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Neurabin Scaffolding of Adenosine Receptor and RGS4
Regulates Anti-Seizure Effect of Endogenous Adenosine
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Endogenous adenosine is an essential protective agent against neural damage by various insults to the brain. However, the therapeutic
potential of adenosine receptor-directed ligands for neuroprotection is offset by side effects in peripheral tissues and organs. An increase
in adenosine receptor responsiveness to endogenous adenosine would enhance neuroprotection while avoiding the confounding effects
of exogenous ligands. Here we report novel regulation of adenosine-evoked responses by a neural tissue-specific protein, neurabin.
Neurabin attenuated adenosine A1 receptor (A1R) signaling by assembling a complex between the A1R and the regulator of G-protein
signaling 4 (RGS4), a protein known to turn off G-protein signaling. Inactivation of the neurabin gene enhanced A1R signaling and
promoted the protective effect of adenosine against excitotoxic seizure and neuronal death in mice. Furthermore, administration of a
small molecule inhibitor of RGS4 significantly attenuated seizure severity in mice. Notably, the dose of kainate capable of inducing an
�50% rate of death in wild-type (WT) mice did not affect neurabin-null mice or WT mice cotreated with an RGS4 inhibitor. The enhanced
anti-seizure and neuroprotective effect achieved by disruption of the A1R/neurabin/RGS4 complex is elicited by the on-site and on-
demand release of endogenous adenosine, and does not require administration of A1R ligands. These data identify neurabin-RGS4 as a
novel tissue-selective regulatory mechanism for fine-tuning adenosine receptor function in the nervous system. Moreover, these findings
implicate the A1R/neurabin/RGS4 complex as a valid therapeutic target for specifically manipulating the neuroprotective effects of
endogenous adenosine.

Introduction
The severity of neural damage is a key factor in determining the
mortality and morbidity under pathological conditions such as
hypoxia, ischemia, and excitotoxin exposure. Extracellular aden-
osine released under these conditions acts as a potent protective
agent to reduce neural damage and to confine the development
and progression of accompanying seizures that result from hy-
perexcitability (Cunha, 2001; Dunwiddie and Masino, 2001;
Stone, 2002; Fredholm et al., 2005). Among the four subtypes
(A1, A2A, A2B, and A3) of adenosine receptors, the A1 subtype
(A1R) is the primary mediator of adenosine-evoked anticonvul-
sant and neuroprotective effects (Cunha, 2001; Dunwiddie and

Masino, 2001; Stone, 2002; Fredholm et al., 2005; Sebastião and
Ribeiro, 2009). However, targeting the A1R for treatment of neu-
rological diseases has been extremely challenging due to its broad
expression in multiple peripheral tissues (Stone, 2002). Thus,
using A1R-directed ligands likely evokes simultaneous peripheral
actions that result in severe side effects and thereby confound
therapeutic outcomes.

The A1R belongs to the G-protein-coupled receptor (GPCR)
superfamily. Cumulative evidence has demonstrated that the
magnitude and duration of GPCR signaling is tightly regulated by
non-G-protein GPCR-interacting partners (for review, see
Lefkowitz, 2007; Allen et al., 2008; Ritter and Hall, 2009; Bockaert
et al., 2010). The complexity of GPCR signaling regulation was
first revealed by identification of a group of proteins called regu-
lators of G-protein signaling (RGS), which functions as GTPase-
activating proteins to terminate G-protein signaling (Ross and
Wilkie, 2000; Hollinger and Hepler, 2002; Sjögren and Neubig,
2010). Association of RGS proteins with GPCRs, either directly or
indirectly through adaptor proteins, represents the primary
mechanism that determines the selectivity and effectiveness of
RGS-mediated attenuation of GPCR signaling (Neubig and Sid-
erovski, 2002; Neitzel and Hepler, 2006; Xie and Palmer, 2007).
RGS4 belongs to the R4 subfamily of RGS proteins, and is highly
expressed in brain and heart (Bansal et al., 2007). To date, in-
volvement of RGS4 in adenosine-evoked signaling responses and
neuroprotection remains largely unexplored.

Neurabin is a multidomain scaffolding protein specifically ex-
pressed in neural tissues (Nakanishi et al., 1997; Burnett et al.,
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1998). Like the A1R (Reppert et al., 1991),
a high-level expression of neurabin has
been found in cortex, hippocampus, and
cerebellum (Nakanishi et al., 1997; Bur-
nett et al., 1998). Distribution of neurabin
in both dendrites and presynaptic termi-
nals (Muly et al., 2004) positions this pro-
tein as a potential regulator for both
presynaptic and postsynaptic activities of
neurons. Whether neurabin can directly
interact with GPCRs to regulate receptor
functions has not been determined.

Given the importance of non-G-pro-
tein-interacting partners in regulation of
GPCR activity, we propose that modulat-
ing interactions between the A1R and
neural-specific accessory proteins would
provide an effective way to increase A1R
responsiveness to endogenous adenosine.
Thus, enhanced neuroprotection through
the A1R can be achieved while avoiding
the confounding effect of exogenous A1R
ligands. Here, we identify a direct interaction
between the A1R and neurabin, which atten-
uates A1R-mediated responses both in vitro
and in vivo by scaffolding interaction between
the active A1R and RGS4. Significantly, en-
dogenous adenosine-elicited neuroprotection
againstexcitotoxic seizures throughtheA1Ris
enhanced in mice with a neurabin gene defi-
ciency or when RGS4 is blocked by a small
molecule inhibitor.

Materials and Methods
Reagents. Rat anti-HA monoclonal antibody
was purchased from Roche Applied Science.
Mouse HA.11 monoclonal antibody was from
Covance. Mouse anti-Myc monoclonal antibody was from Clontech.
Goat anti-RGS4 polyclonal antibody was from Santa Cruz Biotechnol-
ogy. Rabbit anti-RGS4 polyclonal antibody was purchased from Abcam.
Rabbit anti-A1R polyclonal antibody was from Pierce. Rabbit anti-GPF
polyclonal antibody was from Santa Cruz Biotechnology. TNT in vitro
translation kit was from Promega. The Biotrak cAMP competitive en-
zymeimmunoassay (EIA) system and [ 35S]methionine were purchased
from GE Healthcare. CCG-4986 [methyl-N-[(4-chlorophenyl) sulfonyl]-
4-nitro-benzenesulfinimidoate) was from the ChemBridge screening
collection. Fluoro-Jade B was purchased from Histo-Chem. Hematoxy-
lin and eosin (HE) solution was from the Zymed Laboratories of Invit-
rogen and Surgipath, respectively. The DeadEnd Fluorometric TUNEL
System was from Promega. Kainate was from Milestone PharmTech. All
other chemicals were from Sigma-Aldrich or Fisher Scientific.

Animals. Neurabin �/� (Nrb �/�) mice (Allen et al., 2006) were back-
crossed for 10 generations to the C57BL/6 background. Nrb �/� mice
were then mated to generate wild-type (WT) and Nrb �/� littermates for
behavioral experiments. Twelve-week-old male mice were used for in
vivo studies. All mice were maintained at the University of Alabama at
Birmingham Animal Care Facility in accordance with procedures of the
Animal Welfare Act and the 1989 Amendments to this Act.

