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R

egulators of G protein signaling (RGS) are a diverse family
of proteins identified by the presence of a 120-aa domain
termed the RGS box. In cell lines or in purified in vitro assays,
most RGS proteins enhance the GTPase activity of heterotrimeric G protein ␣ subunits and thereby accelerate the deactivation of receptor-initiated second messenger responses. Many
RGS proteins also contain one or more putative protein–protein
interaction domains. These noncatalytic domains have been
suggested to regulate catalytic activity, signal transduction pathway specificity, and兾or subcellular targeting of RGS proteins.
One subfamily of RGS proteins (RGS6, -7, -9, and -11) all
share homologous DEP (Dishevelled, Egl-10, Pleckstrin), GGL
(G protein Gamma subunit Like), and RGS domains. The DEP
domain of the retinal isoform of RGS9 (RGS9-1) has been
shown to confer localization to a retinal membrane protein
termed R9AP, and this localization has been shown to be
necessary for proper RGS9-1 function in the retina (1). Several
investigators have demonstrated that the GGL domain interacts
with the G␤5 subunit (2–6). In vitro, G␤5 binding to RGS6, -7,
or -11 increases the GAP specificity of these RGS proteins for
G␣ (2, 3). In addition, G␤5 binding to either RGS7 or RGS9
enhances RGS-mediated acceleration of G protein gated inwardly rectifying K⫹ (Kir3) channel activation and deactivation
kinetics in an oocyte expression system. This enhancement may
result from G␤5-mediated increased stability of the RGS protein
or enhanced GAP activity (7).
Despite the functional similarities among RGS6, -7, -9, and -11
in heterologous expression systems or when analyzed in vitro,
each of these RGS proteins is likely to play a unique role in the
central nervous system because they are differentially localized
within the brain (8, 9). In contrast to the more ubiquitous
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localization of RGS6, -7, and -11, mRNA for the short splice
variant of RGS9 (RGS9-1) is localized primarily to the retina and
pineal (10, 11), whereas the long splice variant (RGS9-2) has
been identified primarily in the striatum, nucleus accumbens,
and olfactory tubercle with limited expression in the hypothalamus and amygdala (8, 12, 13). The dense and discrete expression of RGS9-2 within areas of the basal ganglia that are rich in
dopaminergic innervation and the unique domain of RGS9-2
found only in these regions suggest that RGS9-2 might play a role
in modulating dopaminergic receptor-mediated signaling cascades. Indeed, knockout and overexpression of RGS9-2 in mice
have recently been used to show that altering levels of RGS9-2
affects dopamine D2 receptor-mediated locomotor and rewarding responses to cocaine (14).
Here, we sought to study the in vivo role of RGS9-2 at the
cellular level in the striatum. Single-cell RT-PCR and immunoprecipitation techniques revealed that RGS9-2 is expressed both
in medium spiny neurons and large, cholinergic interneurons.
Although these interneurons represent only a small percentage
of all striatal neurons, they are a well characterized, homogenous
population that expresses both D2 dopamine and M2 muscarinic
receptors, both of which are potently coupled to Cav2.2 Ca2⫹
channels through a membrane-delimited G protein signaling
pathway (15, 16). On the other hand, medium spiny neurons are
heterogeneous with respect to their expression of dopamine
receptors and the linkage of these receptors to ion channels
(17–21). As a consequence, our initial efforts at characterizing
the role of RGS9-2 focused on D2兾M2 receptor signaling in
cholinergic interneurons. Through the introduction of various
RGS9 constructs through a patch pipette in these cells, we were
able to show that the RGS domain of RGS9-2 modulates the D2
receptor-mediated inhibition of Cav2.2 channels, and that this
modulation was blocked by the introduction of exogenous DEP–
GGL domains. This modulation was specific to D2 receptors,
because RGS9 did not modulate the M2 muscarinic receptor
linkage to Cav2.2 Ca2⫹ channels in the same cell.
Experimental Procedures
Cell Isolation. Striatal neurons from rats (⬎3 weeks old) were

acutely dissociated by using described methods (15).
Electrophysiology. Whole cell recordings from acutely isolated rat
striatal neurons were obtained as described (15).
Statistical Procedures. Data analysis was performed with SYSTAT

