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This Research Topic aims to highlight and cover recent understanding on striatal signaling 
pathways, which are activated by a variety of therapeutic agents or drugs of abuse in 
physiological and pathological context. The recent development of different mouse models 
allowing the identification of specific cell types and neuronal circuits in which a given 
signaling pathway is activated in various physiological and pathological conditions provides 
essential information and allowed to untangle the complexity of study signal transduction in 
the brain in vivo. 

I believe this Research Topic is very timely because of the recent flurry of research papers on 
this topic. This special issue represents a unique opportunity to bring together leading experts 
in the field to provide a deep overview of current striatal signaling knowledge.
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The striatum and its ventral extension the nucleus accumbens
(NAcc) are the main inputs structure of the basal ganglia cir-
cuit (Figure 1). While the striatum appears to be essential for the
selection and initiation of actions and for the learning of habits
and skills, the NAcc seems to be more involved in motivation and
reward. Interestingly, dysfunctional plasticity of these structures
has been associated with prominent neurological and psychi-
atric disorders such as Parkinson’s disease, obsessive-compulsive
disorder, Tourette’s syndrome, and drug addiction.

The aims of this Special Topic was to propose a series of
reviews covering our recent understanding on striatal signaling
pathways, which are activated by a variety of therapeutic agents
or drugs of abuse in physiological and pathological context. The
17 articles provide a deep overview of our current knowledge and
highlight how recent advances in cell-type specific technologies,
including fluorescent reporter mice, conditional knockout, and
viral-mediated gene transfer allow to untangle the complexity of
studying signal transduction in the brain in vivo. The content of
each of these articles is briefly summarized below.

The first article, by Nishi et al. (2011) summarizes some
of the mechanisms involved in the modulation of dopamine
D1R signaling. The authors review both the canonical and non-
canonical D1R signaling cascade that coupled to Gαolf/adenylyl
cyclase/PKA signaling and to Gq/phospholipase C or Src fam-
ily kinase, respectively. They also extensively discuss the role
played by Phosphodiesterases (PDEs) in the control of striatal
signaling. In the second article, Hervé (2011) reviews the criti-
cal role of the highly specialized G-protein subunit heterotrimer
containing Gαolf/β2/γ7 that couples D1R and A2aR to adeny-
lyl cyclase 5. The physiological consequences of the alterations
of Gαolf levels and/or activity are also extensively discussed.
The third article by Perreault et al. (2011) reviews the current
knowledge on D1R-D2R heteromers. Although, it is commonly
accepted that D1R and D2R are preferentially expressed in stri-
atonigral and striatopallidal MSNs, respectively, the authors put
forward the hypothesis that MSNs co-expressing both receptors
display unique signaling properties supporting the existence of
a “novel third pathway”. Ferré et al. (2011) focus on the role
of the different subpopulation of striatal adenosine A2aR. Post-
synaptically, A2aR are localized in striatopallidal MSNs where
they form heteromers with dopamine D2R, cannabinoid CB1R,
and mGluR5R. The authors also highlight how presynaptic A2aR-
A1R heteromers can impact on striatal signaling. After a brief
overview of the major G-protein-coupled receptors (GPCRs) and
their downstream effectors, Xie and Martemyanov (2011) discuss

the progress made in understanding the roles of RGS proteins in
controlling striatal G-protein signaling. A particular attention has
been paid on the role of the striatal-enriched RGS9-2 protein on
dopamine and opioid signaling. The sixth article by Del’Guidice
et al. (2011) deals with the role of β-arrestin 2 on the regulation
of dopamine receptor desensitization as well as the involvement
of this scaffoling protein in the control of the Akt/GSK3 signaling
pathways. Potential molecular targets of β-arrestin 2/Akt/GSK3
signaling are also reviewed. After an outline of the current knowl-
edge of the signaling cascades that target the nucleus, Matamales
and Girault (2011) describe how through the regulation of pro-
tein kinases, phosphatases, and transport through the nuclear
pore, a signal initiated at the plasma membrane is amplified in the
cytosol and then relayed to the nucleus. Identified mechanisms
involved in transcription regulation and chromatin re-modeling
in MSNs are also discussed. In the eighth article Walaas et al.
(2011) provide a comprehensive review on the regulation and
roles of the three major subclasses of serine/threonine protein
phosphatases, PP1, PP2B, and PP2A. Their direct or indirect
regulation by the striatum-enriched phosphoproteins DARPP32,
RCS, and ARPP-16 is extensively discussed. The ninth article
by Fitzpatrick and Lombroso (2011) also deals with the role of
protein phosphatases focusing more specifically on the striatal-
enriched protein tyrosine phosphatase (STEP). The structure and
the regulation of STEP phosphorylation are described, as are
the functional consequences of STEP dysfunctions in various
neurological and neuropsychiatric disorders.