Cells and transfection. CosM6 cells were cultured in DMEM (Invitro-
gen) supplemented with 10% FBS (Atlanta Biologicals) and 100 U/ml
penicillin and 10 �g/ml streptomycin. CHO-K1 cells were cultured in
DMEM/F-12 (Invitrogen) with 10% FBS, penicillin and streptomycin,
and 2 mM glutamine. Cells were transfected with Lipofectamine 2000
(Invitrogen).

Plasmid construction. cDNA encoding neurabin amino acids 146 –330
and 331– 453 were amplified by PCR and cloned into GST fusion vector

pGEX4T (GE Healthcare) through EcoRI and XhoI sites to obtain
pGEX4T-Nrb146-330 and pGEX4T-Nrb331-453. cDNA encoding A1R
amino acids 202–326, 202–292, and 236 –326 were amplified by PCR and
cloned into a pCMVTNT vector (Promega) through XhoI and KpnI sites
to obtain pCMVTNT-A1R202-326, pCMVTNT-A1R202-292, and
pCMVTNT-A1R236-326.

In vitro GST pull-down assay. Preparation of GST fusion proteins,
synthesis of [ 35S]-labeled in vitro translated probes, and pull-down
assays were performed as described previously (Wang and Limbird,
2002).

Coimmunoisolation assay. CosM6 cells were cotransfected with cDNA
encoding HA-A1R together with cDNA encoding Myc-Nrb, Myc-Sp, or
RGS4, or both Myc-Nrb and RGS4. At 48 h post-transfection, cells were
stimulated with 1 �M R-phenylisopropyladenosine (R-PIA) for 5 min.
Cells were lysed in immunoisolation buffer containing 20 mM HEPES,
pH 7.4, 2 mM EDTA, 5 mM NaF, 0.5% NP-40, 10% glycerol, and protease
inhibitors. Rat anti-HA antibody and goat anti-RGS4 antibody were used
to immunoisolate HA-A1R and RGS4, respectively, following a proce-
dure described previously (Xu et al., 2008). Immunoisolates were sepa-
rated by SDS-PAGE and analyzed by Western blot.

For coimmunoisolation of endogenous neurabin and A1R from brain
lysate, adult male mice aged 12 weeks were injected with saline or R-PIA
(1 mg/kg) and killed 30 min postinjection. Whole brain was removed by
dissection and homogenized on ice in lysis and immunoisolation buffer
as described above. The detergent extract was then centrifuged at
100,000 � g at 4°C for 30 min, and the resulting supernatant was sub-
jected to immunoprecipitation assays with a rabbit polyclonal antibody
against either the A1R or green fluorescent protein (GFP) (as a negative
control).

Figure 1. The A1R directly interacts with neurabin (Nrb). A, Direct interaction between A1R 3i loop and C-terminal tail (C-tail)
and neurabin amino acids 146 – 453 (Nrb146-453). GST or GST-Nrb146-453 was incubated with in vitro translated [ 35S]-labeled
probe as indicated. B, Neurabin amino acids 331– 453 are involved in the direct interaction with the A1R. GST or GST-fused
neurabin constructs were incubated with [ 35S]-labeled probe containing A1R 3i loop and C-tail. C, The 3i loop of A1R is required for
a full level of interaction with neurabin. GST or GST-Nrb146-453 was incubated with [ 35S]-labeled probe containing A1R 3i loop,
C-tail, or both, as indicated. Comparable amounts of GST fusion proteins in each reaction were confirmed by Coomassie staining.
Free probe represents 1/20 of the input in each reaction.
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Antisense knockdown of RGS4 and RT-PCR. CHO-K1 cells were trans-
fected with the RGS4 antisense oligo (5�-GAATCCAGGTTCACC-3�)
and scrambled oligo (5�-GATCGA ACT CGC TCA-3�) (Witt-Enderby et
al., 2004). Forty-eight hours post-transfection, total RNA was prepared
using TRIZOL reagent (Invitrogen). RT-PCR was performed with the
OneStep RT-PCR kit (Qiagen) following the manufacturer’s instruc-
tions. PCR primers for application of RGS4 were 5�-GCTTTCAAAGCTTT
CCTGAAGT-3� and 5�-TGTGAGAATTAGGCACACTG-3�, the product of
which covers partial sequences of exon3 and exon4.

Intact cell surface ELISA. Cell-surface HA-A1R expression in trans-
fected CHO-K1 cells was examined by the cell-surface ELISA methods as
described previously (Brady et al., 2003).

Radioligand binding assays. Crude membrane fraction of brains from
WT and Nrb �/� mice was prepared as described previously (Maemoto
et al., 1997). In brief, brain homogenates in 0.32 M sucrose were centri-
fuged at 1000 � g for 10 min, and the resulting supernatants were cen-
trifuged again at 17,000 � g for 20 min. The pellet was then resuspended
in a buffer containing 10 mM HEPES, 10 mM EDTA, pH 7.4, with protease
inhibitors and aspirated/expelled through a 20 gauge needle 10 times.
After centrifugation at 40,000 � g for 15 min, the membrane pellet was
washed twice in the HE buffer (10 mM HEPES, 1 mM EDTA, pH 7.4, with
protease inhibitors). Membrane pellet was then resuspended in the HE

buffer and protein concentrations were deter-
mined with the Bio-Rad DC Protein Assay Kit.

Saturation binding was performed to assess
the A1R receptor density in brains of WT and
Nrb �/� mice using a method described earlier
(Scholl and Wells, 2000). Membrane proteins
(150 �g/reaction) were incubated with in-
creasing concentrations of [ 3H]DPCPX (8-
cyclopentyl-1,3-dipropylxanthine) in a total
volume of 250 �l. Before the binding assay,
membrane preparations were incubated with
adenosine deaminase (ADA; 5 U/mg protein)
at 25°C for 60 min to remove endogenous
adenosine.

Competition binding was performed as de-
scribed previously (Scholl and Wells, 2000) to
evaluate the intrinsic affinity of agonist (R-
PIA) and antagonist (theophylline) at the A1R
in brains of WT and Nrb �/� mice, and 0.5 nM

[ 3H]DPCPX was used as the radioligand. As-
says were performed in the presence of 100 �M

5�-guanylimidodiphosphate (Gpp(NH)p) to
eliminate effects of G-protein regulation of the
receptor affinity for agonist. All binding data
were analyzed using Prism software (GraphPad
Software).

Primary culture of cortical neurons. Primary
culture of cortical neurons from newborn
mouse pups was performed following a proto-
col described earlier (Cottingham et al., 2011).
In brief, newborn mouse cortices were dis-
sected out, minced, and digested with papain
for 15 min at 37°C. Neurons were dissociated
by trituration. Dissociated cortical neurons
were plated in Neurobasal-A medium supple-
mented with 5% FBS, 2% B27, 2% glutamax,
0.2% gentamycin at 5 � 10 4 cells/well in 24-
well plates. From the second day, cells were fed
with Neurobasal-A medium supplemented
with 2% B27, 2% glutamax, 0.2% gentamycin,
which were changed every 4 – 6 d.