(Version 5.2, SPSS, Chicago). Sample statistics are given as
means ⫾ standard errors. Box plots were used for graphic
presentation of the data because of the small sample sizes.
Abbreviations: RGS, regulators of G protein signaling; NPA, R(⫺)-propylnorapomorphine.
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Regulator of G protein signaling (RGS) proteins negatively regulate
receptor-mediated second messenger responses by enhancing the
GTPase activity of G␣ subunits. We describe a receptor-specific role
for an RGS protein at the level of an individual brain neuron.
RGS9-2 and G␤5 mRNA and protein complexes were detected in
striatal cholinergic and ␥-aminobutyric acidergic neurons. Dialysis
of cholinergic neurons with RGS9 constructs enhanced basal Ca2ⴙ
channel currents and reduced D2 dopamine receptor modulation of
Cav2.2 channels. These constructs did not alter M2 muscarinic
receptor modulation of Cav2.2 currents in the same neuron. The
noncatalytic DEP-GGL domain of RGS9 antagonized endogenous
RGS9-2 activity, enhancing D2 receptor modulation of Ca2ⴙ currents. In vitro, RGS9 constructs accelerated GTPase activity, in
agreement with electrophysiological measurements, and did so
more effectively at Go than Gi. These results implicate RGS9-2 as a
specific regulator of dopamine receptor-mediated signaling in the
striatum and identify a role for GAP activity modulation by the
DEP-GGL domain.

Immunoblots. Adult Sprague–Dawley rats were decapitated,
and their brains placed quickly into ice-cold PBS. Cortical and
striatal tissues were dissected, flash frozen in liquid nitrogen, and
stored at ⫺70°C. Frozen tissue was resuspended in buffer A (50
mM Hepes, pH 7.5兾0.2 mM EGTA兾150 mM KCl兾1 mM DTT兾
0.5 mM PMSF兾10 mg/ml leupeptin兾10 mg/ml pepstatin兾10
mg/ml aprotinin) to a concentration of 100 mg wet weight per ml,
then homogenized three times for 10 s each by using an ESGE
BioHomogenizer. The samples were centrifuged in a Ti-70 rotor
at 30,000 rpm for 30 min at 4°C, and the supernatants were saved
as the cytosolic fraction of proteins. The pellet was resuspended
in 2 ml of buffer A兾1% sodium cholate, homogenized once, and
incubated for 10 min at 4°C while stirring. This sample was
centrifuged at 25,000 rpm for 45 min at 4°C. The supernatant
from this step represents the solubilized membrane fraction.
Concentrations were adjusted to 2.8 mg兾ml, and 200-l aliquots
were used for immunoprecipitation experiments. Two milliliters
of anti-Gb5 antiserum (CytoSignal) or 1 ml of anti-RGS9 sheep
antibody (generously provided by V. Arshavsky, Harvard Medical School, Boston) was added to extracts, followed by incubation at 4°C overnight. Twenty milliliters of a 50% slurry of
Protein G Sepharose resin was added followed by a 1-h incubation at 4°C while rotating. The resin was collected by centrifugation at 6,000 ⫻ g and washed four times with 100 ml of
homogenization buffer兾0.2% BSA. Immunoprecipitated proteins were solubilized in 15 l of 2⫻ Tris-Glycine SDS sample
buffer (Invitrogen), boiled for 5 min, and then resolved on a
10–20% Tris-Glycine SDS兾PAGE gel. Proteins were transferred
to a poly(vinylidene difluoride) membrane, and immunoblots for
RGS9 or G␤5 were performed and developed by using the
LumiGLO Chemiluminescent Substrate kit (Kirkegaard & Perry
Laboratories) and exposed to Kodak AR film.
Single-Cell RT-PCR. Protocols followed were similar to those de-

