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Background: G�5�/� mice have defective retinal outer plexiform layer and lack b-wave in electroretinogram (ERG).
Results:Mice lacking RGS7 and RGS11 recapitulate ERG and morphological defects of G�5�/� mice.
Conclusion: RGS7 and RGS11 are required for normal DBC morphology and function.
Significance:Despite its ability to complex with conventional G� subunits, the role of G�5 in retina is mediated exclusively by
R7 RGS proteins.

Two members of the R7 subfamily of regulators of G protein
signaling, RGS7 and RGS11, are present at dendritic tips of ret-
inal depolarizing bipolar cells (DBCs). Their involvement in the
mGluR6/G�o/TRPM1 pathway that mediates DBC light
responses has been implicated. However, previous genetic stud-
ies employed an RGS7 mutant mouse that is hypomorphic, and
hence the exact role of RGS7 inDBCs remains unclear.We have
made a true RGS7-null mouse line with exons 6–8 deleted. The
RGS7�/� mouse is viable and fertile but smaller in body size.
Electroretinogram (ERG) b-wave implicit time in young
RGS7�/� mice is prolonged at eye opening, but the phenotype
disappears at 2 months of age. Expression levels of RGS6 and
RGS11 are unchanged in RGS7�/� retina, but the G�5S level is
significantly reduced. By characterizing a complete RGS7 and
RGS11 double knock-out (711dKO) mouse line, we found that
G�5S expression in the retinal outer plexiform layer is elimi-
nated, as is theERGb-wave.Ultrastructural defects akin to those
of G�5�/� mice are evident in 711dKOmice. In retinas of mice
lackingRGS6,RGS7, andRGS11,G�5S is undetectable,whereas
levels of the photoreceptor-specific G�5L remain unchanged.
Whereas RGS6 alone sustains a significant amount of G�5S
expression in retina, the DBC-related defects in G�5�/� mice
are caused solely by a combined loss of RGS7 and RGS11. Our
data support the notion that the role of G�5 in the retina, and
likely in the entire nervous system, ismediated exclusively byR7
RGS proteins.

RGS6,2 RGS7, RGS9, and RGS11 are members of the R7 sub-
family of regulators of G protein signaling (1), whose stable

expression in vivo requires an obligate partner G�5 (2). In addi-
tion to the signature RGS domain located near the C terminus,
these R7 RGS proteins contain DEP, DHEX, and GGL domains
(1, 3), wherein the GGL domain mediates the interaction with
G�5 (4). We previously reported two depolarizing bipolar cell
(DBC)-related defects in G�5�/� mice, namely the absence of
an electroretinogram (ERG) b-wave and the failure of the num-
ber of triadic ribbon synapse at retinal outer plexiform layer
(OPL) to increase during postnatal development (5). Because
G�5 exists in a photoreceptor-specific long form (G�5L) and a
more broadly expressed short form (G�5S) (6), it was also
determined that DBC-related defects resulted not from a com-
bined loss of G�5L and G�5S, but specifically from the loss of
postphotoreceptor G�5S expression (5). Given the obligate
relationship between G�5 and R7 RGS proteins, we and others
have employed RGS7- and RGS11-targeted mutant mice to
show that these two RGS proteins play a role in DBC light
responses in what appears to be a functionally redundant man-
ner (7–9). However, the exact role of RGS7 was not unequivo-
cally determined because of the discovery that the RGS7
mutant mice were hypomorphic and not null, due to an in-
frameshift caused by exon 10 deletion that leads to the expres-
sion of a truncated RGS7 protein lacking 27 amino acids in the
interdomain and the first six residues of the GGL domain (7).
Determining the function of RGS7 in DBCs is important in