Measurement of cAMP levels. CHO-K1 cells
were cotransfected with cDNA encoding HA-
A1R together with or without cDNA encoding
Myc-Nrb or Myc-Sp. For RGS4 knock-down
experiments, cells were also cotransfected with
antisense or scrambled oligos. Cells were then
seeded into 96-well plates (4 � 10 4 cells/well).

Forty-eight hours post-transfection, cells were stimulated with 10 �M

forskolin with or without 1 �M R-PIA for 20 min at 37°C. cAMP levels in
cells were measured using the GE Healthcare cAMP Biotrak EIA system
following the manufacturer’s instructions. To examine the effect of RGS4
inhibition on cAMP production, cells were pretreated with 30 �M CCG-
4986 for 10 min, and then stimulated with forskolin and R-PIA in the
presence of CCG-4986.

cAMP levels were also measured in cortical neurons cultured for 9 –11
d in vitro following a method described previously (Murphy et al., 1991)
with slight modifications. Before agonist stimulation, neurons were in-
cubated with ADA (2 U/ml) for 1 h to remove adenosine in medium.
Neurons were then pretreated with 1 �M R-PIA or vehicle for 10 min,
followed by cotreatment with 10 �M forskolin (to activate adenylate
cyclase) and 25 �M Ro-20-1724 (to inhibit cAMP-specific phosphodies-
terase) in the presence or absence of 1 �M R-PIA for another 10 min.
cAMP levels were measured using the EIA system as described above. To
examine the effect of RGS4 inhibition, 30 �M CCG-4986 was added to
cells together with forskolin and Ro-20-1724 in the presence or absence
of R-PIA.

Immunofluorescence staining of cultured neurons. Cortical neurons cul-
tured for 11–13 d in vitro were used for immunofluorescence studies.

Figure 2. Agonist exposure specifically promotes interaction of the A1R with neurabin (Nrb) but not its homolog spinophilin in
intact cells. A, Sequence homology between domains in neurabin and spinophilin. B, Interaction of the A1R with neurabin (left) or
spinophilin (right) in cells treated with or without A1R agonist. Cells expressing neurabin alone or coexpressing HA-A1R with
Myc-Nrb or Myc-Sp were stimulated with or without 1 �M R-PIA for 5 min, and cell lysates were subjected to immunoisolation
assay using an antibody against HA. C, The A1R–neurabin interaction detected with prolonged R-PIA treatment for 30 min. Cells
coexpressing HA-A1R and Myc-Nrb were stimulated with 1 �M R-PIA or vehicle for 30 min, and cell lysates were subjected to
immunoisolation assay. D, Quantitation of A1R–neurabin interaction representing three to six independent coimmunoisolation
experiments. Data are expressed as the fold change of neurabin in complex with the A1R over no stimulation control (defined as
onefold). Values are given as the mean � SEM; *p � 0.05, R-PIA stimulated versus control. E, Endogenous interaction between
neurabin and A1R in mouse brain. Mice were given intraperitoneal injections of saline or R-PIA (1 mg/kg), with whole brains
isolated and homogenized 30 min postinjection. Detergent-solubilized fractions were then prepared and subjected to coimmu-
noisolation using equal concentrations of an antibody against either GFP (negative control) or the A1R. Representative blots from
three independent experiments are shown. A degradation product of the endogenous neurabin was also detected.
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Before treatment, cells were washed in Neurobasal-A medium contain-
ing 0.5 U/ml ADA for 30 min. Cells then were treated with 1 �M R-PIA or
solvent for 5 min, and fixed with 3% paraformaldehyde and 3% sucrose
following treatment. Immunofluorescence staining was performed as
described previously (Richman et al., 2001) using a Myc antibody or
RGS4 antibody. Fluorescent images were taken under a confocal laser
scanning microscope, and analyzed with MetaMorph software.

Measurement of sedative response. Twelve-week-old WT and Nrb �/�

mice were injected intraperitoneally with increasing doses of R-PIA or
UK14,304. Sedative response was assessed by rotarod latency as described
previously (Wang et al., 2004).

Induction and evaluation of seizure. Twelve-week-old WT and Nrb �/�

male mice were given one of the following treatments by intraperitoneal
injection: (1) kainate at 20 or 25 mg/kg (dissolved in saline), (2) kainate
(25 mg/kg in saline) together with DPCPX (0.5 mg/kg in saline), (3) with
DMSO, (4) with CCG-4986 (20 mg/kg in DMSO), (5) with both DMSO
and DPCPX (0.5 mg/kg in saline), and (6) with both CCG-4986 (20
mg/kg in DMSO) and DPCPX (0.5 mg/kg in saline). Mice were observed
for 2 h after kainate injection by trained observers blind to genotype or
treatment. The severity of seizure behaviors was scored 0 –7 with 0 rep-
resenting normal behavior and 7 representing death according to refer-
ence descriptions (Schauwecker and Steward, 1997; Yang et al., 1997).
Seizure scores were recorded every 20 min for 2 h.

Assessment of cell death in hippocampal slices. Seven days after initial
kainate exposure, mice were deeply anesthetized with isoflurane and
perfused with 4% paraformaldehyde in phosphate-buffered solution, pH
7.4. Hippocampal slices (7 �m) were stained with HE. Neuronal death
was detected by Fluoro-Jade B staining and by the DeadEnd Fluoromet-
ric TUNEL System (Promega) following the manufacturer’s instructions.

Electroencephalography recordings. Fourteen weeks after kainate injec-
tion, mice were anesthetized with intraperitoneal injection of a ket-
amine/xylazine mixture. Electrodes were placed onto the dura mater
bilaterally. After an overnight recovery, electroencephalography (EEG)
activity of freely moving mice was monitored and recorded using a DSI
NeuroScore CNS Analysis Software (Data Sciences International) for
24 h.

Statistical analysis. All quantitative data were analyzed using Prism
software (GraphPad Software). Seizure scores were analyzed by two-way
ANOVA with Bonferroni’s post-tests to compare replicate means. Geno-
type or treatment was considered as a between-subject factor and time
was considered as a within-subject factor. Other data were analyzed with
Student’s t tests (two-tail, unpaired). p � 0.05 was considered statistically
significant.

Results
Neurabin interacts with the adenosine A1R in an
agonist-regulated manner
In our effort to search for A1R interacting proteins, we identified
a direct interaction between the A1R and neurabin using a GST
pull-down assay (Fig. 1A). The neurabin sequences that inter-
acted with the A1R were mapped to amino acids 331– 453 (Fig.
1B), within the region least conserved between neurabin and its
close homolog, spinophilin (Fig. 2A). While both the third intra-
cellular (3i) loop and C-terminal tail of A1R appeared to interact
with neurabin, the 3i loop was required for the maximal level of
interaction (Fig. 1C). Interaction between neurabin and the A1R
in intact cells was markedly enhanced with stimulation by the
A1R agonist R-PIA for 5 (Fig. 2B, left) and 30 min (Fig. 2C),
indicating that the A1R–neurabin interaction is regulated by re-
ceptor activation. Thus, an approximately threefold increase in
the amount of neurabin coimmunoisolated with HA-tagged A1R
was measured in cells stimulated with R-PIA compared with cells
receiving no stimulation (Fig. 2D). Moreover, systemic injection
of R-PIA enhanced the amount of endogenous neurabin coim-
munoisolated with the A1R in brain (Fig. 2E). Consistent with
the fact that neurabin sequences interacting with the A1R are
distinct from its homolog, spinophilin, an interaction between

the A1R and spinophilin was not detected in cells coexpressing
these two proteins (Fig. 2B, right).