scribed in refs. 22 and 23. The thermal cycling program for
substance P, enkephalin, and choline acetyltransferase was 94°C for
45 s, 58°C for 45 s, and 72°C for 70 s for 45 cycles. Cycling
parameters for RGS9-2 and G␤5 were similar, except that the
annealing temperature was 54°C. Primers for substance P, enkephalin, and choline acetyltransferase have been described (23). Primers
for RGS9-2 were 5⬘-GCCCGCCTTCCCTTCCGCCAGGCTTTC-3⬘ and 5⬘-GTCCCTTGGAGGAATCGTCAAGT-3⬘.
Primers for G␤5 were 5⬘-GAGGGAGAAATCCACGCTTGA-3⬘
and 5⬘-CCAAGAAGAAGTCTGTCGCTATGC-3⬘.
GTPase Assay. Single turnover GTPase reactions were performed

by using G␣o or G␣i1 as the substrate as described (24).

Cloning and Expression of RGS9. The cloning and expression of the

core RGS9 domain has been described (25). RGS9d* encodes
residues 284 – 484 of bovine RGS9-1 containing mutations
I363T and Q330G. The DNA was amplified by PCR using
primers 5⬘-A A AGGATCCCTGGTGGACATCCCA ACCAAG-3⬘ (upstream) and 5⬘-TTTAAGCTTATTTGGGAGGCGGCTCTTTTC-3⬘ (downstream), digested with BamHI and
HindIII and ligated into the PQE30 vector (Qiagen, Valencia,
CA) (restriction sites are underlined). Expression and purification was conducted as described for RGS9d. Rat striatal mRNA
was isolated by using the Rneasy Mini kit (Qiagen) according to
the manufacturer’s instructions. Complementary DNA was generated by using the Advantage RT-for-PCR kit and an oligo(dT)
primer according to the manufacturer’s instructions. The DEPGGL domain (residues 2–284 of rat RGS9-2) was PCR amplified
by using the primers 5⬘-AAAAGCTAGCACGATCCGACACCAAGGCCAG-3⬘ (upstream) and 5⬘-GGTTGGATCCTCCACTTACTTGGCGTTTAAATCCCAG-3⬘ (downstream)
and RGS9-2兾pcDNA3.1 vector as a template. The amplicon was
digested with NheI and BamHI and ligated into amino His6 tag
16340 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0407416101

