, C, Diminished
RGS7 staining in RGS7 mutant mice. The brightest punctate staining for RGS7, due to rod
bipolar cell dendritic tips, in wild type mice (C), is missing in mice homozygous for the RGS7
gene disruption (B), and is greatly diminished in the clusters of cone ON bipolar cell dendritic
tips. Staining for RGS11 (E-F) and staining for Gβ5 (H-I) are not noticeably different in
wildtype and RGS7 mutant mice. Scale bar = 10μm (B-G).
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Figure 6. Absence of protein in RGS11 mutant mice
A, top panel, Western blot analysis of retinal lysates (1/15 of a retina) from 2 RGS11 mutant
mice and 2 wildtype mice using anti-mouse RGS11 serum R4970. Whereas the RGS11 anti-
serum detected a single band (∼ 50 kD) with the expected size of RGS11, no band at that
position was detected in the lanes containing retinal lysates from RGS11 mutant mice. Bottom
panel: western blot analysis of the same blot with GAPDH antibody to show that comparable
amounts of proteins were loaded. B-G, Loss of immunostaining for RGS11, but not other
antigens, in RGS11 mutant mice. The bright staining for RGS11 (red) postsynaptic to ribeye
staining (green) in the outer plexiform layer (C) is eliminated in mice homozygous for the
targeted disruption of the RGS11 gene (F). In contrast, staining for RGS7 (red, B, E) and
staining for Gβ5 (D,G) were unaffected by disruption of the RGS11 gene. Scale bar = 10μm
(B-G).
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Figure 7. Effects of RGS7 and RGS11 gene disruptions on ERG flash responses
A, ERG responses for representative subjects to brief flashes of increasing stimulus energies,
from bottom to top, for the fully dark-adapted condition. Grey traces- left, RGS7 mutants; Grey
traces- right, RGS11mutants; Black traces, heterozygous littermate controls. pSTR, positive
scotopic threshold response; nSTR, negative scotopic threshold response. Unlabelled single
arrows indicate a delay in the leading edge of the b-wave. Double arrows indicate a delay in
the trailing edge of the b-wave that was found to be significant for the RGS11 mutants upon
average (see Figure 9). B, Average ERG responses on expanded time scales. Solid traces show
average responses for mutant mice (grey) and wildtype (black) littermates, with dotted traces
showing ± one S.E.M. Top panel left, ERG responses for the RGS11 mutants for very low
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intensities (−5.5 log sc td s) show attenuation for both the positive and negative scotopic
threshold responses (p-STR and n-STR). Middle, rod bipolar cell driven b-wave for scotopic
intensities (−1.9 log sc td s) was delayed. Middle inset: the trailing edge of the b-wave response
was unchanged. Right, the mixed rod + cone driven b-wave for higher stimulus intensities (1.6
log sc td s) showed a delayed leading edge but there was no significant change in the leading
edge of the a-wave response. Right inset, Trailing edge of the b-wave was delayed in RGS11
mutant animals. Bottom panel, left, ERG responses for the RGS7 mutants for very low
intensities (−5.5 log sc td s) show that the n-STR was attenuated. Middle, the rod bipolar cell
driven b-wave for scotopic intensities (−1.9 log sc td s) was delayed and slightly decreased in
amplitude. Middle inset, the trailing edge of the b-wave response was unchanged. Right, there
was no significant change in the b-wave for the mixed rod + cone ERGs for higher stimulus
intensities (1.9 log sc td s) or the leading edge of the a-wave. Right inset, trailing edge of the
b-wave was not significantly delayed in RGS11 mutant animals. (n= 4 for RGS7 mutants and
their littermate controls; n =9 for RGS11and n = 6 for RGS11 littermate controls).
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Figure 8. Effects of RGS11 mutation on cone isolated, dark-adapted ERG
A, Schematic showing the protocol for deriving the cone-driven dark-adapted ERG. A high
energy conditioning flash (3.0 log sc td, 250 ms duration), for the fully dark adapted condition
was used to suppress rods fully and cones partially. Test flashes (1.9 log sc td s) presented at
750 ms from the termination of the conditioning flash probed for cone-only responses. Grey
trace, RGS11 mutant; Black trace, heterozygous littermate control. The responses for the
conditioning flash were subtracted from paired flash response to yield responses for the test
flash only. B, Averaged high energy test-flash (1.9 log sc td s) responses (n = 6, each for RGS11
mutant: grey traces; littermate control: black) show a delayed leading and trailing edge of the
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b-wave for the RGS11 mutants. The RGS11 mutant b-wave amplitudes were greater than
controls.
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Figure 9. RGS11 but not RGS7 mutation delays the b-wave of the photopic ERG
ERG responses for representative subjects to a range of increasing stimulus energies, from
bottom to top, recorded for a rod suppressing background of 1.8 log sc td. The top most traces
represent averaged ERG response for a high energy flash of 2.3 log sc td s (n= 4 for RGS7
mutants and their littermate controls; n =9 for RGS11and n = 6 for RGS11 littermate controls).
Grey traces- left, RGS7 mutants; Grey traces- right, RGS11mutants; Black traces,
heterozygous littermate control; dotted traces, ± S.E.M. Inset top right corner, shows the
averaged b-wave traces after filtering OP's.
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Figure 10. Effects of RGS7 + RGS11 gene disruptions on ERG flash responses
ERG responses for representative subjects to brief flashes of increasing stimulus eneries, from
bottom to top, for the fully dark-adapted condition. Grey traces, RGS7 and RGS11 double
mutants; Black traces, WT littermate control. pSTR, positive scotopic threshold response;
nSTR, negative scotopic threshold response. Unlabelled single arrows indicate a delay in the
leading edge of the b-wave. Double arrows indicate a delay in the trailing edge of the b-wave.
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Figure 11. Additive effects of RGS7 and RGS11 gene disruptions on time course of the dark-adapted
ERG responses arising from bipolar cells
A, Averaged ERG responses for WT (includes animals either homozygous WT or heterozygous
for either RGS7 or RGS11, black, n = 14), RGS7 mutant (green, n = 4), RGS11 mutant (cyan,
n =9) and RGS7+RGS11 double mutant (red, n =4) normalized to the maximal ERG amplitude
for −1.9 log sc td s flash. Horizontal dashed line, half-max amplitude; Vertical dashed lines,
time for half-max b-wave for the different traces (for, WT and RGS7 mutant, 69.5 ms; RGS11
mutant, 77.5ms; RGS7+RGS11 mutant, 96ms). B, Dark-adapted ERG response recorded from
representative subjects for a low energy flash of −5.5 log sc td s showing abolition of p- and
n-STRs (black and grey arrows respectively) following intravitreal injection of GABA (red
traces) for both RGS7+RGS11 double mutants (double mutant, black trace, top) and WT (wild
type, black trace, bottom). C, Dark-adapted ERG response recorded from representative
subjects for a flash energy of −1.9 log sc td s. Intravitreal injection of GABA(red traces) did
not significantly alter the time-course of the leading edge on the b-wave for either RGS7
+RGS11 double mutants (black trace, top) or WT (black trace, bottom). D, Averaged dark-
adapted ERG responses recorded for a flash energy of −1.9 log sc td s. WT = wild type; double
mutant = RGS7+RGS11 double mutants; red traces, after intravitreal injection of GABA; black
traces, before intravitreal injection of GABA. Dotted traces indicate ± one S.E.M. Number of
animals: WT = 3; double mutants = 6.
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