Neurabin attenuates A1R-mediated responses in vitro and
in vivo
To determine the effects of the adenosine-evoked A1R–neurabin
interaction on A1R signaling, we measured A1R-mediated inhi-
bition of cAMP production stimulated by R-PIA. In CHO cells
expressing the A1R, R-PIA stimulation caused inhibition of
forskolin-induced cAMP production (Fig. 3A). When exogenous
neurabin was expressed in CHO cells (which do not express en-
dogenous neurabin), A1R-mediated inhibition of cAMP produc-
tion was abolished (Fig. 3A), while cell surface expression of the
A1R was not changed (Fig. 3B). These data suggest that neura-
bin interaction with the A1R leads to suppression of receptor
signaling. Consistent with our inability to detect A1R–spinophi-
lin interactions, overexpression of spinophilin had no effect on
A1R-mediated inhibition of cAMP production (Fig. 3A).

Since the A1R–neurabin interaction attenuates A1R signaling,
A1R-mediated in vivo responses should be enhanced in the ab-
sence of neurabin expression. To test this prediction, we assessed
the ability of the A1R agonist R-PIA to evoke sedation mediated
by the central A1R in WT versus neurabin-deficient (Nrb�/�)
mice (Allen et al., 2006). Nrb�/� mice were more sensitive to
R-PIA-evoked sedation, as manifest by a leftward shift of the
dose–response curve (Fig. 4A). These data suggest that when
neurabin is endogenously expressed, it negatively regulates A1R-

Figure 3. Neurabin attenuates A1R-mediated G-protein signaling in cells. A, Neurabin ex-
pression attenuates A1R-mediated inhibition of cAMP production. Cells expressing HA-A1R
alone or in combination with either neurabin (Nrb) or spinophilin (Sp) were treated with 10 �M

forskolin alone or forskolin plus 1 �M R-PIA. Surface receptor density in each experimental
group was comparable, as verified by intact cell ELISA using an anti-HA antibody. n � 11 for
cells expressing the A1R alone; n � 8 for cells expressing the A1R and neurabin; n � 5 for cells
expressing the A1R and spinophilin. Data are expressed as the fold change in cAMP production
over forskolin alone control (defined as onefold). *p � 0.05, R-PIA stimulated versus control. B,
R-PIA induces similar levels of receptor internalization from the cell surface in cells either with or
without exogenous expression of neurabin or spinophilin. Surface receptor density in cells de-
scribed in A was examined by intact cell ELISA using an anti-HA antibody. *p � 0.05, when
comparing cell-surface A1R in R-PIA-treated cells versus nontreated controls.
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mediated responses in the brain, and this suppression is relieved
in Nrb�/� mice. We next measured the sedation response in
these mutant mice evoked by the central �2 adrenergic receptor
(AR), which does not interact with neurabin (Richman et al.,
2001). As expected, the dose–response curve for sedation evoked
by the �2AR agonist, UK14,304, was indistinguishable in WT and
Nrb�/� mice (Fig. 4B), suggesting that perturbation of A1R re-
sponses in Nrb�/� mice is not generalized or nonspecific in
nature.

The observed changes in sensitivity to A1R-evoked sedation in
Nrb�/� mice may result from alterations in A1R expression den-
sity and/or intrinsic affinity of the receptor for agonists caused by
loss of neurabin in these mice. However, saturation binding anal-
ysis revealed that A1R density in the brains of WT and Nrb�/�

mice was indistinguishable, as was the Kd value for binding of the
radiolabeled A1R antagonist, [ 3H]DPCPX (Fig. 4C). Addition-
ally, the intrinsic affinity of the A1R for its agonist R-PIA was
nearly identical in brain membrane preparations from WT and
Nrb�/�, as indicated by the IC50 values for competition of R-PIA
with [ 3H]DPCPX (Fig. 4D).Together, our findings indicate that
interactions between neurabin and the A1R lead to attenuation of
A1R function in vivo without affecting A1R receptor density or its
intrinsic affinity for agonists.

Functional involvement of RGS4 in
neurabin-mediated inhibition of
A1R signaling
Multiple molecular mechanisms could
account for the ability of neurabin to sup-
press A1R cellular signaling through in-
teractions with the receptor. For example,
since GPCR signaling is attenuated by re-
ceptor phosphorylation and internaliza-
tion (for review, see Ferguson, 2001;
Reiter and Lefkowitz, 2006; Hanyaloglu
and von Zastrow, 2008), neurabin inter-
actions could enhance these processes.
However, we failed to detect significant
A1R phosphorylation in cells stimulated
with R-PIA, even though significant
agonist-stimulated �2AAR phosphoryla-
tion was detectable under the same exper-
imental conditions (data not shown). In
addition, we did not find that overexpres-
sion of neurabin altered the extent of sur-
face receptor internalization following
R-PIA stimulation (Fig. 3B). These data
suggest that neurabin attenuates A1R sig-
naling via a mechanism that is indepen-
dent of both receptor phosphorylation
and internalization.

Mammalian RGS4 has been shown to
accelerate GTPase activity of the Gi sub-
family of G-proteins, thus attenuating Gi-
coupled signal transduction (Berman et
al., 1996; Huang et al., 1997). We there-
fore tested the involvement of RGS4 in
neurabin-mediated attenuation of A1R
signaling by examining A1R-mediated in-
hibition of cAMP production in cells with
altered RGS4 activity or blocked RGS4
expression. As shown above (Fig. 3A),
R-PIA stimulation led to inhibition of
cAMP production, and heterologous ex-

pression of neurabin diminished this A1R response (Fig. 5A).
However, when neurabin-expressing cells were treated with an
RGS4 inhibitor, CCG-4986 (Roman et al., 2007, 2010), neurabin-
dependent loss of A1R-mediated inhibition of cAMP production
was blocked (Fig. 5A). Suppression of RGS4 expression by anti-
sense oligonucleotides (Fig. 5B) or small interfering RNA (Fig.
5C) also diminished neurabin-mediated attenuation of A1R sig-
naling. These data suggest that RGS4 is functionally involved in
neurabin-mediated attenuation of A1R signaling in cells. Intrigu-
ingly, in cells without exogenous neurabin expression, the effect
of RGS4 inhibition on cAMP production is negligible (Fig. 5A),
indicating that neurabin is an essential component for RGS4-
induced attenuation of A1R signaling.