vector pRSETA (Invitrogen). His6-DEP-GGL was subcloned
into baculovirus transfer vector pVL1392, DEP-GGL兾pRSETA,
by PCR with pRSETA-specific primers 5⬘-AGGATCTAGACATATGCGGGGTTCTC (upstream) and 5⬘-CCAGCTGCAGATCTCGAGCTCGGATCC (downstream) and digestion with
XbaI and BamHI. Pfu polymerase (Stratagene) was used for all
PCR amplifications. Transfection of Sf9 cells with DEP-GGL兾
pVL1392 construct was performed by using a BaculoGold
transfection kit (Pharmingen), and the resulting baculovirus was
amplified as suggested by the manufacturer. For expression, Sf9
cells were grown to 2 ⫻ 106 cells per ml in 500-ml suspension
cultures and coinfected with baculoviruses expressing His6-DEPGGL and untagged mouse G␤5 (baculovirus generously provided by Mel Simon, California Institute of Technology, Pasadena). Cultures were incubated for 3 days in a 27°C shaker and
harvested by centrifugation at 1,000 ⫻ g for 10 min. A total of
2 ⫻ 109 cells were resuspended in 30 ml of lysis buffer (50 mM
Hepes, pH 8兾50 mM NaCl兾10 mM 2-mercaptoethanol兾100 M
PMSF兾20 g/ml leupeptin兾1 g/ml aprotinin) and homogenized on
ice, and lysates were clarified by centrifugation at 40,000 ⫻ g for
30 min at 4°C. Supernatants were applied to 1 ml of nickelnitrilotriacetic acid resin (Qiagen). The resin was washed with 30
ml 20 mM Hepes, pH 8兾400 mM NaCl, followed by 20 ml of 20
mM Hepes, pH 8兾50 mM NaCl兾10 mM imidazole, 5 ml of 20 mM
Hepes, pH 8兾50 mM NaCl兾20 mM imidazole, and finally with 2
ml of 20 mM Hepes, pH 8兾50 mM NaCl兾40 mM imidazole.
DEP-GGL兾G␤5 complex was eluted with 5 ml of 200 mM
imidazole in 20 mM Hepes buffer, pH 8兾50 mM NaCl. The
purified protein was buffer exchanged into 20 mM Hepes, pH
8兾50 mM NaCl兾20% glycerol and protease inhibitors and stored
at ⫺20°C.
Results
Although RGS9 and G␤5 mRNA and兾or protein have been
localized at the regional level to the striatum, as well as medium
spiny neurons by in situ hybridization (14), single-cell analysis of
each of the striatal cell types expressing RGS9 have not been
reported. Thus, our initial studies sought to determine which
striatal neurons express RGS9 and to determine whether G␤5
was coexpressed in the same neuronal populations. As shown in
Fig. 1, single-cell RT-PCR analysis found both RGS9-2 and G␤5
mRNA were identified in cholinergic interneurons within the
dorsal striatum. RGS9-2 and G␤5 were also found in both major
subpopulations of medium spiny ␥-aminobutyric acidergic neurons, as identified by their expression of either enkephalin or
substance P. This latter finding is in agreement with the in situ
hybridization studies of Rahman et al. (14).
Not only were RGS9-2 and G␤5 coexpressed in these striatal
neuronal cell types, they also formed a molecular complex.
RGS9-2兾G␤5 complexes were coimmunoprecipitated by antiG␤5 and anti-RGS9 antibodies from striatal homogenates, but
not from cortical homogenates (Fig. 2b). RGS9-2兾G␤5 complexes were identified in both cytosolic and membrane compartments, with the majority of the complexes localized to the
membrane. Although G␤5 was present in the cortex, RGS9-2
protein was not detected in this tissue (Fig. 2a).
To determine the role of the catalytic and noncatalytic
domains of RGS9 in regulating RGS9-2 GAP activity and
function within the striatum, we purified a series of histidinetagged RGS constructs from Escherichia coli or Sf9 insect cells
for use in patch clamp experiments and in vitro GTPase activity
assays. In addition to the RGS domain of RGS9 (RGS9d), we
mutated RGS9 residue Ile-363 to Thr (RGS9d*). Based on the
RGS4 crystal structure, Ile-363 is near one of the key residues
within the RGS domain, which is believed to directly contact G␣
subunits. Also, because the N-terminal domains of RGS9 have
recently been shown to be necessary for localization and signaling, we purified the N-terminal DEP and GGL domains alone,
Cabrera-Vera et al.

and with G␤5. As shown in Fig. 3, preparations of the RGS
protein constructs were ⬎90% pure.
We began by testing these constructs for their ability to
accelerate the intrinsic GTPase activity of G␣i and G␣o subunits
in a single-turnover GTPase assay. As shown in Fig. 4 a and b,
RGS9d accelerated the intrinsic GAP activity of both G␣i1 and
G␣o, but it was a very poor GAP for G␣i. Addition of 5 M
RGS9d to G␣o increased the single turnover rate for GTP
hydrolysis from 0.002 min⫺1 to 0.067 min⫺1 (30-fold stimulation),
but it had only a 2-fold stimulation of G␣i (0.01–0.02 min⫺1). In

Fig. 2. RGS9-2兾G␤5 complexes coimmunoprecipitate from the striatum. (a)
Western blot showing RGS9-2 detected in striatal homogenates (STR) but not
in cortical preparations (CTX), whereas G␤5 is present in both. RGS9-2 and G␤5
are found in both cytosolic (C) and membrane (M) extracts. (b) RGS9-2 and G␤5
coimmunoprecipitate from both membrane and cytosolic compartments of
the striatum with either RGS9 or G␤5 antibodies, but do not coimmunoprecipitate from cortical negative controls. Data shown are representative of
three identical experiments conducted. IP, immunoprecipitating antibody; IB,
antibody used to probe Western blot after immunoprecipitation.
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Fig. 3. Expression and purification of RGS9 constructs. (a) Coomassie-stained
SDS兾PAGE gel of N-terminally His6-tagged purified RGS9 constructs. Preparations were ⬎90% pure. (b) Schematic diagram of RGS9 constructs. Domains
are DEP (Dishevled兾Egl10兾Plextrin), GGL (G gamma-like), RGS (Regulator of G
protein signaling), and PSR (proline兾serine-rich).

