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Regulator of G Protein Signaling 6 (RGS6) Protein Ensures
Coordination of Motor Movement by Modulating GABAg

Receptor Signaling™
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Background: GABAR signaling blocks neuronal firing ensuring appropriate cerebellar cortex output.

Results: Loss of RGS6 results in ataxia rescued by a GABAgR antagonist and enhanced GABARR-GIRK current in neurons.
Conclusion: RGS6 is an essential component of GABA signaling in cerebellum and required for motor coordination.
Significance: RGS6 dysregulation could result in cerebellar ataxia, and thus, it might represent a novel target for pharmacolog-

ical intervention.

v-Aminobutyric acid (GABA) release from inhibitory
interneurons located within the cerebellar cortex limits the
extent of neuronal excitation in part through activation of
metabotropic GABAj receptors. Stimulation of these receptors
triggers a number of downstream signaling events, including
activation of GIRK channels by the GBy dimer resulting in
membrane hyperpolarization and inhibition of neurotransmit-
ter release from presynaptic sites. Here, we identify RGS6, a
member of the R7 subfamily of RGS proteins, as a key regulator
of GABAgR signaling in cerebellum. RGS6 is enriched in the
granule cell layer of the cerebellum along with neuronal GIRK
channel subunits 1 and 2 where RGS6 forms a complex with
known binding partners G3; and R7BP. Mice lacking RGS6
exhibit abnormal gait and ataxia characterized by impaired
rotarod performance improved by treatment with a GABARR
antagonist. RGS6~/~ mice administered baclofen also showed
exaggerated motor coordination deficits compared with their
wild-type counterparts. Isolated cerebellar neurons natively
expressed RGS6, GABAR, and GIRK channel subunits, and
cerebellar granule neurons from RGS6 '~ mice showed a signif-
icant delay in the deactivation kinetics of baclofen-induced
GIRK channel currents. These results establish RGS6 as a key
component of GABAgR signaling and represent the first dem-
onstration of an essential role for modulatory actions of RGS
proteins in adult cerebellum. Dysregulation of RGS6 expression
in human patients could potentially contribute to loss of motor
coordination and, thus, pharmacological manipulation of RGS6
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levels might represent a viable means to treat patients with atax-
ias of cerebellar origin.

The cerebellum is an important modulatory neuronal circuit
that processes diverse motor information to ensure proper
coordination of movement. Two distinct afferent pathways
originating from multiple regions of the central nervous system
converge on the neurons of the cerebellar cortex. The mossy
fibers provide excitatory input to the cerebellar granule neu-
rons (CGNs),* which subsequently provide excitatory input
through their parallel fibers to Purkinje neurons, while the
climbing fibers form direct excitatory synapses with the well
differentiated dendritic arbors of Purkinje neurons in the
molecular layer (1). The net effect of cerebellar cortex excita-
tion is the release of the inhibitory neurotransmitter GABA
onto the deep cerebellar nuclei, the sites of synaptic integration
of motor signals from the motor cortex, and other regions of the
central and peripheral nervous system. Both input elements to
the cerebellar cortex also activate a number of inhibitory
interneurons that limit the extent of granule and Purkinje cell
excitation.

GABA release from inhibitory interneurons located within
the cerebellar cortex represents an important feed-forward and
feedback inhibitory circuit that modulates neuronal excitation
and subsequent neurotransmitter release (2). GABA release
activates two distinct channel types: ionotropic GABA , recep-
tors and metabotropic GABAj receptors (GABARs). Activa-
tion of GABA, receptors results in fast chloride influx and
membrane hyperpolarization. GABAgRs influence neuronal
excitability by promoting activation of Ge;,, proteins in
response to GABA binding. Proper regulation of GABA-asso-
ciated signaling is critical to proper cerebellar function as loss of

“The abbreviations used are: CGN, cerebellar granule neuron; DEP/DHEX,
Dishevelled, Egl-10 and Pleckstrin homology domain; GABA, y-aminobu-
tyric acid; GABAgR, metabotropic GABA receptor; GAP, GTPase-accelerat-
ing protein; GGL, Gy subunit-like domain; GIRK, G protein-activated
inwardly rectifying potassium channel; GPCR, G protein-coupled receptor;
KO, knockout; RGS, regulator of G protein signaling; RGS6, regulator of G
protein signaling 6; R7BP, R7 family RGS binding protein.
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GABA transporter 1 results in cerebellar ataxia characterized
by impaired rotarod performance and gait abnormalities due to
prolongation of GABA half-life at the synapse (3).

The functional GABARR is unique in that it exists as a het-
erodimer of the R1 and R2 subunits responsible for agonist
binding as well as membrane trafficking and coupling to G pro-
teins, respectively (4). GBy released from GABAR-activated
Ga;,,, proteins can facilitate either opening of G protein-acti-
vated inwardly rectifying K™ (GIRK) channels leading to potas-
sium efflux or inhibition of P/Q- and N-type voltage-gated cal-
cium channels in both cases leading to blockade of neuronal
firing and neurotransmitter release (4—8). Loss of GABAgZR-
activated GIRK2 currents has been observed in CGNss isolated
from the weaver mouse model of cerebellar ataxia, highlighting
the importance of GABALR-GIRK channel activation in cere-
bellum (7). Indeed, mice lacking neuronal GIRK channel sub-
units 1 and 2 are resistant to the ataxic effects of baclofen, a
GABAGR agonist (9).