We next sought to verify that this observed regulation of A1R
signaling by neurabin and RGS4 occurs in native neurons. In WT
neurons, activation of endogenously expressed A1Rs by R-PIA
resulted in �30% inhibition of cAMP production, whereas the
same concentration of R-PIA led to a nearly 50% inhibition of
cAMP production in neurons derived from Nrb�/� mice (Fig.
5D). Blockade of RGS4 by CCG-4986 also significantly enhanced
R-PIA-mediated inhibition of cAMP production in WT neurons
(Fig. 5D). These data strongly support the role of neurabin and
RGS4 in attenuating A1R signaling in native settings. Further-

Figure 4. Neurabin attenuates A1R-mediated responses in vivo. A, Neurabin-deficient mice are more sensitive to R-PIA-elicited
sedation, as assessed by rotarod latency. The EC50 values for sedation in Nrb �/� (n � 8) and corresponding WT littermates (n �
5) are 1.29 and 2.64 mg/kg, respectively. *p � 0.05; **p � 0.01. B, The �2AR-agonist, UK14,304, induces comparable sedation
responses in both WT and Nrb �/� mice as assessed by rotarod latency. n � 5 for both WT and Nrb �/� mice. Error bars indicate
mean � SEM. C, The density of A1Rs is indistinguishable in brain membrane preparations obtained from WT and Nrb �/� mice as
measured by saturation binding assays. Values represent mean � SEM; n � 3 for each genotype. The Bmax values predicted by
nonlinear regression fit for the A1R in WT and Nrb �/� brain homogenates are 1547 � 90 and 1515 � 76 fmol/mg protein,
respectively. D, The intrinsic affinity of the A1R for R-PIA in brains of WT mice is similar to that in brains of Nrb �/� mice.
Competition binding assays were performed in the presence of 100 �M Gpp(NH)p. Binding of the [ 3H]DPCPX radioligand is given
as a percentage of binding without competitors. Values represent mean�SEM; n�3 for each genotype. The IC50 values predicted
for R-PIA in competition for radioligand binding in WT and Nrb �/� brain homogenates are 0.41 � 0.11 and 0.29 � 0.12 �M,
respectively.
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more, inhibition of RGS4 by CCG-4986
had no effect on R-PIA-mediated inhibi-
tion of cAMP production in neurons de-
rived from Nrb�/� mice (Fig. 5D),
confirming that neurabin expression is re-
quired for RGS4 to induce attenuation of
A1R signaling in the endogenous system.

Neurabin scaffolds complex formation
between the A1R and RGS4 and
promotes membrane translocation
of RGS4
Though RGS proteins can interact directly
with GPCRs (Neitzel and Hepler, 2006) to
confer their selective regulation of GPCR
signaling, we failed to detect direct inter-
actions between the A1R and RGS4 in cells
expressing these two proteins (Fig. 6A,
left). On the other hand, in cells coex-
pressing neurabin with the A1R and
RGS4, both neurabin and RGS4 were co-
immunoisolated with the A1R following
R-PIA stimulation (Fig. 6A, right). Recip-
rocal immunoisolations using an anti-
body against RGS4 also pulled down
the A1R and neurabin in an agonist-
dependent manner (Fig. 6B). These data
are consistent with the interpretation that
neurabin serves as a scaffold bridging
functional interactions between the A1R
andRGS4incells,andthatagoniststimulation
promotes A1R/neurabin/RGS4 complex for-
mation. This notion also explains our findings
that the RGS inhibitor, CCG-4986, does not
alter R-PIA-elicited inhibition of cAMP pro-
duction in cells unless neurabin is also ex-
pressed (Fig. 5A). In addition, R-PIA
stimulation did not enhance the interac-
tion of neurabin with RGS2 (Fig. 6C), an-
other member of the R4 family of RGS
proteins, demonstrating the selectivity of
the neurabin-facilitated A1R–RGS inter-
actions for RGS4.Together, our data sug-
gest that the A1R, neurabin, and RGS4
form a complex following agonist stimulation to attenuate A1R
signaling.

Plasma membrane localization of RGS4 is critical for its ability
to inhibit G-protein signaling (Srinivasa et al., 1998). While
RGS4 is largely localized in the cytoplasm of neuronal cells (Chat-
terjee and Fisher, 2000), neurabin is mainly localized to the
plasma membrane via its actin-binding domain (Oliver et al.,
2002). We postulated that neurabin recruits RGS4 to the plasma
membrane to turn off G-protein signaling initiated by the A1R.
To test this possibility, we examined RGS4 localization in pri-
mary cortical neurons cultured from WT or Nrb�/� mouse
brains. In WT neurons, RGS4, both when exogenously trans-
fected (Fig. 7A) and when endogenously expressed (Fig. 7B), was
mainly detected in cytoplasm of the majority of cells, and R-PIA
stimulation caused translocation of RGS4 to the plasma mem-
brane. In contrast, in Nrb�/� neurons, R-PIA stimulation failed
to induce efficient RGS4 translocation (Fig. 7A,B). These data
suggest that neurabin serves as a scaffold to recruit RGS4 to the
plasma membrane following A1R activation.

A1R-mediated anti-seizure effects of endogenous adenosine
are enhanced in neurabin-deficient mice. The A1R mediates en-
dogenous adenosine-elicited neuroprotection in response to var-
ious insults to the brain (Haas and Selbach, 2000; Cunha, 2001;
Dunwiddie and Masino, 2001; Stone, 2002). To determine the
impact of the A1R–neurabin interaction on the neuroprotective
effect of adenosine, we used a kainate-induced seizure model, in
which adenosine is released in the brain upon kainate insult and
serves as an endogenous anticonvulsant via activation of the A1R
(Carswell et al., 1997; Berman et al., 2000). Indeed, we found that
blockade of the A1R by the subtype-selective A1R antagonist
DPCPX enhanced the severity and progression of kainate-
induced seizure activity in WT mice (Fig. 8A), demonstrating a
role for the A1R in dampening seizure severity in our model. In
contrast, kainate-induced seizures were significantly attenuated
in extent and duration in Nrb�/� mice compared with WT lit-
termates (Fig. 8A,C), consistent with our observation that sensi-
tivity of endogenous A1R functions is enhanced in Nrb�/� mice
(Fig. 4A). While kainate administration at 25 mg/kg resulted in a