several ways. First, RGS7 is expressed widely in the nervous
system, and its physiological role is poorly understood. Second,
whereas the G protein pathway utilized within rod and cone
photoreceptors is well understood, DBC relies on a G protein
pathway containing mGluR6, G�o, and TRPM1, but many of
the details and regulation of this pathway are unclear (10).
Third, theOPL ultrastructural defects seen in theG�5�/�mice
may be due to loss of both RGS7 and RGS11withinDBCs or the
loss of RGS7 alone, which cannot be determined without the
development of a true RGS7 knock-outmouse line. Fourth, and
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importantly, although G�5 is most likely acting by stabilizing
R7 RGS proteins, the possibility that it acts via an RGS-inde-
pendent mechanism, e.g. through demonstrated interactions
with conventional G� subunits (6, 11–13), has neither been
confirmed nor ruled out. To address these issues, we have gen-
erated the first true RGS7-null mouse line, which resulted in a
smaller body size and delayed electroretinogram (ERG)
b-waves. By generating a RGS7 and RGS11 double knock-out
(711dKO) line, we have recapitulated DBC-related structural
and functional defects of G�5�/� mice in retinal OPL. These
data demonstrate that G�5S works through stabilizing RGS7
and RGS11 in DBC dendrites and that RGS7 alone is as impor-
tant as RGS11 in the development and function of the first
vision synapse. To extend the applicability of the finding in
DBC to other retinal neurons and to address whether G�5S can
be stabilized in the absence of R7 RGS proteins by other mole-
cules such as canonical G� subunits, we generated a triple
knock-out mice (tKO) lacking RGS6, RGS7, and RGS11 in
which we found that G�5S in the retina is undetectable.
Together, our data firmly establish that G�5S works not as a
conventional G� subunit, but exclusively through its interac-
tion with R7 RGS proteins.

EXPERIMENTAL PROCEDURES

RGS7 Inactivation—Abackbone targeting vector, pDNDF-7,
which contains a neomycin cassette flanked by tandem FRT
sites (NEO), two diphtheria toxin cassettes (DTA), and two
multiple cloning sites (MCS) in the following order: DTA-
MCS1-NEO-MCS2-DTA, was generated by modifying pBlue-
script II SK (Agilent Technologies, Santa Clara, CA). The
MCS1 contains XhoI, BglII, and NheI sites, and theMCS2 con-
tains NotI, KpnI, and AvrII sites. The 3.3-kb right homology
arm was amplified by PCR from a BAC clone containing 214.3
kb ofmouse genomic DNA (RP23-387K4; BACPACResources,
Oakland, CA) with primers RGS7RAKpnF (5�-GG ggt acc AGC
CAG CTC TCA CTG GAC AT-3�) and RGS7RAAvr2R (5�-
TTA cct agg GCA AAA ACA GCC ATC TCC AT-3�) using
Phusion DNA polymerase (New England Biolabs, Ipswich,
MA), sequence-verified, and subcloned into MCS2 with KpnI
and AvrII sites. The 2.8-kb left homology arm was similarly
amplified by PCR using primers RGS7LAXhoF (5�-A CCG ctc
gag AGG AGT CTT GCG TCT TGC AT-3�) and
RGS7LANheR (5�-CTA gct agc GCA CAA GGT TCA ACA
TCC AA-3�) from the same BAC clone, sequence-verified, and
subcloned into XhoI and NheI sites of MCS1. The resulting
RGS7 targeting vector was linearized with BsiWI digestion. A
commercialized service electroporated the targeting vector
into a hybrid 129SvEv/C57BL/6N mouse embryonic stem (ES)
cell line, and ES cell clones with homologous recombination
were injected into C57BL/6 blastocysts to generate chimeras
(inGenious Targeting Laboratory, Stony Brook, NY).
Animal Genotyping—The animal use protocol was reviewed

and approved by Virginia Commonwealth University Institu-
tional Animal Care and Use Committee (VCU IACUC). The
RGS7 knock-out (RGS7�/�) mice were genotyped by PCR
using tail gDNA with the following three primers: RGS7-X7-F
(5�-TTT ATG CAA GCA GAA GCA CAA GC-3�), RGS7-
Gen-R (5�-TGCAAATGTCCAGTGAGAGC-3�), andNEO-