contrast, RGS9d* produced only a 3-fold stimulation of G␣o
GTPase activity, and RGS9d* failed to stimulate the GTPase
activity of G␣i1 at concentrations as high as 10 M. An RGS4
construct accelerated the single-turnover GTPase activity of
both G␣o and G␣i1 (0.002–0.058 min⫺1 for G␣o and 0.01–0.04
min⫺1 for G␣i) suggesting that the weak ability of RGS9 to
accelerate G␣i1 activity was inherent to the specific RGS9
protein sequence.
Interestingly, neither DEP-GGL nor DEP-GGL兾G␤5 altered
RGS9 GAP activity when measured in cell-free systems (Fig. 4c).
This finding agreed with previous findings, which showed that
the DEP domain increases the GAP activity of RGS9-1 in vivo
through localization to receptor systems in the membrane rather
than by directly affecting catalysis.
We next turned to electrophysiological approaches to determine how these constructs affected signaling in an intact neuron.
Purified constructs were buffer exchanged (see Experimental
Procedures) and dialyzed into cholinergic interneurons through
the patch pipette. Dialysis of the core RGS domain of RGS9
(RGS9d) into the cell significantly accelerated the activation
kinetics of Ca2⫹ channel currents and increased their amplitude
(Fig. 5 a and b; n ⫽ 5, P ⬍ 0.05, Kruskal–Wallis). These
alterations in current kinetics are consistent with the hypothesis
that RGS9d dialysis attenuates ambient G␤␥ inhibition of Cav2.2
Ca2⫹ channels (16, 26, 27).
Application of the D2 receptor selective agonist R(⫺)propylnorapomorphine (NPA) led to the inhibition of Ca2⫹
channel currents evoked by membrane depolarization (15). The
signaling pathway mediating this modulation selectively targets
Cav2.2 Ca2⫹ channels through a membrane-delimited G␤␥
signaling cascade. NPA produced an ⬇25% reduction in peak
Ca2⫹ currents (Fig. 5 c and d), which represents a ⬎60%
reduction in Cav2.2 currents (15). RGS9d dialysis significantly
blunted the modulatory influence of NPA (Fig. 5 e and f ),
reducing the median modulation to near 10% (n ⫽ 8, P ⬍ 0.05,
Kruskal–Wallis).
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Fig. 1. RGS9-2 and G␤5 mRNA are present in medium spiny neurons and in
cholinergic interneurons within the striatum. (a) Representative ethidium
bromide staining of RT-PCR products generated from either a single striatal
neuron (lanes 2, 5, 8, 11, and 14) or a striatal cDNA-positive control preparation (lanes 1, 4, 7, 10, and 13). Lanes 3, 6, 9, 12, and 15 show the negative
controls where no cDNA template was added to the PCR. Additional negative
controls included the omission of reverse transcriptase (control for genomic
DNA contamination of RNA samples). No PCRs were detected in these controls
(data not shown). PCR fragments observed were of the expected sizes generated from rat gene-specific primers complementary to either substance P
(doublet at 468 and 513 bp), enkephalin (477 bp), choline acetyltransferase
(324 bp), RGS9-2 (1,300 bp), or G␤5 (448 bp). M1 and M2 denote DNA standard
markers. (b) Summary of single cell RT-PCR results indicating that RGS9-2 and
G␤5 are present in all neuronal subtypes examined. Total N is the total number
of cells examined for each neuronal subtype. The number of cells positive for
both RGS9-2 and G␤5 mRNA are indicated to the right of the total.