Figure 5. Involvement of RGS4 in neurabin-mediated attenuation of A1R signaling. A, RGS4 inhibitor CCG-4986 reverses
neurabin-mediated attenuation of A1R signaling. CHO cells expressing HA-A1R alone or in combination with neurabin were
treated with forskolin alone, forskolin plus R-PIA, or forskolin plus R-PIA and CCG-4986 (30 �M). Data are from four independent
experiments with cells expressing HA-A1R alone and from 10 independent experiments with cells expressing HA-A1R with neura-
bin, and expressed as the fold change in cAMP level relative to forskolin alone (defined as onefold). Values are given as the mean �
SEM. *p � 0.05, indicated treatment versus forskolin alone. B, Knockdown of RGS4 expression by antisense oligo diminishes
neurabin-mediated attenuation of A1R signaling. CHO cells were cotransfected with HA-A1R and neurabin, and together with
antisense oligo against RGS4 mRNA or scrambled oligo control. Reduction in RGS4 mRNA level was confirmed by RT-PCR. Relative
cAMP level is presented as the fold change versus forskolin alone (defined as onefold). *p � 0.05, R-PIA stimulated versus forskolin
alone; n � 8 for each condition. C, Knockdown of RGS4 expression by siRNA also abolishes the effect of neurabin in attenuation of
A1R signaling. CHO cells were cotransfected with HA-A1R and neurabin, and together with siRNA against RGS4 or control siRNA.
Reduction in RGS4 mRNA level was confirmed by RT-PCR. *p � 0.05, R-PIA stimulated versus forskolin alone; n � 6 – 8 for each
condition. D, Attenuation of A1R signaling by neurabin and RGS4 in native neurons. Primary cortical neurons cultured from WT and
Nrb �/� mice were treated as indicated. Data were expressed as the fold change in cAMP level relative to forskolin alone (defined
as onefold); n � 7– 8 for each condition. *p � 0.05, when compared with the relative cAMP level in neurons of either genotype
treated with forskolin alone. #p � 0.05, when compared with the relative cAMP level in WT neurons treated with R-PIA and
forskolin.
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nearly 50% mortality rate in WT mice, all Nrb�/� mice survived
the same insult (Fig. 8B). Blockade of A1Rs by DPCPX increased
the mortality rate to 100% in both WT and Nrb�/� mice (Fig.
8B), further emphasizing the importance of the A1R and its reg-
ulation by neurabin in this process.

EEG revealed that 80% (four of five) of the WT mice that did
survive the initial kainate insult developed spontaneous non-
convulsive seizures �3 months after injection, whereas only 14%
(one of seven) of Nrb�/� mice developed spontaneous seizures
under the same conditions (Fig. 9A). In addition, the single
Nrb�/� mouse with spontaneous seizure activity exhibited much
lower seizure magnitude as measured by EEG compared with WT
(Fig. 9B,C). Importantly, blockade of the A1R during kainate
injections by coinjection of the A1R antagonist DPCPX elimi-
nated the observed differences in severity and progression of
kainate-induced seizure and death between WT and Nrb�/�

mice (Fig. 8A,B), confirming that reduced seizure response to

kainate in Nrb�/� mice depends on activation of the A1R. To-
gether, these findings strongly indicate an important role for
A1R–neurabin interactions in endogenous adenosine-evoked
suppression of seizure progression in vivo, and support the idea
that disruption of these interactions, as in our Nrb�/� mice,
enhances the anticonvulsant effect that protects against kainate-
induced seizure activity.

Neurons in Nrb �/� mice are protected from kainate-
induced cell death. To further evaluate the role of neurabin in
regulating adenosine-evoked neuroprotection at the cellular
level, we examined neuronal death in the brains of WT and
Nrb �/� mice that reached similar seizure scores. Severe cell
death was observed in the hippocampus of WT mice 7 d after
kainate-induced seizure (Fig. 10 B, E,H). However, in hip-
pocampal slices prepared from Nrb �/� mice exposed to sim-
ilar kainate injections, no significant cell death was detected
(Fig. 10C, F, I ). These morphological findings of neuronal cell
survival paralleled seizure and survival findings shown above
(Fig. 8), demonstrating that the adenosine-evoked neuropro-
tective effect against excitotoxic cell death is greatly enhanced
when neurabin is not present.

Inhibition of RGS4 enhances the anti-seizure and
neuroprotective effects of adenosine in WT but not
Nrb �/� mice
The in vitro mechanistic studies suggested that neurabin attenu-
ates A1R-mediated signaling by recruiting RGS4 following A1R
activation. Therefore, we predicted that inhibition of RGS4
would enhance A1R-evoked neuroprotection in vivo. To test this,
we evaluated A1R-mediated suppression of kainate-induced sei-
zures by endogenous adenosine in WT mice with or without
coinjection of the RGS4 inhibitor, CCG-4986. Administration of
CCG-4986 alone did not cause gross behavioral changes (data not
shown), consistent with a previous report that RGS4 knock-out
mice lack apparent behavioral defects (Grillet et al., 2005). Sig-
nificantly, we observed that coinjection of CCG-4986 markedly
reduced seizure severity caused by kainate (Fig. 11A,B). More-
over, coinjection of CCG and kainate resulted in no mortality,
compared with a mortality rate of nearly 50% with kainate insult
alone (Fig. 11C). Importantly, coinjection of the A1R antagonist
DPCPX eliminated the CCG-4986-dependent attenuation of sei-
zure severity (Fig. 11A–C), indicating that activation of the A1R
is required for the impact of RGS4 inhibition on kainate-evoked
seizure activity. These data demonstrate that inhibition of RGS4
enhances endogenous adenosine-evoked anticonvulsant effects
through the A1R.

Neurabin expression appears to be required for RGS4 to in-
duce attenuation of A1R signaling (Fig. 5A,D). Therefore, we
expected that inhibition of RGS4 would have no effect on A1R-
mediated responses in Nrb�/� mice. Indeed, coinjection of
CCG-4986 in Nrb�/� mice did not change seizure behavior in-
duced by kainate in these mutant mice (Fig. 11D). Together with
data shown above (Fig. 11A–C), these results strongly support
the interpretation that the neurabin–RGS4 complex is engaged
upon agonist activation of the A1R and negatively regulates A1R
activity in vivo; disturbance of this complex by one of several
complementary strategies enhances the ability of endogenous
adenosine to protect against excitotoxin-evoked seizures. In ad-
dition, kainate treatment did not significantly affect brain expres-
sion levels of either RGS4 or neurabin in WT mice (data not
shown), indicating that the A1R/neurabin/RGS4 complex forma-
tion is not simply being modulated by altered interacting partner
ratios during seizure.

Figure 6. Neurabin (Nrb) scaffolds formation of the A1R–RGS4 complex. A, The A1R–
RGS4 interaction is dependent upon agonist stimulation and the presence of neurabin.
Cells coexpressing HA-A1R and RGS4, together with or without Myc-Nrb, were incubated
in the presence or absence of R-PIA for 5 min. Cell lysates were subjected to the immuno-
isolation assay and analyzed using an anti-HA antibody. Representative blots of at least 3
independent experiments are shown. B, RGS4 forms a complex with neurabin and the A1R
upon agonist stimulation. Cells coexpressing HA-A1R, RGS4, and Myc-Nrb were incubated
with or without R-PIA for 5 min. Cell lysates were subjected to the immunoisolation assay
using an anti-RGS4 antibody and analyzed by Western blot. Representative blots of mul-
tiple independent experiments are shown. C, R-PIA stimulation fails to promote interac-
tion between neurabin and RGS2 in cells. Cells coexpressing A1R, Myc-Nrb, and RGS2 were
stimulated with R-PIA for 5 min. Cell lysates were subjected to immunoisolation assay
using an anti-RGS2 antibody and analyzed by Western blot. Representative blots of mul-
tiple independent experiments are shown. IP, Immunoprecipitation.
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Kainate-induced neuronal cell death was further evaluated in
the brains of WT mice coinjected with the RGS4 inhibitor CCG-
4986, and compared with that observed in the brains of WT
control mice injected with kainate alone. Kainate induced signif-
icant cell death in the hippocampus of control mice (Fig.
12A,C,E). However, no obvious cell death was detected in the
hippocampus of mice cotreated with CCG-4986 (Fig. 12B,D,F),
demonstrating enhanced neuronal cell survival in these mice.
Similarly, kainate failed to cause significant cell death in the hip-
pocampus of Nrb�/� mice treated with either CCG-4986 or ve-
hicle (data not shown). These data support an enhanced function
of endogenous adenosine and the A1R when RGS4 is blocked,
which protects neurons from excitotoxic damage.

