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The ability and motivation to execute spe-
cific actions to obtain rewards depend on
dopamine signaling in the striatum. Do-
pamine regulates the activity of medium
spiny neurons (MSNs)—the principal
striatal cell type—via D1 and D2 recep-
tors, which are expressed in distinct neu-
ronal populations and exert opposite
effects. D1 receptors are coupled to G pro-
teins containing G�s , which stimulates
adenylyl cyclase, thus increasing cAMP
levels and activating protein kinase A
(PKA). D2 receptors, in contrast, are cou-
pled to G�i/o , which inhibits adenylyl
cyclase and reduces PKA activity. The dura-
tion of signaling via these pathways is lim-
ited by regulators of G-protein signaling
(RGS) proteins, which inactivate G proteins
by facilitating the hydrolysis of GTP.

RGS9-2 is enriched in the striatum, and
its deletion impairs motor learning and sen-
sitizes responses to addictive drugs. These
effects are thought to result from prolonged
activation of G�i/o , with downstream effects
on NMDA receptors (NMDARs) and
voltage-gated calcium channels (Xie and
Martemyanov, 2011 Front Neuroanat 5:49).
Activation of D2 receptors might reduce
NMDAR currents by reducing PKA-dep-
endent phosphorylation of NMDARs.

Songetal.showthatknock-outofRGS9-2
in mice reduced calcium influx through
NMDARs selectively in D2-expressing
MSNs. Consequently, mice were hyper-
sensitive to the behavioral effects of
NMDAR antagonists. The reduction in
NMDAR currents was reversed by an ex-
ogenous activator of adenylyl cyclase,
consistent with the effect resulting from
prolonged activation of G�i/o.

Unexpectedly, RGS9-2 knock-out in-
creased the frequency of miniature EPSCs in
D2-expressing MSNs. Furthermore, the rel-
ative amplitude of two sequentially evoked
EPSCs [the paired-pulse ratio (PPR)] was
lower in RGS9-2-deficient neurons than in
controls, suggesting release probability was
increased. This difference was eliminated by

cannabinoid receptor antagonists, which re-
duced PPR only in wild-type animals. This
suggests that RGS9-2 knock-out reduced
endocannabinoid-dependent signaling.

These results suggest that the effect of D2
signaling on NMDA receptor currents is
normally limited by RGS9-2. Because cal-
cium influx promotes synthesis of endo-
cannabinoids, which act retrogradely to
suppress presynaptic neurotransmitter re-
lease, loss of postsynaptic RGS9-2 also in-
creases presynaptic release probability. This
implies that activation of postsynaptic D2
receptors might also increase presynaptic
release probability. The extent to which this
occurs under various physiological condi-
tions should be investigated in future work.
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Unexpected rewards activate midbrain do-
pamine neurons that project to the nucleus
accumbens (NAc). If a neutral stimulus re-
peatedly co-occurs with a given reward, the
stimulus itself becomes sufficient to induce
dopamine release and to drive actions that
previously yielded reward. The ability of
cues to acquire such incentive value likely
underlies the pronounced ability of drug-

associated stimuli to precipitate relapse even
after prolonged abstinence.

The neural mechanisms through which
conditioned stimuli reinstate drug-seeking
are not fully understood, but one likely con-
tributor is transient plasticity at inputs from
the prelimbic cortex to the core subregion of
the NAc (NAcore). After rats learned to
press a lever to receive cocaine paired with a
light cue, and after this behavior was extin-
guished by withholding both the cocaine
and the cue, reintroducing the cue when the
lever was pressed led to an increase in lever
pressing and a transient increase in the am-
plitude of EPSCs mediated by AMPA recep-
tors relative to those mediated by NMDA
receptors (the AMPA–NMDA ratio) in the
NAcore (Gipson et al., 2013 Neuron 77: 867).

Roberts-Wolfe, Bobadilla, et al. found
that cocaine-trained rats that were denied
cocaine access without undergoing extinc-
tion training (abstinent animals) engaged in
more lever-pressing when returned to the
training chamber than those that had un-
dergone extinction training. Similar results
were found in mice, in which nose-poking
was the operant behavior. Notably, changes
in the AMPA–NMDA ratio in mouse
NAcore medium spiny neurons (MSNs)
differed across subtypes and depended on
training conditions. Specifically, reinstate-
ment of nose-poking was associated with
increased AMPA–NMDA ratio in D1-
expressing MSNs in both abstinent and extin-
guishedmice. Incontrast, theAMPA–NMDA
ratiowasincreasedinD2-expressingMSNsaf-
ter extinction training, but not after absti-
nence, regardless of whether nose-poking was
reinstated. Thus, mice that exhibited cue-
induced reinstatement of nose-poking after
extinction training exhibited increases in the
AMPA–NMDA ratio in both D1- and D2-
expressing MSNs.

These results suggest that increases in
the AMPA–NMDA ratio in D2-expressing
MSNs inhibit reward-seeking behavior,
whereas increases in D1-expressing MSNs
promote reward-seeking. The increase in
AMPA–NMDA ratio in both neuron types
after extinction and reinstatement may ex-
plain why cocaine-seeking was less robust in
these animals than in those that did not un-
dergo extinction training.
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RGS9-2 limits signaling downstream of dopamine D2 recep-
tors, and thus enables signaling via NMDARs and endocan-
nabinoids. See Song et al. for details.
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