Regulators of G protein signaling (RGS) proteins are essential
components of the G protein-coupled receptor (GPCR)-G pro-
tein-GIRK channel signaling pathway required for recapitula-
tion of native channel gating kinetics in heterologous systems
(10). By stabilizing the transition state between the GTP- and
GDP-bound forms of the Ga subunit, RGS proteins accelerate
GTP hydrolysis and terminate the downstream signaling activ-
ity of both the a and By subunits of the heterotrimeric G pro-
tein complex. In this way, RGS proteins determine the magni-
tude and duration of the cellular response to GPCR stimulation
(11, 12). RGS proteins are known to modulate GPCR pathways
involving GIRK channel activation. In particular, loss of
RGS9 -2 results in deficits in motor coordination and working
memory (13) due to its essential role in accelerating the termi-
nation of dopamine D, receptor-mediated activation of GIRK
channels (14 -16). RGS2 is known to play a similar role in dop-
aminergic neurons of the ventral tegmental area where it con-
tributes to low GABA;-GIRK signaling sensitivity (17). Despite
the fact that RGS proteins have been shown to modulate
numerous neuronal signaling pathways in the cerebrum and
peripheral nervous system, little is known about the role they
play in cerebellar function and the coordinated control of
motor movement. Here, we provide the first interrogation of
the functional role of a specific RGS protein in adult
cerebellum.

RGS6 is a member of the R7 subfamily of RGS proteins,
which are characterized by a distinct three-domain structure.
Their function as GTPase-accelerating proteins (GAPs) for
Gay,, is conferred by the semi-conserved RGS domain common
to all RGS proteins. Two additional domains unique to R7 fam-
ily members, the GGL (Gvy subunit-like) domain and DEP/
DHEX domain, allow for complex formation between RGS6
and the accessory proteins GB35 and R7BP, respectively. Binding
to G35 results in stabilization of both proteins, whereas binding
to R7BP is thought to primarily control the subcellular localiza-
tion of R7 family members (18). R7 family RGS proteins have
been implicated in controlling motor movement, because
GBs~ '~ mice, which lack functional expression of all R7 family
members (19), exhibit an ataxic phenotype likely due to abnor-
mal cerebellar development (20, 21). Our recent studies have
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identified RGS6, which is highly expressed in the atria and sino-
atrial node, as an essential modulator of parasympathetic stim-
ulation of the heart. In cardiac tissue RGS6 acts to limit GBvy-
mediated activation of cardiac GIRK channels by acetylcholine
stimulation of muscarinic M2 receptors, thus attenuating [ x .1,
current and effectively preventing parasympathetic override
and severe bradycardia (22). Here, we show enriched expres-
sion of RGS6 in the granule cell layer of mouse cerebellum
along with neuronal GIRK channel subunits 1 and 2. Based on
its role in regulating cardiac GIRK channels, we hypothesized
that RGS6 may function to terminate GIRK channel activation
by GABARRs in CGNss to limit the extent of neuronal inhibition
and ensure appropriate signal output from the cerebellar cor-
tex. In fact, hippocampal neurons isolated from GB;~/~ mice,
which lack functional expression of all R7 RGS proteins, includ-
ing RGS6 (19), exhibit aloss of rapid GIRK channel deactivation
in response to GABARR stimulation (23). Changes in GABAZR
signaling in cerebellum could exert profound effects on motor
coordination and movement.

EXPERIMENTAL PROCEDURES

Materials—GIRK1 and GIRK2 antibodies were from Alo-
mone Laboratories (Israel)), GABAZR2 and Kv4.2 antibodies
were from the University of California Davis/National Insti-
tutes of Health NeuroMab Facility, Davis, CA, and R7BP
(W-16) and Gay5 antibodies were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). GB35 and RGS7 antibodies were provided
by Dr. Jason Chen (Virginia Commonwealth). Baclofen and
actin antibodies were from Sigma, SCH-50911 was from Tocris
Biosciences, Supersignal® West Pico chemiluminescent sub-
strate was from Thermo Scientific, and nitrocellulose mem-
brane was from Bio-Rad.

Mice—RGS6 '~ mice were generated as described recently
(22). Experiments were performed using age-matched (3-4
months old) wild-type (WT) and RGS6 /" mice. Experiments
were performed in agreement with the Guide for the Use and
Care of Laboratory Animals.

CGN Isolation—CGNs were isolated from cerebella of 4- to
6-day-old WT and RGS6 /™ pups using the Papain Dissocia-
tion System (Worthington Biochemical Corp.) according to the
manufacturer’s protocol. Greater than 90% of the isolated
CGNs stained positive for Kv4.2, which is expressed only in
neurons in the granule cell layer of the cerebellum (see Fig. 1C).