Seq-R3 (5�-GGG GGA ACT TCC TGA CTA GG-3�) at 60 °C
annealing temperature. The wild-type (WT) RGS7 allele gave a
418-bp product, and the knock-out allele generated a 282-bp
product. The genotyping of RGS11 knock-out (RGS11�/�)
mice was as described previously (7). The genotyping of RGS6
knock-out (RGS6�/�) mice was as described previously (14).
The nob1mice were genotyped as described previously (15).
Antibodies and Western Blotting—GAPDH antibody was

from Cell Signaling Technologies (2118L; Danvers, MA);
RGS6/7 antibody was from Santa Cruz Biotechnology (H-190;
Santa Cruz, CA). RGS11 peptide antibody (VCU008) was as
described previously (7). RGS6 antibody was as described (14).
G�5 antibody CT215 was from Dr. Mel Simon of Caltech.
mGluR6 antibody was made in guinea pig by Neuromic
(GP13105; Edina, MN). PKC� antibody was from Sigma
(P4334). CtBP2 antibody is from BD Biosciences (612044). All
secondary antibodies were from Invitrogen. Western blotting
and quantification of protein expression level were conducted
as described previously (7).
Immunohistochemistry—Animals were killed by CO2 inhala-

tion, and the eyeballs were enucleated immediately. After
removal of cornea and lens the resulting eyecups were immer-
sion-fixed in 4% paraformaldehyde in 1� PBS at room temper-
ature for 15 min. This short fixation time ensured good
mGluR6 and G�5 signals at the OPL. After cryoprotection in
30% sucrose in 1� PBS, the eyecups were embedded in TBS
(Richard Allan Scientific, Kalamazoo, MI), sectioned at 20-�m
thickness, and stained using appropriate primary and second-
ary antibodies. The dilution of each antibody is given in figure
legends or as described previously (7).
ERG—Animals were dark-adapted for a minimum of 8 h

prior to recordings. Under infrared illumination, mice were
anesthetized using a mixture of ketamine/xylazine (150 mg/10
mg per kg, intraperitoneal). Pupils were dilated using 1% tro-
picamide and 2.5% phenylephrine topical eye drops (Bausch &
Lomb, Tampa, FL). Body temperature was maintained at
35–37 °C using a heating plastic coil surrounding the mouse
body. Under scotopic conditions, both eyes were recorded
simultaneously on a UTAS E-3000 system (LKC Technologies,
Gaithersburg, MD) as described (16). Analysis of ERG record-
ingswas conducted as described (7). The b-wave implicit time is
defined as the time difference between flash onset and the time
b-wave is at its maximum. It was determined and plotted as a
function of flash strength.
Electron Microscopy—Enucleated eyeballs were immersion-

fixed at room temperature overnight in 2% paraformalde-
hyde/2% glutaraldehyde in 0.1 M cacodylic acid, pH 7.4, and
processed as described (16). Ultrathin sections (100 nm) were
prepared using a Sorvall MT-6000 ultramicrotome. Sections
were stained with uranyl acetate and lead citrate and imaged
using a Joel JEM-1230 transmission electron microscope.
Quantification of OPL synaptic triads and ribbons from four
3-month-old 711dKOand three age-matchedWTcontrolmice
were performed from 20–25 random and nonoverlapped 38 �
38 �m2 transmission electron microscopic images near the
meridian as described previously (5). All images were obtained
with retinal sections containing the optic nerve head. The per-
centage of rod spherules with triads and ribbons fromWT and
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711dKO retinas was subjected to two-tailed Student’s t test
assuming unequal variance, and p value of �0.01 is used to
signify differences between the two groups.