Fig. 4. RGS9 stimulates the intrinsic GTPase activity of G␣o and G␣i1 in a
single-turnover assay. (a) RGS9d accelerates Go GTPase activity (intrinsic rate
constant k ⫽ 0.002 min⫺1) in a concentration-dependent manner (1 M
RGS9d, k ⫽ 0.021; 5 M RGS9d, k ⫽ 0.067 min⫺1). Introduction of the point
mutation I363T within the RGS domain near a critical Gi1 contact site (RGS9d*)
eliminates the GTPase activity of this construct (1 M RGS9d, k ⫽ 0.003; 5 M
RGS9d, k ⫽ 0.007 min⫺1). (b) RGS9d accelerates Gi1 GTPase activity (intrinsic
rate constant k ⫽ 0.01 min⫺1) with lower potency than that observed for G␣o.
Also similar to G␣o, RGS9d* is devoid of GAP activity toward G␣i1 (5 M
RGS9d*, k ⫽ 0.012; 1 M RGS9d, k ⫽ 0.014; 5 M RGS9d, k ⫽ 0.022 min⫺1). (c)
Neither DEP-GGL nor DEP-GGL兾G␤5 directly influences the GAP activity of
RGS9d toward G␣o. Neither construct affects the GTPase activity of G␣o in the
absence of RGS9d.

Patch-clamp recordings were repeated by using the mutant,
catalytically inactive RGS9d*. Consistent with the absence of
GAP activity for this construct, introduction of RGS9d* into the
intracellular milieu of striatal cholinergic interneurons failed to
alter D2-mediated Ca2⫹ current modulation (Fig. 6a; n ⫽ 5, P ⬎
0.05, Kruskal–Wallis). These data support the contention that
the RGS9d-mediated blunting of the D2 receptor modulation of
Ca2⫹ channels resulted from its GAP activity at endogenous
G␣i1 or G␣o proteins, probably G␣o (18, 28). Introduction of
RGS4 did not have a significant effect on Ca2⫹ current modulation (n ⫽ 5, P ⬎ 0.05, Kruskal–Wallis), showing that this
modulation is specific to RGS9.
To determine whether the noncatalytic domains of RGS9
play a role in mediating the physiologic effects of endogenous
RGS9-2, we introduced a purified DEP-GGL construct of
RGS9 either alone or in a complex with G␤5 (data not shown)
into cholinergic interneurons and examined D2 receptor modulation of Ca2⫹ currents. Dialysis of the noncatalytic DEPGGL domain of RGS9 enhanced the D2 receptor modulation
(n ⫽ 8, P ⬍ 0.05, Kruskal–Wallis, Fig. 6a). This construct may
be blocking endogenous RGS9-2 GAP activity in two ways.
16342 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0407416101

Fig. 5. The RGS domain of RGS9 (RGS9d, 10 M) alters Ca2⫹ current modulation in striatal cholinergic interneurons, both in the absence of agonist (a
and b) and in the presence of D2-dopaminergic receptor stimulation (c–f ). In
the presence of a GPCR agonist, the Ca2⫹ current is modulated so that the peak
current is decreased (c and d). Addition of RGS9d in the pipette decreases this
Ca2⫹ current modulation (e and f ). (a and b) In the absence of agonist, addition
of the RGS domain in the pipette speeds up the activation kinetics of the
current (a), and the current amplitude increases (b). Patch clamp recordings
showing the onset kinetics of Ca2⫹ currents in control conditions and with
RGS9d included in the patch pipette in two typical neurons. Stimulatory step
from ⫺80 mV to ⫺10 mV. (b) The box plot summary of the current amplitude
in control conditions and in the presence of RGS9d (n ⫽ 6, P ⬍ 0.05 Kruskall–
Wallis ANOVA). For smaller sized groups of data, where means do not necessarily give a good measure of central tendency, medians and ranges are given
with box plots. In these plots, the central bar of the box represents the median,
and the edges are the interquartiles (technically, fourths). The bars are lines
drawn to the most extreme points in the sample group that are not outliers
(defined as points beyond interquartile ⫾ 1.5 interquartile range). (c) Plot of
the peak current evoked by a pulse from ⫺80 to ⫺10 mV as a function of time;
application of the D2 agonist R(⫺)-propylnorapomorphine (NPA, 10 M) is
indicated by the bar above the trace. (d) Individual current traces of voltageactivated Ca2⫹ currents after a stimulatory voltage step from ⫺80 mV to ⫺10
mV, then back to ⫺60 mV. This trace shows the reduction in the current
amplitude by NPA in the same cell as in a. (e) Plot of the peak current shows
the NPA modulation of the Ca2⫹ current in one cell loaded with RGS9d. (Inset)
The box plot summary of the current modulation by NPA in control conditions
(n ⫽ 5) and in the presence of RGS9d (n ⫽ 6, P ⬍ 0.05 Kruskal–Wallis ANOVA).
( f) Current traces corresponding to the same cell as shown in c.