Immunohistochemistry—Formaldehyde (4%)-perfused fro-
zen brain sections and CGNs (grown on coverslips) from WT
and RGS6~/~ mice were processed to examine protein expres-
sion and localization. Briefly, cryosections were washed in PBS,
blocked with 5% BSA, and incubated overnight at 4 °C with and
without (control) anti-RGS6 rabbit polyclonal antibody (devel-
oped in our laboratory) or other antibodies. Following washing
four times in PBS (10 min each), sections were incubated for 1 h
at room temperature with Alexa Fluor® secondary antibodies
(Invitrogen). Sections were visualized using epifluorescence
microscopy as we described previously (22).

Electrophysiological Measurements of GIRK Currents in
CGNs—Whole cell, patch clamp recordings were performed in
CGNs from WT and RGS6 /™ mice. CGNs were bathed in 500
nM tetrodotoxin-containing extracellular buffer composed of
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FIGURE 1. Expression of RGS6 in mouse cerebellum. A,immunohistochemical

RGS67

| WT
| [RGS6*-

==
—

staining of RGS6 in cerebellar sections (5 wm) from WT and RGS6 /'~ mice (scale

bar = 100 um; white boxes, regions shown in enlarged images). B, RGS6 and G protein expression in cerebellum of WT, RGS6*/~, and RGS6 ™/~ mice.
C, co-immunostaining of RGS6 and Kv4.2 in WT and RGS6~/~ mice confirmed CGN-specific localization of RGS6 in cerebellum (scale bar = 100 um; white boxes,

regions shown in enlarged merged images).

(mm) 120 NaCl, 20 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 10
glucose, pH 7.4. The intracellular/pipette buffer contained
(mm) 120 KCI, 20 NaCl, 1 CaCl,, 1 MgCl,, 10 EGTA, 10 HEPES,
3 Mg-ATP, and 0.3 Na-GTP, pH 7.4. GIRK currents were
recorded with the application of 200 nm baclofen for 30 -35 s at
a holding potential of —90 mV using an Axopatch 200B ampli-
fier, connected to a Digidata 1440A digitizer, with pClamp10
acquisition software (Molecular Devices). Current recordings
(n = 8-10) were analyzed for current density, activation/deac-
tivation time constants, and desensitization, as described ear-
lier (22), using Clampfit and Origin 7 software.

Co-immunoprecipitation—Mouse cerebras and cerebella
were harvested and lysed separately in RIPA buffer. Lysates
containing 1 mg of protein were pre-cleared at 4 °C for 1.5 h, by
incubating with 10 ul of Protein A/G-agarose beads (Santa
Cruz Biotechnology) and 0.4 ug of rabbit anti-FLAG IgG
(Sigma). Cleared lysates were then incubated at 4 °C for 1.5 h
with 2 ug of antibody against RGS6, followed by an additional
overnight incubation with 20 ul of Protein A/G-agarose beads
at 4 °C. At the end of the incubation, beads were collected by
centrifugation at 1000 X g for 5 min at 4 °C, and washed three
times with lysis buffer. After the final wash, immunoprecipi-
tates were eluted from the beads with 30 ul of 1.5X SDS-PAGE
sample buffer by heating the tube at 95 °C for 10 min. Resultant
proteins were subjected to SDS-PAGE followed by transfer to
nitrocellulose membranes and visualized using appropriate pri-
mary antibodies and Protein A-HRP conjugates (Abcam, Cam-
bridge, MA).

GIRK1 was immunoprecipitated from the membrane frac-
tion of lysed hippocampi, cerebella, and cerebra isolated from
WT and RGS6 '~ mice according to a previously published
protocol (23). Resultant protein complexes were subjected to
SDS-PAGE followed by transfer to nitrocellulose membranes
and visualized using appropriate primary antibodies and Pro-
tein A-HRP conjugates.

Immunoblotting—Immunoblotting was performed either
utilizing HRP-conjugated anti-rabbit protein A (Abcam) or
anti-mouse secondary antibody (Millipore, Bedford, MA) and
chemiluminescent substrate as previously described (24) or
labeled secondary antibodies and the Odyssey Infrared Imaging
System (LI-COR Biotechnology, Lincoln, NE).

Rotarod Performance Tests—WT and RGS6™ '~ mice (14
weeks old, = 9 each) were tested on a motorized rotarod
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apparatus (Columbus Instruments). Mice were placed on the
roller, and the time they remained on it during rotation was
measured. Tests were performed at fixed speeds of 5, 10, or 15
rpm with acceleration (3 rpm/s) from 5 rpm. A maximum of
120 s was allowed per mouse for fixed speed tests. In subsequent
experiments, WT and RGS6~/~ mice (15 weeks old, # = 9 each)
were injected with baclofen (10 mg/kg, subcutaneously) or
SCH-50911 (30 mg/kg, intraperitoneally) prior to rotarod
testing.

Gait Analysis—WT and RGS6 '~ mice (14 weeks old, n = 8
each) were tested using the DigiGait™ Imaging System
(Mouse Specifics Inc., Boston, MA). This system uses video
capture of the paws of the mice during treadmill locomotion
(belt speed = 35 cm/s). The DigiGait™ software is used to
determine when individual paws are in contact with the tread-
mill and to calculate standard gait parameters.