RESULTS

Deletion of Exons 6–8 Produces Runty RGS7-null Mouse—The
RGS7 mutant mouse with exon 10 deletion expresses a partial
loss-of-function truncated RGS7 protein (7, 8). To avoid target-
ing the DEP domain that is alternatively spliced (data not
shown, but seeRef. 17) andnot to repeat themishap of targeting
a single RGS7 exon, we chose to delete multiple exons from
exons 6–8 using the targeting construct shown in Fig. 1A.
Upon confirmation of homologous recombination, targeted ES
cells were used to generate three chimeras. The mating of chi-
meras to C57BL/6 animals produced heterozygous RGS7
knock-outmice, whichwere interbred to generate homozygous
knock-out (RGS7�/�) mice. Protein extracts derived from ret-

ina and cerebellum of RGS7�/� mice lack detectable levels of
RGS7 (Fig. 1, B and C). Further verifying that a true RGS7-null
is at hand, the RGS7�/� mouse appears runty from postnatal
day 3 (P3) compared with its WT and heterozygous knock-out
littermates (Fig. 1D), and the weight deficit is more apparent
during P15–19, when there is no weight gain in RGS7�/� mice
(Fig. 1D), a phenotype similar to that of the G�5�/� mouse. A
notable feature of RGS7�/� mice that distinguishes them from
G�5�/� mice is their apparent normal viability and fertility,
despite their smaller sizes.
RGS7�/� Mice Exhibit Delayed ERG b-Wave That Amelio-

rates with Age—The RGS7�/� mouse eyes open at around P15,
�24–48 h later than WT littermates. When ERG recordings
were conducted at P16, a prolonged b-wave implicit time was
readily notable in RGS7�/� mice at all light intensities tested
(Fig. 2A, P16). Such differences progressively disappear as
RGS7�/� mice age, shown by less pronounced delay in the
b-wave in these mice at P30 (Fig. 2A, P30) and no differences
fromWTmice at 2months of age (Fig. 2A, 2 months).With the
loss of RGS7, we surmised that the RGS11 or RGS6 level might
be up-regulated to compensate in RGS7�/� retina, but quanti-
tativeWestern blot analysis revealed no suchprojected increase
in RGS11 or RGS6 level (data not shown). Quantification of the
G�5S level did reveal a significant�27� 7%decrease in retinas
of RGS7�/�mice (Fig. 2,C andD), suggesting that expression of
RGS6, RGS7, and RGS11 may not have significant overlaps in
the retina and/or that in neurons where they are co-expressed,
they may be independently regulated and targeted.
711dKOMice Lack ERG b-Waves, and G�5S Is Undetectable

in DBC Dendrites—To examine the role of R7 RGS proteins in
DBC function, RGS7�/� mice were mated with RGS11�/�

mice to produce the first true RGS7/RGS11 double KO
(711dKO) line, which also appears viable and fertile. Because
the expression of G�5S at the OPL appears as puncta and co-
localizes withmGluR6, as shown previously (8) and in Fig. 3, we
found that such G�5S puncta were undetectable in the OPL of
711dKOmice (Fig. 3). This confirms that withinDBCdendrites
G�5S interacts only with RGS7 and RGS11, and not with RGS6.
Consistent with this finding, we found that the ERG b-wave is
absent in 711dKOmice at all light intensities tested under sco-
topic (Fig. 4A) and photopic conditions (data not shown). To
ascertain that these mice indeed lack ERG b-waves, we com-
pared their responses with those from a naturally occurring
mutant strain called nob1 (18), within which the TRPM1 chan-
nels responsible for DBC light responses (10, 19) were recently
reported to bemissing at DBC dendritic tips (10, 20).We found
no differences when we superimposed the ERG response of
nob1 (18) with that of 711dKO mice (data not shown).
Together, we conclude that removing RGS7 and RGS11 com-
pletely abolishes light responses of retinal DBCs, akin to the
defects found in G�5�/� (5) and other mice lacking ERG
b-waves.
711dKO Mice Have OPL Morphological Defects—Because

G�5�/� mice display DBC dendritic arborization defects that
could be detected by immunohistochemisty, 711dKO retinal
sections were further examined by double labeling for PKC�
and CtBP2, which mark rod bipolar cells and synaptic ribbons,
respectively. As shown in Fig. 4B, the dendrites of 711dKO