First, as seen with retinal RGS9-1, the DEP domain alone
likely blocks endogenous RGS9-2 from reaching its intended
target. Second, DEP-GGL may compete with their endogeCabrera-Vera et al.

nous counterparts, thus blocking the specificity for G␣o.
Dialysis with exogenous G␤5 mimicked the effect of RGS9d,
accelerating Ca2⫹ channel activation (n ⫽ 5, P ⬍ 0.05 Kruskal–
Wallis), we believe by recruiting endogenous RGS9 to the
membrane. This finding is consistent with previous work,
which has shown that G␤5 can stabilize RGS9, increasing its
presence in the cell (29).
To determine whether RGS9 regulated other GPCR signaling
cascades in cholinergic interneurons, we examined the M2 muscarinic receptor-mediated inhibition of Cav2.2 Ca2⫹ currents
(15). These receptors are abundantly expressed by these neurons
and also use a membrane-delimited G protein signaling cascade
that targets Cav2.2 Ca2⫹ channels. However, there are several
phenomeological differences between the M2 and D2 receptor
cascades. In contrast to the D2 receptor effects, the M2 modulation is voltage-dependent and sensitive to protein kinase C
inhibition, suggesting that there are key differences in the G
proteins mediating the suppression of Ca2⫹ channel opening (30,
31). Surprisingly, RGS9d did not significantly alter M2 muscarinic receptor-mediated inhibition of Cav2.2 Ca2⫹ channel currents (n ⫽ 8, P ⬎ 0.05, Kruskal–Wallis) (Fig. 6b). Thus, RGS9-2
selectively regulates G proteins linked to the D2 receptor in
striatal cholinergic interneurons.
Discussion
RGS proteins are key regulators of G protein lifetime, which
accelerate the GTP hydrolysis that leads to signal turnoff
(32–34). In the brain, many RGS proteins are expressed in a
number of brain areas (8). Strikingly, one RGS protein, RGS9-2,
is very highly expressed and discretely localized to the striatum,
nucleus accumbens, and olfactory tubercle, all of which are
integral components of the basal ganglia. This group of nuclei
Cabrera-Vera et al.
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Fig. 6.
Summary of the effects of different domains of RGS9-2 on D2
dopaminergic and M2 muscarinic modulation of Ca2⫹ channels. (a) Under
control conditions, D2 dopaminergic stimulation causes an ⬇25% decrease in
Cav2.2 Ca2⫹ channel currents as shown in Fig. 4a. Introduction of the RGS
domain of RGS9 results in a 50% decrease in D2-dopaminergic modulation of
Ca2⫹ channels, by increasing the rate of Gi turnoff (see also Fig. 4c). RGS4 has
no significant effect, demonstrating that this effect is specific to RGS9. Application of an RGS9 construct that is catalytically inactive, RGS9d*, fails to alter
the D2 receptor-mediated modulation of Ca2⫹ currents. Introduction of the
DEP兾GGL domain of RGS9 (10 M) antagonizes endogenous RGS9-2 and
increases the impact of D2 receptor activation on Ca2⫹ channel currents.
Introduction of G␤5 decreases the ability of dopamine to modulate Ca2⫹
current as well as RGS9d, suggesting stabilization or recruitment of endogenous RGS9-2 to the membrane. (b) RGS9d does not modulate M2 muscarinic
receptor-mediated signaling to Ca2⫹ channels, thereby demonstrating
receptor-specific regulation by RGS9d. The box plot summary (see Fig. 5) of the
current amplitude in control conditions and in the presence of RGS9d (n ⫽ 6,
P ⬍ 0.05, Kruskal–Wallis ANOVA) is shown.