Statistical Analysis—Data were analyzed by using Student’s ¢
test and one-way analysis of variance. Results were considered
significantly different at p < 0.05. Values are expressed as
means * S.E.

RESULTS

Cerebellar Expression of RGS6—Our laboratory first cloned
RGS6 in 1998 (GenBank™ accession no. AF073920) and later
described the existence of complex alternative splicing of RGS6
in brain (25). Immunohistochemistry of whole mouse brain
sections using an antibody that recognizes all splice forms of
RGS6 showed robust expression of RGS6 in cerebellum that is
absent in RGS6~/~ mice (Fig. 14). RGS6 expression is most
prominent in the cerebellar granule layer, which was confirmed
by co-immunostaining with a specific antibody against the
Kv4.2 channel protein, which is strictly localized to CGNs (Fig.
1C). Western blotting of tissue lysates from cerebella of WT
mice revealed the existence of multiple RGS6 isoforms whose
expression was decreased in heterozygous mice and completely
lost in the RGS6 /"~ animals indicating a gene dosage effect in
these tissues (Fig. 1B). The requisite RGS6 binding partner G
was also expressed in cerebellum with no significant decrease in
expression seen in mice lacking RGS6 (Fig. 1B).

Loss of RGS6 Results in Cerebellar Ataxia and Gait
Abnormalities—Due to its high expression level in cerebellum,
we hypothesized that loss of RGS6-mediated inhibition of cer-
ebellar GPCRs might perturb cerebellar neurotransmission.
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Cerebellar dysfunction manifests phenotypically as impaired
performance on the rotating rod (rotarod) (26), a classic test for
motor coordination in rodent models, with occasional gait
abnormalities (27-30). Gross examination of the carriage of
RGS6~/~ mice on the rotarod revealed both a lowered stance
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and hip position compared with their WT counterparts (Fig.
2A4).RGS6 ™'~ mice also showed a reduced ability to remain on
the rotarod at both fixed speed (15 rpm) and when the rod was
accelerating (Fig. 2, B and C). These data indicate that loss of
RGS6 results in ataxia.

We next utilized a digital gait analysis system (DigiGait
that is capable of quantitatively measuring numerous parame-
ters in ambulatory animals to detect subtle changes in gait
resulting from pharmacological or genetic manipulation with-
out the confounding effects of inconsistencies in mouse walk-
ing speed (31). Gait analysis of mice of both genotypes revealed
that RGS6 ™/~ mice exhibited a number of differences in fore-
limb gait parameters. An example data curve with parameter
descriptions can be found in Fig. 3A. Although mice of the two
genotypes showed no change in total stride time or length (sup-
plemental Table S1), the percent time spent in the swing phase
(paw in air) decreased in RGS6 '~ mice with a corresponding
increase in the stance phase (time of paw contact with surface)

TM)

1204 Fixed speed ) (Fig. 3B). There was also a significant increase in the ratio of
604Accelerating  stance time to swing time in RGS6 /™ animals (Fig. 3D) likely

0 1004 C_wr Cwrt due, in part, to a decrease in total swing time (supplemental
T 80- I RGS6™ 45\ RGS6™ Table S1). The stance interval is composed of both the brake (time
E 60 P when animal is decelerating) and propulsion (time required for
o " & 30 ﬂ force generation) phases, which decreased and increased in
S 404 /—‘ s RGS6 '~ animals, respectively (Fig. 3C). The propulsion, but not
g 154 brake phase of total stride time (Fig. 3B) as well as the total propul-
‘% 20- ’_'-h sion time (supplemental Table S1) also increased in mice lacking
0 0 RGS6. RGS6~ '~ animals also exhibited decreases in stance width
5rpm 10rpm 15rpm variability (supplemental Table S1). None of these parameters

FIGURE 2. Altered motor function phenotype of RGS6 '~ mice. Mice lack-
ing RGS6 exhibit (A) lower hip position, flattened stance, and impaired ability
to stay on the rotarod at (B) fixed speed and (C) during acceleration from 5
rpm compared with their WT counterparts (n = 9). Data are presented as
mean * S.E*, p <0.05; **, p < 0.01 versus WT.

differed for hind limb tracings (Fig. 3, E and F), but RGS6~ '~
animals did exhibit increased hind limb stance width (Fig. 3G).
Other measured gait parameters did not differ significantly
between WT and RGS6 /" mice (supplemental Table S1).
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FIGURE 3. Gait abnormalities of RGS6 '~ mice. A, example trace from DigiGait™ system with mouse gait indices indicated. Mice lacking RGS6 exhibit
alterations in forelimb gait parameters including: B, an increase in the percentage of total stride time spent in the propel and stance phases with a correspond-
ing decrease in swing time; C, an increase in percentage of total stance time spent in the propel phase with a corresponding decrease in braking; and D, an
increase in the ratio of stance time to swing time (p values indicated on graph). E, percent stride time spent in each phase did not differ for hind limb nor did
(F) percent stance time spent in braking and propulsion phases. G,RGS6 ~/~ mice exhibit an increase in hind limb stance width. Data are presented as mean =
S.E.(n = 8 each WT and RGS6 /™ mice). p values are indicated on the graph.
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FIGURE 4.RGS6 modulates GABAgR signaling. WT and RGS6 '~ mice (n =9
each) were tested at fixed speed (A) and during acceleration from 5 rpm (B) on
the rotarod after administration of baclofen (10 mg/kg), a GABAGR agonist.
Administration of blood-brain barrier permeant GABAgR antagonist SCH-
50911 (30 mg/kg) partially rescued ataxic phenotype of RGS6™/~ mice on
rotarod at fixed speed (C) and completely rescued the phenotype during
acceleration from 5 rpm (D). Data are presented as mean = S.E. *, p < 0.05; **,
p < 0.01 versus WT.