FIGURE 1. RGS7�/� mice have a lower body weight. A, partial map of the
mouse RGS7 gene, targeted exons, and the targeting construct containing
negative and positive selection markers in DTA and NEO, respectively. Upon
homologous recombination, exons 6 – 8 are replaced with the NEO marker,
whereas the DTA markers are concurrently lost. Restriction enzyme sites in
parentheses are present in the backbone pDND7-F vector and were intro-
duced by PCR during the amplification of homology arms. B and C, Western
blotting analysis of protein extracts derived from retina (20 �g, B) and cere-
bellum (10 �g, C) in littermate wild-type (�/�), heterozygous (�/�), and
homozygous (�/�) RGS7 knock-out mice using anti-RGS6/7 (H-190, 1:2,000)
antibody indicates the complete loss of RGS7 in RGS7�/� mice. Anti-GAPDH
(1:50,000) serves as loading control. Asterisk denotes RGS6 signal picked up by
the H-190 antibody. D, weights of RGS7�/� (WT, n � 4), RGS7�/� (HET, n � 6),
and RGS7�/� (KO, n � 4) mice recorded from P1 to P23 at 2-day intervals,
showing that KO mice have an early noticeable smaller body weight (p � 0.01,
P3–P23) compared with those of WT and HET littermates.
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DBCs appear stunted compared with those ofWT controls. To
quantify the extent of OPL structural defect, transmission elec-
tron microscopy was performed, and the percentage of rod
spherules with ribbons and triads at the OPL of adult 711dKO
and WT control mice were compared. Adult 711dKO mice
have �15% triads per spherule compared with 	33% in age-
matched WT controls (Fig. 4D). The percentage of spherules
with ribbons is also noted to be lower in 711dKO mice,
although not as pronounced as that in synaptic triads (�61%
control versus�47% 711dKO; Fig. 4E). These data indicate that
the requirement of G�5S expression for normal OPL develop-
ment is not mediated by other RGS proteins, but exclusively by
RGS7 and RGS11.
G�5S Does Not Have Non-R7 RGS Protein Partner in

Retina—With a true RGS7�/� mouse line at hand, we per-
formed additional mating with RGS6�/� and RGS11�/� mice
to generate different permutations of R7 RGS KO mice to

FIGURE 2. RGS7�/� mice exhibit an age-dependent delayed ERG b-wave implicit time as well as loss of G�5S protein in the retina. A, ERG b-wave implicit
time, measured as the time difference between flash onset and the time b-wave is at its peak, was significantly delayed (*, p � 0.01) after eye opening at P16
in RGS7�/� mice (KO, n � 8) compared with WT littermate controls (n � 8). At P30, the KO (n � 6) implicit time delay was improved compared with WT (n � 6),
showing a slight trend, but this delay was no longer statistically significant. At 2 months of age (2mth), the b-wave implicit time of KO (n � 8) mice is
indistinguishable from that of WT animals (n � 6). Error bars are S.E. B, representative ERG traces from WT (black) and KO (gray) animals at P16 are shown with
flash intensity indicated at left in unit of log cd s m�2. C and D, G�5S protein level in the retina was decreased in adult RGS7�/� mouse at P30. C, representative
immunoblot shows the level of G�5S from two WT and two RGS7�/� mice retinal protein extracts (20 �g) using anti-G�5 (CT215, 1:2,000) and anti-GAPDH
(1:50,000) antibodies. D, quantification of G�5S protein level, normalized to GAPDH signals, shows a significant 27 � 7% reduction in the RGS7�/� (n � 6) versus
WT (n � 4) mice (*, p � 0.01). Error bars are S.E.