Discussion
In the present study, we identify a novel regulation of adenosine-
evoked neuroprotection by a neural tissue-specific protein,
neurabin. As illustrated in Figure 13, neurabin directly interacts
with the active A1R upon agonist stimulation and scaffolds com-
plex formation between the A1R and RGS4, which leads to trans-
location of RGS4 to the plasma membrane and termination of

A1R-induced G-protein signaling. When the neurabin scaffold is
absent (as in our Nrb�/� mice), RGS4 fails to form a complex
with the A1R and cannot effectively terminate G-protein signal-
ing. As a result, adenosine-elicited anticonvulsant and neuropro-
tective effects through the A1R are significantly enhanced.
Furthermore, direct inhibition of RGS4 with a small molecule
blocker also results in increased G-protein signaling and en-
hanced neuroprotection in response to adenosine. Together, our
study has identified the A1R/neurabin/RGS4 complex as a key
regulator in fine-tuning A1R functions in the nervous system.
Disruption of this complex, either by genetic manipulation or by
small molecule intervention, enhances A1R-mediated neuropro-
tection in response to endogenous adenosine without adminis-
tration of exogenous A1R ligands, which can activate receptors in
multiple organs and thereby confound therapeutic specificity.

The anticonvulsant effect of adenosine has long been estab-
lished and appreciated, and is mainly attributed to the inhibitory
function of the A1R (Haas and Selbach, 2000; Cunha, 2001; Dun-
widdie and Masino, 2001; Stone, 2002). Indeed, we observe that
the severity of kainate-induced seizure is greatly exacerbated in

Figure 7. RGS4 is enriched at the plasma membrane upon A1R activation in neurons derived from WT, but not Nrb �/�, mice. A, Primary cortical neurons cultured from WT or Nrb �/� mice were
transfected with the Myc-RGS4 plasmid. Representative images of immunostaining with anti-Myc antibody in the presence or absence of R-PIA stimulation. B, representative images of distribution
of endogenous RGS4 in primary neurons. C, Quantitation of relative RGS4 intensity (B) at the plasma membrane over that in the cytoplasm. *p �0.05, R-PIA treated versus control. Error bars indicate
mean � SEM. Thirty to forty neurons from three independent experiments were quantified for each experimental condition.
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mice cotreated with an A1R selective antagonist, DPCPX (Fig. 8).
In contrast, when A1R activity is enhanced, as seen in Nrb�/�

mice (Fig. 8) or mice cotreated with the RGS4 inhibitor CCG-
4986 (Fig. 11), kainate-induced seizure severity is greatly
reduced. Significantly, the dose of kainate capable of inducing an
�50% rate of death in WT mice does not affect Nrb�/� mice
(Fig. 8) or WT mice cotreated with CCG-4986 (Fig. 11). These
data demonstrate that enhancement of A1R function by disrup-
tion of neurabin and RGS4 provides an effective means to reduce

excitotoxic seizures and improve mortality. Given the effective-
ness of adenosine in confining seizures in various models, includ-
ing those for pharmacoresistant seizures (Boison, 2007), several
strategies have been proposed to increase extracellular adenosine

Figure 8. Nrb �/� mice exhibit enhanced A1R-mediated anticonvulsant effects against
kainate-induced seizures. A, Seizure severity in response to kainate (KA) is attenuated in
Nrb �/� mice. Seizure activity over time following kainate injection (25 mg/kg, i.p.; n � 13 for
WT and n � 11 for Nrb �/�) or kainate coinjection with the A1R antagonist DPCPX (0.5 mg/kg)
(n � 9 for WT, n � 8 for Nrb �/�) was scored as described in Materials and Methods with a
higher score indicating greater seizure severity. *p � 0.05; **p � 0.01; ***p � 0.001,
Nrb �/� versus WT mice. #p � 0.05; ##p � 0.01, WT mice treated with kainate alone versus
kainate plus DPCPX. B, Kainate-induced lethality is reduced in Nrb �/� mice. Data are ex-
pressed as a percentage of death in WT (n � 13) and Nrb �/� (n � 11) mice caused by
administration of kainate (25 mg/kg) alone or with DPCPX. C, The percentage of mice with
generalized seizure is reduced in Nrb �/� mice. The percentage of mice with generalized sei-
zure within 120 min post-kainate administration at 20 mg/kg (WT n � 8; Nrb �/� n � 8) or 25
mg/kg (WT n � 13; Nrb �/� n � 11) was calculated for each genotype.

Figure 9. Fewer Nrb �/� mice than WT mice develop spontaneous seizures �3 months
after initial kainate insult. A, Quantitation of EEG recordings made �3 months after the initial
kainate injection at 25 mg/kg in WT and Nrb �/� mice. EEG recordings were performed in mice
for 24 h and the percentage of time in which a spike train was detected (indicating seizure
activity in the brain) was calculated for each mouse (represented by single dots). n � 5 for WT
and n � 7 for Nrb �/� mice. *p � 0.05. Error bars indicate mean � SEM. B, C, Representative
EEG recording traces in one WT (B) and one Nrb �/� (C) mouse with spontaneous seizures show
a much less EEG magnitude in Nrb �/� mice than that observed in WT mice with spontaneous
seizures. A representative 10 min period with spike train detected is shown for each mouse.

Chen et al. • Regulation of Adenosine Anti-Seizure Effect by Neurabin J. Neurosci., February 22, 2012 • 32(8):2683–2695 • 2691



levels to treat epileptic seizures. These
strategies include inhibition of adenosine
kinase (Boison, 2008), which converts
adenosine to AMP; ketogenic diet, which
increases global and focal adenosine levels
(Masino et al., 2009); and transplanta-
tion of adenosine-releasing cells (Boison,
2007). Our present findings open up a
new therapeutic direction for seizure con-
trol by specifically enhancing A1R activity
and responsiveness through disruption of
neurabin and RGS4, and provide the first
example that a small molecule inhibitor of
RGS proteins is effective in reducing exci-
totoxic seizure through potentiating A1R
signaling.