are involved in motor planning, drug seeking, and learning.
Disruptions in striatal dopaminergic signaling are thought to
underlie a variety of psychomotor disorders including drug
abuse, schizophrenia, Tourette’s syndrome, and Parkinson’s
disease.
Although RGS9 and G␤5 mRNA and兾or protein have been
shown to be enriched in the striatum at the regional level, this
and another recent study (14) have shown which cellular
subtypes specifically express this protein. Recently, Rahman et
al. (14) used double-labeling in situ hybridization to show that
RGS9-2 is expressed in both the substance P兾dynorphincontaining and the enkephalin-containing medium spiny neurons of the nucleus accumbens. Our single-cell RT-PCR results
confirm this finding, and also show that RGS9-2 is expressed
in the cholinergic interneurons of the striatum. In addition, by
coimmunoprecipitation studies, we have shown that RGS9-2
and G␤5 are part of a molecular complex in situ in the striatum.
Of particular interest is the fact that RGS9 regulated D2
dopaminergic, but not M2 muscarinic, modulation of Cav2.2
Ca2⫹ channels in striatal cholinergic interneurons. Although
most RGS proteins seem to be promiscuous in cell-free
systems, this type of receptor specificity is becoming an
increasingly common paradigm for RGS proteins. Receptor
specificity for RGS proteins was originally demonstrated for
RGS4, -1, and -16 in pancreatic acinar cells (35, 36). Recent
studies In Chinese hamster ovary cells have also revealed
receptor preferences for RGS proteins (37, 38). This study
provides evidence of receptor specificity for RGS9 at the
cellular level in native tissue. Taken together, these results
imply that RGS proteins targeted for disruption by pharmacological interventions could be interrupted at very specific
pathways within the cell.
This study also confirms a role for RGS9-2’s noncatalytic
domains in its signaling in an in vivo system. DEP domains are
found in many signaling proteins, and have been shown to be
involved in the localization of the retinal isoform to its membrane anchoring partner, R9AP (1). Although the striatal counterpart of R9AP has not yet been discovered, our results are
consistent with this role for the DEP domain, because its
introduction into the patch pipet increases D2 modulation of
Ca2⫹ channels, presumably by blocking endogenous RGS9-2
from reaching its intended destination to speed up turn-off of the
signal. These results are analogous to what Martemyanov et al.
(1) have seen upon deletion of the DEP domain from RGS9-1
in mice.
The GGL domain of these proteins has been shown to form
a complex with G␤5. Interaction of G␤5 with members of this
RGS family leads to a selectivity for Go over Gi (3). A distinctive
feature of the striatal splice variant of RGS9, RGS9-2, is the
presence of a unique proline兾serine rich domain of ⬇200 aa (10).
Although it has recently been shown that this domain shares
sequence homology with the ␥ subunit of retinal cGMP phosphodiesterase (PDE6) and that it provides high-affinity interaction with its target G protein, probably Go (39), this domain
may also impart striatal-specific functions that are unique to
RGS9-2. Because we were unable to express this domain, its
effects on this signaling pathway remain a target for future
studies.
In summary, we have shown that RGS9-2 modulates dopamine receptor-mediated cellular responses within the striatum in
a receptor-specific manner. RGS proteins (including RGS9-2)
(14, 40) have been shown in a number of overexpression studies
in heterologous systems to be able to regulate G protein-coupled
receptor modulation of K⫹ and Ca2⫹ channels (reviewed in ref.
32). However, much less is known about physiological roles of
endogenous RGS proteins in native tissues (see also refs. 41 and
42). We show that RGS9 attenuates an endogenous D2 receptormediated modulation of Cav2.2 Ca2⫹ channels. Introduction of

ogies with known cholinergic determinants, such as Parkinson’s
disease.

noncatalytic domains of RGS9-2 enhances this modulation,
likely by a disruption of endogenous RGS9 function. Finally, we
show that, in these neurons, M2 muscarinic receptor signaling
through the same Gi/o protein class to Cav2.2 Ca2⫹ channels is
not affected by RGS9. This argues for a local, receptor-specific
complex that includes RGS9-2. Because D2 receptors in cholinergic interneurons are known to control not only cellular excitability but also acetylcholine release (43), alterations in RGS9-2
function in these cells may contribute to striatal pathophysiol-
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