These data indicate subtle alterations in the gait of mice lacking
RGS6, which could presumably contribute to their altered per-
formance on the rotarod.

RGS6 Modulates GABA Receptor Signaling—Based on the
robust expression of RGS6 in cerebellum and the critical role of
GABAjy receptors in controlling cerebellar function, we
hypothesized that RGS6 might function to terminate activation
of neuronal GABARs to limit the extent of neuronal inhibition
and ensure appropriate signal output from the cerebellar cor-
tex. If so, mice lacking RGS6 would be expected to exhibit a
phenotype of enhanced GABAR signaling.

In rodents, baclofen induces deficits in motor coordination
due to activation of neuronal GABA;Rs, which manifests as
impaired performance on the rotarod instrument (32). We
found that administration of baclofen resulted in an exagger-
ated ataxic phenotype in mice lacking RGS6. More specifically,
RGS6~/~ animals showed a reduced capacity to remain on the
rotarod both at a fixed speed and when the rod was accelerating
upon baclofen administration (Fig. 4, A and B) compared with
their WT counterparts, although drug administration to mice
of both genotypes caused a loss of performance when compared
with untreated animals (fixed speeds of 10 or 15 rpm, p < 0.001;
accelerating p < 0.05, p < 0.001 for WT and KO, respectively).
These results indicate that RGS6 is an essential modulator of
GABAR-signaling pathways controlling motor coordination.

We also hypothesized that potentiation of GABAR signal-
ing due to loss of RGS6-mediated inactivation of Ga might
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underlie the ataxic phenotype observed in our RGS6 ™/~ ani-
mals. To test this, we administered the brain permeant
GABAR antagonist SCH-50911 to mice of both genotypes at a
concentration known to prevent absence seizures in mouse
models (33). Blockade of GABAj receptors was able to com-
pletely reverse the deficits of RGS6 /™ mice on the accelerating
rotarod (Fig. 4D) and partially rescue the phenotype at fixed
speed (Fig. 4C) as measured by improved mouse performance
in treated (SCH-50911) versus untreated KO animals (fixed
speed, p < 0.01; accelerating p < 0.01). This dose of drug did
not affect the performance of wild-type animals. These results
suggest that the ataxia observed in mice lacking RGS6 occurs, at
least in part, through excessive GABAR signaling.

RGS6 Is Co-enriched with GIRK Channel Subunits in the
Granule Cell Layer—Simulation of GABARs in CGNs, where
RGS6 expression is enriched, is known to activate robust GIRK
current in isolated cells (7). Therefore, we hypothesized that
RGS6 might modulate GABA-GIRK signaling in CGNs.
Native GIRK channels in cerebellum appear to be composed
primarily of GIRK1 and GIRK2 complexes (34), a finding con-
sistent with the observed loss of GABAR-GIRK current in the
GIRK?2 mutant weaver mouse and GIRK2 ™/~ mouse (7) and the
reduced sensitivity of mice to the behavioral effects of GABA
agonists in GIRK 1/2 but not GIRK3-null animals (9). We first
confirmed that RGS6 loss in cerebellum did not alter the
expression levels of key components of the GABA;R-GIRK sig-
naling axis. We observed equivalent levels of GIRK1, GIRK?2,
GABAyR2, and Goy; in cerebellar lysates from WT and
RGS6~ '~ mice (Figs. 5A and 6A), and similar results were
observed in cerebrum (Figs. 54 and 6A). Genetic ablation of
RGS6 did not cause loss of expression of its binding partners
G5 or R7BP (Figs. 1B and 6A). The distribution of G, an
obligate RGS6 binding partner responsible for RGS6 protein
stability, completely mirrored the distribution of RGS6 expres-
sion in cerebellum with enrichment of both proteins in CGNs
(Fig. 5B). Interestingly, GIRK1/2 are co-enriched with RGS6
and Gf; in this cell population (Fig. 5B), suggesting RGS6 is
positioned to regulate GABA/GABAgR-mediated activation of
GIRK channels in these cells. Although less robust compared
with its expression in the molecular layer, expression of the R2
subunit of the GABAgR was also detectable in the cerebellar
granule cell layer (Fig. 5B).