The dysregulation of striatal signaling induced by the drugs
of abuse leads to an abnormal neuronal plasticity that under
normal circumstances serves to shape appropriate reward-related
behaviors. After a rapid update on the role played by dopamine
receptors in drug addiction, Philibin et al. (2011) perform an
in-depth review of intracellular signaling cascades, involving spe-
cific kinases and phosphatases affected by cAMP and Ca2+ that
modulate neuroplasticity to affect behavioral outcome. Particular
emphasis is placed on PKA, cdk5, ERK, CamKII, and PKC.
Glutamate receptors cooperate closely with dopamine to regulate
striatal signaling. In the article of Mao et al. (2011) several major
types of post-translational modifications of glutamate receptors,
including phosphorylation, palmitoylation, ubiquitination, and
sumoylation are discussed. The impact of such modifications
on striatal signaling and drug-induced neuronal plasticity is also
addressed. The article by Lobo and Nestler (2011) discuss exten-
sively how recent advances in cell-type-specific technologies have
advanced the field toward a more comprehensive understanding
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FIGURE 1 | Single confocal image showing DARPP-32

immunoreactivity (red) and EGFP fluorescence (cyan) in Drd2-EGFP
BAC transgenic mice. DARPP-32 allows the identification of all striatal
medium-sized spiny neurons (MSNs) while EGFP labels striatopallidal
MSNs and large aspiny cholinergic interneurons. Picture by E. Valjent.

of the distinct molecular and functional contributions of stria-
tonigral and striatopallidal MSNs in drug addiction. The article
by Durieux et al. (2011) also deals with the development of new
models and techniques allowing the selective targeting of striatal
MSNs and interneurons. Although these approaches represent

invaluable tools, the authors point out the need of an extensive
characterization to avoid overstated conclusions.

Altered striatal signaling in neurological disease has been
also covered in this Special Issue. Thus, the contribution of
Murer and Moratalla (2011) deals with the abnormal striatal
signaling observed in response to L-DOPA in the context of
Parkinson’s disease. Transcriptional and translational molecu-
lar mechanisms that may translate enhanced D1 signaling into
dyskinetic movements are discussed, as are the role of D2/D3R-
mediated signaling. Bonito-Oliva et al. (2011) review the key
role played by DARPP-32 in the actions of antiparkisonian
and antipsychotic drugs. The emerging picture indicating that
L-DOPA-induced dyskinesia and extrapyramidal syndrome are
linked to abnormal cAMP signaling in striatonigral and stri-
atopallidal MSNs is also discussed. After a brief overview of the
clinical aspects, genetics, and neuropathology, Roze et al. (2011)
summarize our current knowledge on the molecular mechanisms
underlying Huntington’s disease. Changes in axonal transport
and synaptic dysfunction have been discussed, as are transcrip-
tional dysregulation observed at the striatal level. Finally, the last
article by Crittenden and Graybiel (2011) provides a compre-
hensive review on the current state of knowledge of the details
of striosome-matrix compartimentalization on the striatum and
alterations in various disease states.

I am grateful for the enthusiasm and willingness shown by so
many colleagues in the field of striatal signaling to contribute an
article in this Special Issue. Some of the contributors also served
as expert reviewers for articles. In addition, I would like to thank
external reviewers for their valuable criticisms and suggestions
that contributed to the success of this Special Issue.
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In the striatum, dopamine D1 receptors are preferentially expressed in striatonigral neu-
rons, and increase the neuronal excitability, leading to the increase in GABAergic inhibitory
output to substantia nigra pars reticulata. Such roles of D1 receptors are important for the
control of motor functions. In addition, the roles of D1 receptors are implicated in reward,
cognition, and drug addiction. Therefore, elucidation of mechanisms for the regulation of
dopamine D1 receptor signaling is required to identify therapeutic targets for Parkinson’s
disease and drug addiction. D1 receptors are coupled to Gs/olf/adenylyl cyclase/PKA signal-
ing, leading to the phosphorylation of PKA substrates including DARPP-32. Phosphorylated
form of DARPP-32 at Thr34 has been shown to inhibit protein phosphatase-1, and thereby
controls the phosphorylation states and activity of many downstream physiological effec-
tors. Roles of DARPP-32 and its phosphorylation at Thr34 and other sites in D1 receptor
signaling are extensively studied. In addition, functional roles of the non-canonical D1 recep-
tor signaling cascades that coupled to Gq/phospholipase C or Src family kinase become
evident. We have recently shown that phosphodiesterases (PDEs), especially PDE10A,
play a pivotal role in regulating the tone of D1 receptor signaling relatively to that of D2
receptor signaling. We review the current understanding of molecular mechanisms for the
modulation of D1 receptor signaling in the striatum.