It is well appreciated that basal levels
of extracellular adenosine are sufficient
to tonically activate adenosine receptors,
providing inhibitory purinergic tone in
most systems (Dunwiddie and Masino,
2001). Given that neurabin and RGS4 at-
tenuate A1R signaling, we suspect that
such tonic activation of A1Rs by adeno-
sine would be enhanced with neurabin de-
ficiency or RGS4 inhibition, leading to
stronger inhibition of neuronal excit-
ability and transmission. Therefore, a
selective A1R antagonist would be ex-
pected to elicit greater potentiation of baseline transmission at
synapses in Nrb �/� mice compared with WT mice or under
conditions when RGS4 activity is inhibited. The effects of dis-
rupting the A1R/neurabin/RGS4 complex on synaptic trans-
mission are currently under investigation.

To the best of our knowledge, we have demonstrated for the
first time that neurabin directly interacts with a GPCR to nega-
tively regulate receptor activity through an RGS protein. The
neurabin homolog spinophilin has been shown to interact with
multiple GPCRs, including dopamine D2 receptor (Smith et al.,
1999), �2AR (Richman et al., 2001; Wang et al., 2004; Xu et al.,
2008), �1AR (Wang et al., 2005), M2 and M3 muscarinic acetyl-
choline receptors (Kurogi et al., 2009), and the �-opioid receptor
(Charlton et al., 2008); however, direct interaction between
neurabin and a GPCR has not been reported. Neurabin has been
shown to sequester RGS2 from binding to �1AR, thus enhancing
�1AR-mediated signaling (Wang et al., 2007). In contrast, our
current study demonstrates that neurabin directly interacts with
the active A1R and recruits RGS4 to the A1R complex at the
plasma membrane, thereby attenuating A1R-mediated signaling.
Meanwhile, the agonist-promoted interaction of the A1R with
neurabin seems to have a negligible effect on A1R receptor den-
sity (Fig. 4C) and intrinsic affinity for agonist (Fig. 4D) and an-
tagonist binding (data not shown), as these A1R properties are
not changed in Nrb�/� mice.

Direct interaction with a GPCR represents a novel mechanism
for neurabin to regulate neuronal activity. Neurabin has been
reported to modulate glutamatergic neurotransmission and syn-
aptic plasticity by targeting PP1 to postsynaptic compartments
(MacMillan et al., 1999; Terry-Lorenzo et al., 2005; Allen et al.,
2006; Hu et al., 2007). Our findings suggest that neurabin atten-
uates adenosine-evoked inhibition of neuronal activity by inter-
acting with the A1R to diminish its signaling. The sequence of
neurabin responsible for interacting with the A1R does not over-

lap with the region involved in PP1 binding and regulation (Na-
kanishi et al., 1997; Burnett et al., 1998) (Figs. 1B, 2A), making it
possible to specifically target neurabin modulation of A1R signal-
ing without altering its function in targeting PP1.

Our findings also provide strong evidence that the ability of
neurabin to attenuate endogenous adenosine-elicited neuropro-
tection is due to the concurrent association of neurabin with both
the A1R and RGS4. In vitro assays have demonstrated that neura-
bin is capable of interacting with several RGS proteins in the R4
subfamily (Wang et al., 2007). However, upon A1R agonist stim-
ulation in intact cells, as shown in Figure 6, neurabin specifically
forms a complex with RGS4, but not with its close homolog,
RGS2. These data not only demonstrate that the neurabin-
facilitated A1R–RGS interaction is highly specific for RGS4, but
also suggest that agonist-induced assembly of the A1R/neurabin/
RGS4 complex provides a molecular mechanism by which neura-
bin expression suppresses A1R responses. Furthermore, the
specificity of the interaction of neurabin with RGS4 and not other
structurally close family members suggests that neurabin may
serve another role in facilitating the selectivity of RGS-mediated
attenuation of GPCR signaling.

Our findings that RGS4 inhibitor-dependent reduction of
kainate-induced seizure severity is eliminated by cotreatment
with an A1R antagonist (Fig. 11) support the hypothesis that A1R
signaling is specifically regulated by RGS4 in this seizure model.
Moreover, it was recently reported that RGS4 gene deficiency
reduced the susceptibility to audiogenic seizures in fragile X men-
tal retardation protein knock-out mice, likely through an in-
crease of GABAB receptor signaling (Pacey et al., 2009). Together,
these studies suggest that suppression of RGS4 activity may be
beneficial for seizure suppression in multiple clinical settings. It is
noteworthy that RGS4-null mice are viable and fertile, and lack
obvious physiological defects (Grillet et al., 2005). Therefore,
pharmacological inhibition of RGS4 is unlikely to cause gross

Figure 10. Kainate-induced cell death in the hippocampus is dramatically reduced in Nrb �/� mice. Hippocampal slices were
collected from WT and Nrb �/� mice 7 d after indicated treatment and stained with hematoxylin and eosin (HE, A–C). Cell death
was detected by Fluoro-Jade B (FJB) staining (D–F ) and TUNEL assay (G–I ). Significant neuronal cell death was detected in the
hippocampus of WT mice that received kainate (KA) administration, but not in the hippocampus of Nrb �/� mice that underwent
the same treatment.
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abnormality, and hence represents a par-
ticularly suitable approach to treat sei-
zures without causing global side effects.

The small molecule CCG-4986 was
shown to inhibit both RGS4 interaction
with G�o and RGS4 GAP activity in vitro
(Roman et al., 2007), likely through mod-
ification of multiple cysteine residues in-
cluding Cys148 at an allosteric site that
leads to a conformational change in RGS4
(Roman et al., 2010). Two other RGS pro-
teins that possess a cysteine at equivalent
positions, RGS8 and RGS16, cannot be
inhibited by CCG-4986 (Roman et al.,
2010), suggesting that the allosteric
modification by CCG-4986 is unique for
RGS4 and that the inhibitory outcome of
CCG-4986 is not nonselective in nature.
Consistent with our working model that
neurabin scaffolds A1R-RGS4 complex
formation so that RGS4 can diminish A1R
signaling, the effect of CCG-4986 inhibi-
tion of RGS4 on A1R-mediated responses
requires the presence of neurabin in both
cultured cells (Fig. 5A) and in vivo (Fig.
11D). Our findings regarding CCG-4986
attenuation of kainate-induced seizures
provide proof of concept evidence sup-
porting the therapeutic potential of inhi-
bition of RGS4 in neuroprotection.

In summary, we have identified a neu-
ral tissue-specific interacting partner of
the A1R, neurabin, which attenuates A1R
signaling by recruiting RGS4 to form a
complex with the receptor. In vivo, endoge-
nous adenosine-evoked protective effects

against cell death and kainate-induced seizure are remarkably
enhanced in mice lacking neurabin expression or when RGS4
activity is blocked by a small molecule inhibitor. Significantly, all
mice survive the median lethal dose of kainate under these ge-
netic or pharmacological manipulations. Thus, neurabin-RGS4
represents a tissue-selective regulatory mechanism for fine-
tuning adenosine receptor function in neurabin-expressing tar-
get cells, i.e., in the nervous system. Disruption of this novel
A1R/neurabin/RGS4 complex provides a promising therapeutic
strategy for specific enhancement of neuroprotective effects in
response to endogenous adenosine released on site on the de-
mand of various insults to the brain, and thus opens a new direc-
tion for treatment of pathological conditions that cause neural
damage.
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