RGS6 Forms a Complex with R7BP and Gfs but Not GIRK
Channels—Recently, it was discovered that RGS7, recruited by
Gp35, forms a direct complex with GIRK1 in the hippocampus to
mediate fast channel inactivation and coupling to the GABA,
receptor (23). This suggests that close association between
GIRK channel subunits and RGS proteins might be necessary
for proper regulation of channel activity. However, immuno-
precipitation of RGS6 from cerebellar and cerebral lysates
confirmed complex formation between RGS6 and its known
binding partners G35 and R7BP (35, 36), but not with GIRK1
or GIRK?2 (Fig. 6A), a finding consistent with what we had
previously shown in heart (22). We were also unable to reca-
pitulate the previously reported direct interaction between
GIRK1, RGS7, and Gf3; in immunoprecipitation experi-
ments from hippocampus, cerebellum, or cerebrum (Fig.
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FIGURE 5. Localization of RGS6 and different components of the GABAgR-
GIRK signaling axis in mouse cerebellum. A, genetic ablation of RGS6 does
not change expression of GABAgR2 or Ga;; in cerebellum or cerebrum by
Western blot. Actin serves as a loading control. B, co-immunostaining of RGS6
with GBs, GABAgR2, GIRK1, GIRK2, and in cerebellar sections (5 um) from WT
mice reveals expression of all proteins in cerebellar granule layer (scale bar =

100 wm; white boxes, regions shown in enlarged merged images; white arrows,
regions of granule cell specific protein enrichment).

6B). RGS6 was also not detectable in complex with GIRK1
(Fig. 6B) in these tissues.

CGNs Isolated from RGS6 /~ Mice Exhibit Delayed
GABAgR-mediated GIRK Channel Deactivation—Because we
have shown excessive GABA receptor signaling underlies the
ataxic phenotype of our RGS6 '~ animals, we sought to iden-
tify possible signaling cascades downstream of the GABA;R
regulated by RGS6 in cerebellum. CGNs are known to exhibit a
robust GIRK channel current coupled to GABA;Rs through
pertussis toxin-sensitive G proteins, which could be susceptible
to negative regulation by RGS6 (7). To test this hypothesis, we
isolated CGNs from WT and RGS6 /™ mice to perform elec-
trophysiological recordings of baclofen (a selective GABALR
agonist)-induced GIRK channel current.

Similar to what we observed in tissue sections, isolated CGNs
showed expression of RGS6 that was absent in cells isolated
from RGS6 ™/~ animals (Fig. 7A). Furthermore, these cells also
expressed GB;, GIRK1, GIRK2, and GABAZR2 (Fig. 7B).
Expression of RGS6 and Gf3; overlapped indicating, as evi-
denced by our co-immunoprecipitation experiments, that
these two proteins co-localize and likely form a complex within
CGNs. In addition, RGS6 exhibited co-localization with
GIRK1, GIRK2, and GABARR2 in these cells (Fig. 7B), a find-
ing consistent with previous reports of coupling between

SN

FEBRUARY 10, 2012 +VOLUME 287+NUMBER 7

RGS6 Modulates GABA Receptor Signaling

A. Cerebellum Cerebrum
N A
'd N\ N\
Input  IP:aRGS6 Input IP:aRGS6
WT KO WT KO WT KO WT KO
RCS6 = o | [ [l
GBS |wm w] e | -
R7BP [== == -y NS
GIRK1 :
GIRK2 [ S|

Actin [=—]

Hippocampus Cerebellum Cerebrum
A A A

Is N N N
Input  IP:aGIRK1 Input IP:aGIRK1 Input IP:aGIRK1

- <+ IgG

< IgG

o o |
g« 1gG

FIGURE 6. RGS6 complex formation in cerebellum and cerebrum. A, RGS6
co-immunoprecipitates with G35 and R7BP but not GIRK1 and GIRK2 in cere-
bellar and cerebral lysates. Actin serves as a loading control for Western blots.
Input represents total tissue lysates used for subsequent immunoprecipita-
tion. B, immunoprecipitation of GIRK1 from hippocampus, cerebrum, and
cerebellum fails to reveal complex formation between GIRK1 and RGS7, G,
or RGS6. Input represents blots from isolated membrane fractions used for
subsequent immunoprecipitation and Ge;; served as a loading control for
Western blots. NS = nonspecific immunoreactive band, IgG = immunoglob-
ulin heavy chain.

GABAgRs and functional GIRK channels in neurons (37) and
indicative that RGS6 is positioned within these cells to influ-
ence GBy-induced GIRK channel activity.

To investigate the functional consequences of RGS6 loss on
GABAR-mediated GIRK channel activity, baclofen-induced
inward K* currents were recorded under whole cell, voltage
clamp configuration in CGNs from mice of both genotypes. In
CGN s isolated from WT mice, baclofen application induced
rapid GIRK currents that exhibit slow desensitization over time
followed by a rapid deactivation upon removal of baclofen (Fig.
84). CGNs from RGS6 ™/~ mice, conversely, exhibited a signif-
icant reduction in the rate of deactivation of baclofen-induced
GIRK currents (Fig. 8, A and B) with no significant alteration in
the current density, extent of desensitization, and the time
course of activation (Fig. 8, A-D). These results indicate that
RGS6 is required for the normal gating kinetics of GABAZR-
induced GIRK current in CGNSs. It is well established that the
GAP activity of RGS proteins accelerates the rate of activation
and deactivation of GPCR activated GIRK current (38). Because
GIRK channel deactivation is rate-limiting for termination of
inhibitory postsynaptic currents, RGS proteins function to pre-
vent excessive membrane hyperpolarization and blockade of
neuronal firing. Thus, our results reiterate that RGS6, acting as
a GAP for Gq,,, effectively terminates GBy-mediated GIRK
current downstream of GABALR activation in isolated CGNs.