Keywords: dopamine, D1 receptor, signaling, DARPP-32, phosphodiesterase, striatum

INTRODUCTION
Dopamine plays critical roles in the regulation of psychomo-
tor functions in the brain (Bromberg-Martin et al., 2010; Cools,
2011; Gerfen and Surmeier, 2011). The dopamine receptors are
a superfamily of heptahelical G protein-coupled receptors, and
are grouped into two categories, D1-like (D1, D5) and D2-like
(D2, D3, D4) receptors, based on functional properties to stim-
ulate adenylyl cyclase (AC) via Gs/olf and to inhibit AC via Gi/o,
respectively (Kebabian and Calne, 1979; Jackson and Westlind-
Danielsson, 1994; Missale et al., 1998). In the striatum, dopamine
D1 and D2 receptor expressions are segregated in two types
of medium spiny neurons, striatonigral/direct and striatopalli-
dal/indirect pathway neurons, respectively (Hersch et al., 1995;
Surmeier et al., 1996; Valjent et al., 2009; Bertran-Gonzalez et al.,
2010). In the striatonigral/direct pathway neurons, D1 receptors
are coupled to Gs/olf/AC/PKA signaling, and activation of PKA
induces the phosphorylation of PKA substrates such as DARPP-32,
a dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa,
and a transcription factor, CREB, leading to alterations of neuronal
functions (Greengard et al., 1999; Hyman and Malenka, 2001). In
this review, the roles of DARPP-32 and its phosphorylation in D1

receptor signaling and the recent findings on the modulation of
D1 receptor/Gs/olf/AC/PKA signaling by phosphodiesterase (PDE)
inhibitors are discussed. In addition, the non-canonical D1 recep-
tor signaling cascades that couple to Gq/phospholipase C (PLC)
or Src family kinase (SFK) are overviewed.

ROLES OF DARPP-32 AND ITS PHOSPHORYLATION IN D1
RECEPTOR/Gs/olf/AC/cAMP/PKA SIGNALING
ROLE OF THE PKA PHOSPHORYLATION-SITE AT Thr34 OF DARPP-32
Dopamine, acting on D1 receptors, stimulates cAMP/PKA signal-
ing via Gs/olf-mediated activation of AC (Herve et al., 2001). In
postsynaptic striatal neurons, DARPP-32 is a major target for the
cAMP/PKA signaling cascade (Greengard et al., 1999; Svennings-
son et al., 2004). DARPP-32 is expressed in D1 receptor-enriched
striatonigral neurons as well as D2 receptor-enriched striatopal-
lidal neurons (Bateup et al., 2008). Phosphorylation at Thr34
by PKA converts DARPP-32 into a potent inhibitor of protein
phosphatase-1 (PP-1; Figure 1). The inhibition of PP-1 thereby
controls the phosphorylation state and activity of many down-
stream physiological effectors, including various neurotransmitter
receptors (e.g., AMPA receptor GluR1 subunit, NMDA receptor
NR1 subunit), ion channels and pumps (e.g., N/P-type Ca2+ chan-
nels, Na+ channel, Na+, K+-ATPase), and transcription factors
(e.g., CREB, c-Fos, �FosB). Especially in cases of dual substrates
for PKA and PP-1 such as GluR1 at Ser845 and NR1 at Ser897, acti-
vation of PKA signaling can efficiently increase the phosphoryla-
tion states of such substrates. Mice lacking DARPP-32 are deficient
in their molecular, electrophysiological, and behavioral responses
to dopamine, drugs of abuse, and antipsychotic medication, indi-
cating an essential role for DARPP-32 in dopaminergic signaling
(Fienberg et al., 1998; Fienberg and Greengard, 2000). Recently,
a study using DARPP-32 conditional knockout mice, in which

Frontiers in Neuroanatomy www.frontiersin.org July 2011 | Volume 5 | Article 43 | 7

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/about
http://www.frontiersin.org/Neuroanatomy/10.3389/fnana.2011.00043/abstract
mailto:nishia@med.kurume-u.ac.jp
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive
http://www.frontiersin.org/people/akinorinishi/26548