FIGURE 3. Absence of G�5 immunoreactivity in mGluR6-containing
puncta in retinas of 711dKO mice. Retinal sections from WT control and
711dKO (DKO) mice stained for metabotropic glutamate receptor 6 (mGluR6,
1:200) and G�5 (CT215, 1:250) demonstrate superimposed signals in the WT
but absence of G�5 signal in the DKO. Scale bar, 10 �m.
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determine the extent at which G�5S expression is sustained by
individual R7 RGS proteins in the retina. In RGS6 and RGS7
double KO (67dKO) mice, the level of G�5S in the retina, pre-
sumably stabilized by RGS11, is drastically reduced to �5% of
control (Fig. 5). Similarly, in RGS6 and RGS11 double KO

(611dKO) mice, the level of G�5S, presumably stabilized by
RGS7, is decreased to �35% of control (Fig. 5). In the 711dKO
retina, the level of G�5S, presumably sustained by interaction
with RGS6, is �60% of control (Fig. 5), demonstrating that
RGS6 alone sustains more than half of G�5S expression in the

FIGURE 4. RGS7 and RGS11 dKO mice have no ERG b-waves and contain ultrastructural defects in the retinal OPL. A, representative scotopic ERG
responses from 2-month-old WT control and 711dKO (DKO) mice with flash intensity indicated at left in units of log cd s m�2. B, immunohistochemical staining
of control and DKO retinal sections for CtBP2 (1:2,000, white) and PKC� (1:100,000, red) demonstrating reduction in rod bipolar cell dendritic arborization. BV,
blood vessel. Scale bar, 5 �m. C, representative transmission electron microscopic images of the OPL from control and DKO mice. Scale bar, 2 �m. RS, rod
spherule. Asterisk denotes abnormal structure. D and E, percentage of rod spherules with normal synaptic triads (D) and ribbons (E) in the DKO (n � 4, 80 images)
versus control (n � 3, 65 images) retinas (*, p � 0.01). Error bars are S.D.
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mouse retina. To explore further whether G�5S may interact
with and be stabilized by a non-R7 RGS protein partner, we
generated RGS6, RGS7, and RGS11 tKO mice and found in
their retinas that G�5S was undetectable, whereas the level of
the photoreceptor-specific G�5L, stabilized by RGS9-1 (Fig. 5),
remained unchanged.

DISCUSSION

Among the pleiotropic phenotypes of G�5�/� mice, the eas-
iest one to be noticed is its smaller size (2). Because all R7 RGS
proteins are down-regulated inG�5�/� mice (2), it was unclear
whether the individual or combined loss of R7 RGS proteins is
responsible for this defect. The weight of individual knock-out
mice of RGS6 (14), RGS9 (21), and RGS11 (7, 8, 14) appears
normal. In the hypomorphic RGS7 mutant mouse studied pre-
viously (7, 8, 14), there was no weight abnormality, either.
These findings imply the combined loss of different R7 RGS
proteins to be the cause. However, we found in this study a
lower body weight similar to that of G�5�/� mice in a true
RGS7-null mouse (Fig. 1D). This suggests that the loss of RGS7
in the G�5�/� mouse is responsible for the weight phenotype.
The conclusion is further supported by the observation that
611dKO mice have normal weight profile (data not shown).
Whereas some of the G�5�/� phenotypes have been shown to
be mediated by individual loss of a specific R7 RGS protein, e.g.
RGS9-1 in phototransduction (21) and perhaps RGS11 in ERG
b-wave implicit time (7, 8, 22), the finding that RGS7 loss is
behind this systemic defect is significant and novel. This true
RGS7�/� mouse line will thus be useful to elucidate the actions
of G�5 and R7 RGS proteins in vivo further.
ERG recordings of RGS7�/� mice revealed a delay in the

b-wave implicit time that could be detected immediately after

eye opening. However, the delay became less pronounced and
diminished with aging of mice. RGS7 protein is detectable by
Western blotting in the retina as early as P1, whereas RGS11
protein becomes detectable at around P10 (data not shown).
The disappearance of the ERG b-wave phenotype in RGS7�/�

mice may be the result of compensatory RGS11 expression.
However, we found no significant increase of RGS11 level in
adult RGS7�/� mouse retinas. This is in contrast to what was
reported for RGS11�/�mice, inwhichG�5S level is unchanged
but RGS7 level is significantly up-regulated (7). With the nota-
ble difference in the specific drop of G�5S and no change in
RGS11 levels in RGS7�/� mice, this suggests that RGS6 may
not be up-regulated, either.We have checked for RGS6 expres-
sion in retinal extracts of RGS7�/� mice and confirmed this
speculation. Thus, overexpression of RGS6 andRGS11does not
occur when RGS7 is knocked out in the retina, suggesting that
these R7 RGS proteins may have uniquely important functions
in some retinal cell types. In DBCs, the failure of RGS11 to
compensate may be attributable to its dependence on R9AP for
expression (22, 23). Because the R9AP level determines the
overall amount of RGS9-1/G�5L in rods (24) it may similarly
limit the up-regulation of RGS11/G�5S level in RGS7�/�

DBCs. In the 711dKO mouse retina, G�5S protein level is
reduced to �60% of WT level, suggesting that the majority of
retinalG�5S is stabilized solely byRGS6.Although the function
of RGS6 has not been determined in the retina, the dramatic
loss of ERG b-waves in 711dKO mice does indicate that RGS6
may only play a minor role, if any, in DBC dendritic light
responses. To determine further whether G�5S can be stabi-
lized in vivo in the absence of R7 RGS proteins, we generated
and characterized RGS6, RGS7, and RGS11 tKO mice and
foundunaltered level ofG�5L but undetectable level ofG�5S in
the retina (Fig. 5). Despite the demonstration that G�5 forms a
complex with and function through conventional G� subunits
(6, 13), our data eliminate the possibility in the retina and likely
in the entire nervous system that G�5S can be stabilized by
other protein partners and therefore firmly establishes the
exclusivity of the long eluded in vivo obligate partnership
between G�5 and R7 RGS proteins (2).

RGS7 and RGS11 are the two known R7 RGS proteins pres-
ent in DBC dendrites (7, 8, 25). Our data that G�5S is undetect-
able and that ERG b-wave is missing in the OPL of 711dKO
mice not only support this notion but also indicate that concur-
rent loss of RGS7 and RGS11 is responsible for compromised
DBC structure in G�5�/� mice and that other RGS proteins
previously implicated in DBC function may be dispensable.
With some questions resolved, new ones emerge: how does the
loss of GTPase-accelerating proteins affect DBC development
and function? How general is this finding? Given that G�5�/�

mice have many interesting CNS phenotypes (26) and that all
individual R7 RGS knock-out mice are now available, these
questions may be systematically examined under different
physiological contexts. Unfortunately, the OPL morphological
defects observed in adult 711dKO mice still preclude a clear
determination of the exact role of RGS7 and RGS11 in the
mGluR6/G�o/TRPM1 signaling pathway that mediates DBC
light responses. Thus, the extent to which the missing b-wave
phenotype may result from deregulation of this pathway or

FIGURE 5. G�5S protein is undetectable in the RGS6, RGS7, and RGS11
tKO mouse retina. A, representative immunoblot showing the level of G�5L
and G�5S from WT CTRL, 67dKO, 611dKO, 711dKO, and tKO mouse retinal
extracts (15 �g) using anti-G�5 (CT215, 1:2,000) and anti-GAPDH (1:50,000)
antibodies. B, quantification of G�5L and G�5S levels, normalized to GAPDH
signal. Retinal G�5L protein levels do not differ across the various genotypes.
However, 67dKO contains �5% of normal G�5S protein level (n � 3), 611dKO
contains �35% of normal G�5S protein level (n � 3), 711dKO contains �60%
of normal G�5S protein level (n � 3), and tKO has undetectable G�5S protein
level (n � 3). Error bars are S.E.
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from the developmental OPL abnormality remains to be deter-
mined unequivocally. Individual DBC responses to exogenous
glutamate and/or mGluR6 antagonist may provide further
insight to this particular question (27, 28).
Whereas the roles of transducin and RGS9-1 in phototrans-

duction arewell established (29–31), we have little understand-
ing of how similar but distinct set of G protein-related mole-
cules located a mere synapse away in the DBC subserve
vertebrate vision. Future investigationswill greatly benefit from
having new mouse models, such as a conditional G�5 knock-
outmouse and/or amouse line allowing inducible expression of
G�o with prolonged activity in DBCs at different stages of ret-
inal development.
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