DISCUSSION

This work establishes RGS6 as a crucial modulator of neuro-
nal signaling necessary for coordinated motor movement.
RGS6 '~ mice exhibited gait and stance abnormalities and
impaired performance on the rotarod, the latter indicative of
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FIGURE 7. Native expression of RGS6, G35, GABAgR2, GIRK1, and GIRK2 in
isolated CGNs. A, RGS6 immunostaining is localized to the soma and neurites
of CGNs from WT mice and absent in RGS6~/~ mice. B, co-immunostaining of
RGS6 with GBs, GABAgR2, GIRK1, and GIRK2 in CGNs from WT mice (scale
bar = 100 wm; white arrows, regions of overlapping expression of RGS6 with
indicated protein).

ataxia due to cerebellar dysfunction. Mice lacking RGS6 exhibit
enhanced sensitization to the ataxic effects of baclofen, a selec-
tive agonist for GABAR. Indeed, inhibition of GABAR signal-
ing through administration of a selective GABA antagonist
can rescue the ataxic phenotype of our RGS6 ™/~ mice without
impacting the performance of wild-type animals. These results
suggest that RGS6 plays a critical role in suppressing GABAZR
signaling. Unsurprisingly, RGS6 is highly expressed in the cer-
ebellum, particularly in the granule cell layer. In isolated CGNss,
RGS6 functions to inactivate Gy, released from GABAyRs
and induce re-sequestration of GBvy and termination of down-
stream GIRK channel activation. This is the first evidence of a
functional role for an RGS protein in cerebellum.

GABA released from inhibitory interneurons located in the
cerebellar cortex controls the extent of neuronal excitation and
is essential for motor coordination (2). We show here that
RGS6 is required for rapid deactivation of GABAZR-mediated
GIRK current in isolated CGNs. Loss of rapid GIRK channel
deactivation would be expected to potentiate membrane hyper-
polarization resulting in prolonged inhibition of CGN excita-
tion. The net result is a loss of mossy fiber/CGN/parallel fiber-
mediated Purkinje cell excitation and reduced GABAergic
inhibition of the deep cerebellar nuclei, an imbalance known to
manifest phenotypically as an impaired coordination of motor
movement (39). Indeed, the 2-fold delay in GIRK channel deac-
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tivation seen here is consistent with that observed in cardiac
myocytes and hippocampal neurons lacking RGS protein-me-
diated regulation of M2 receptor and GABAzR-induced GIRK
currents, respectively (22, 23, 45). In each case, loss of RGS
protein expression leads to increased agonist sensitivity and
exaggeration of agonist-induced phenotypic changes. Thus, the
gait abnormalities and ataxic phenotype observed in RGS6 ™/~
mice could result from delayed deactivation of GABA R-GIRK
current in CGNs.

Ithas been shown, however, that granule cell inhibition in the
adult cerebellum is dominated by tonic GABA ,-mediated
responses without a reported GABA;-dependent component
(40). Thus, it remains to be determined whether the ataxic phe-
notype of our RGS6 /™ mice is uniquely determined by loss of
GABA;-mediated GIRK current deactivation in CGNs. GIRK
channels, which appear to be exclusively expressed in the gran-
ule cell layer of the cerebellum, have been implicated in cere-
bellar function as their mutation or loss results in the weaver
mouse ataxic phenotype (7) or loss of baclofen-induced rotarod
performance deficits (9), respectively. Activation of GABAg
receptors does block neurotransmitter release from inhibitory
Golgi cells in the granule cell layer (41) and inhibits Purkinje cell
firing even in the absence of a detectable change in membrane
potential (42). Therefore, we cannot exclude the possibility that
RGS6 regulates GPCR-signaling cascades not involving GIRK
channel activation (GBy-mediated inhibition of voltage-gated
calcium channels for example), functions in a different cerebel-
lar cell type, or acts at extracerebellar sites to control motor
behavior. Nevertheless, we have identified RGS6 as a key mod-
ulator of GABA; receptor signaling whose loss results in cere-
bellar ataxia.

In cerebellum, RGS6 forms a complex with known binding
partners GB5 and R7BP. R7BP is reversibly palmitoylated, tar-
geting itself and the associated R7 family member to the mem-
brane (43). Thus, it could function to localize RGS6 to the
plasma membrane to mediate fast deactivation of GABA,R sig-
naling. Similarly, G5 is known to stabilize and enhance the
activity of R7 family RGS proteins (19, 44) and would be
expected to enhance RGS6-dependent modulation of
GABAgRs. Indeed, loss of Gf3; is associated with enhanced
inhibition of locomotor activity in mice administered
baclofen (23), presumably due to loss of all R7 family mem-
bers. G5 knock-out mice also exhibit rotarod performance
deficits, although this likely results from the abnormal cerebel-
lar development identified in these animals (20, 21).

Neuronal GIRK channels 1 and 2 are enriched in CGNs
where they are known to mediate membrane hyperpolarization
in response to activation of GABAgRs in isolated CGNs (7, 8).
Despite the demonstration of Xie et al. that GB5 mediates
recruitment of RGS7 to form a complex with neuronal GIRK
channels, we did not observe direct coupling of RGS6 with
GIRK channels 1 or 2 despite co-precipitation of RGS6 and G35
in both cerebral and cerebellar homogenates. Immunoprecipi-
tation of GIRK1 from brain lysates using this previously pub-
lished protocol also failed to pull down RGS6, RGS7, and Gf3..
In heart, RGS6 also fails to directly bind GIRK1, although it
does interact with GIRK4, a subunit with which RGS7 fails to
associate, in a heterologous expression system (22, 23, 45).
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FIGURE 8. Loss of RGS6 potentiates GABAR-GIRK signaling in isolated CGNs. A, representative baclofen (200 nm)-induced whole cell GIRK current
recordings in isolated CGNs from WT and RGS6 /~ mice. GIRK currents from RGS6 '~ mice exhibit (B) a significant delay in the half-maximal deactivation but
not activation time constant (, ,) without any significant changes in the extent of desensitization (C) and current density (D) (WT,n = §; RGS6/~,n=10).Data

are presented as mean *S.E.; ¥, p < 0.05 versus WT.

These results indicate that, despite a previous report, we cannot
detect complex formation between neuronal GIRK channels
and R7 family RGS proteins in hippocampus, cerebellum, or
cerebrum, suggesting that this interaction is either transient or
of relatively low affinity if it occurs in vivo. The fact that RGS6
does not form a direct complex with neuronal GIRK chan-
nels does not imply, however, that it is not involved in GIRK
channel regulation. In fact, it is the GAP activity of RGS6
toward Ga that we believe is required for RGS6-mediated
inhibition of GIRK channel activation. We have shown that
RGS6 along with GIRK1, GIRK2, and GABAZR2 are uni-
formly localized throughout the soma and neurites, suggest-
ing that RGS6 is positioned within CGNs to modulate the
GABAR-GIRK channel-signaling axis despite the lack of its
direct binding to GIRK channels.

Maintenance of G5 expression in RGS6 '~ animals sug-
gests that other R7 family members are also expressed in cere-
bellum and, thus, able to stabilize G35 in the absence of RGS6.
The fact that loss of RGS6 alone results in deficits in motor
coordination and movement suggests that other R7 RGS family
members, although expressed in cerebellum, are unable to
compensate for loss of RGS6. In fact, R7 family members have
been implicated both in regulation of GABA receptor signal-
ing as well as motor coordination. Loss of G35, which results in
destabilization of all R7 family members, is associated with
increased sensitivity to baclofen-mediated inhibition of loco-
motor activity. Based on the critical role of RGS6 in inhibiting
baclofen-induced loss of motor coordination reported here,
loss of RGS6 expression may underlie this phenotype. R7BP ™/~
mice also exhibit impaired performance on the rotarod,
although this phenotype is primarily due to loss of striatal-spe-
cific expression of RGS9-2 (46). Thus, it appears R7 family
members differentially control GPCR signaling to influence
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motor behavior. Investigation into the motor phenotypes of
other R7 family-specific knockouts might provide additional
insight into how this group of G protein regulators contributes
to cerebellar function.

Numerous ataxias of cerebellar origin are caused by genetic
mutations, viral infections, toxins, autoimmune diseases or
traumatic injuries and often result from aberrations in neuronal
communication between the cerebellar cortex and its efferent
targets that are consequences of either neuronal degeneration
or alterations in neurotransmitter signaling and electrical con-
ductivity (for review see Ref. 47). Modulation of RGS6 levels
would be expected to affect the extent of GABA-mediated neu-
ronal inhibition and, thus, the extent of CGN and Purkinje cell
excitation, as well as the magnitude of inhibitory output to the
deep cerebellar nuclei, the motor cortex, and the periphery. Our
work underscores the critical role for GPCR signaling and the reg-
ulatory actions of RGS proteins in modulation of neurotransmitter
signaling in cerebellum. RGS6 is likely not the only RGS protein to
function in this neuronal circuitry, however. In fact, RGS8 has
been shown to be expressed in developing Purkinje cells of the
cerebellum, although its physiological significance remains
unclear (48, 49). The fact that loss of RGS6 has a significant con-
sequence on motor coordination underscores the need to investi-
gate the roles of RGS proteins in cerebellum and to examine their
possible participation in cerebellar pathologies. Indeed, alterations
in RGS6 expression or function could potentially contribute to
human cerebellar ataxias, and thus it might represent a novel tar-
get for pharmacological intervention.
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