Nishi et al. Modulation of D1 receptor signaling

FIGURE 1 |The D1 receptor signaling cascades in striatonigral/direct

pathway neurons. D1 receptors couple to at least three distinct signaling
cascades: (1) Gs/olf/adenylyl cyclase (AC)/cAMP/PKA/DARPP-32/protein
phosphatase-1 (PP-1) signaling (blue; Svenningsson et al., 2004; Stipanovich
et al., 2008), (2) Gq/phospholipase C (PLC)/inositol 1,4,5-trisphosphate (IP3)/IP3

receptor/Ca2+ signaling (orange; Rashid et al., 2007a; Kuroiwa et al., 2008;
Hasbi et al., 2009), (3) Gβγ/Src family kinase (SFK)/NMDA receptor NR2B
subunit/Ca2+/Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1)/
mitogen-activated protein kinase/ERK kinase (MEK)/ERK signaling (green;
Girault et al., 2007; Pascoli et al., 2011). The phosphorylation levels of
DARPP-32 are low at Thr34 and high at Thr75, Ser97, and Ser130 under basal
conditions. Activation of PKA induces the phosphorylation of DARPP-32 at

Thr34 and the dephosphorylation of DARPP-32 at Thr75 and Ser97 by
PP-2A/B56δ complex, and phospho-Thr34/dephospho-Ser97 DARPP-32
accumulates in nucleus and inhibits PP-1, leading to the increase in histone
H3 phosphorylation (Stipanovich et al., 2008). ERK, activated by two D1

receptor pathways, induces mitogen- and stress-activated kinase 1 (MSK1)
activation and histone H3 and cAMP-response element binding protein
(CREB) phosphorylation in the nucleus (Girault et al., 2007; Pascoli et al.,
2011). Thus, D1 receptor-mediated activation of PKA, intracellular Ca2+, and
ERK signaling induces the changes in downstream signaling cascades and the
transcriptional activation of many genes. CaMK, Ca2+/calmodulin-dependent
protein kinase; DAG, diacylglycerol; PDE, phosphodiesterase; STEP,
striatal-enriched tyrosine phosphatase.

DARPP-32 is selectively deleted in D1 receptor-enriched striatoni-
gral or D2 receptor-enriched striatopallidal neurons, revealed that
DARPP-32 expressed in two types of medium spiny neurons dif-
ferentially regulates striatal motor behaviors (Bateup et al., 2010).
The loss of DARPP-32 in striatonigral neurons decreases basal
and cocaine-induced locomotor activities and attenuates l-DOPA-
induced dyskinesia in a 6-hydorxydopamine hemi-lesioned model
of Parkinson’s disease, whereas the loss of DARPP-32 in striatopall-
idal neurons increases basal and cocaine-induced locomotor activ-
ities and abolishes haloperidol-induced catalepsy. These findings
support the idea that DARPP-32 enhances D1 receptor functions
in striatonigral neurons, but opposes D2 receptor functions in
striatopallidal neurons.

The phosphorylation state of DARPP-32 at Thr34 is regulated
by the balance of phosphorylation by PKA and dephosphorylation
by protein phosphatase 2B (calcineurin) and 2A (PP-2A). PKA sig-
naling in direct pathway neurons is activated by β1-adrenceptors

(Hara et al., 2010) and 5-HT4/6 receptors (Svenningsson et al.,
2002, 2007) as well as D1 receptors (Bateup et al., 2008; Kuroiwa
et al., 2008), and is inhibited by adenosine A1 receptors (Yabuuchi
et al., 2006), α2-adrenceptors (Hara et al., 2010), and μ-opioid
receptors (Lindskog et al., 1999). Dephosphorylation of phospho-
Thr34 DARPP-32 is mainly regulated by calcineurin (Nishi et al.,
1999). Activation of NMDA or AMPA receptors increases intra-
cellular Ca2+ and activates calcineurin, leading to the dephos-
phorylation of DARPP-32 at Thr34 (Halpain et al., 1990; Nishi
et al., 1999). D2 receptors are known to activate calcineurin via
PLC/intracellular Ca2+ signaling (Hernandez-Lopez et al., 2000),
leading to the dephosphorylation of DARPP-32 at Thr34 in striatal
neurons where D1 and D2 receptors are co-expressed (Nishi et al.,
1997). PP-2A also contributes to control the dephosphorylation
process of DARPP-32 at Thr34 in a coordinated manner with cal-
cineurin, as inhibition of PP-2A and calcineurin induces the syner-
gistic and robust increase in DARPP-32 Thr34 phosphorylation in
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striatal slices (Nishi et al., 1999). However, the role of PP-2A in the
dephosphorylation of DARPP-32 at Thr34 is not fully understood
under physiological conditions.

ROLE OF THE Cdk5 PHOSPHORYLATION-SITE AT Thr75 OF DARPP-32
In addition to Thr34, DARPP-32 is phosphorylated at multiple
sites by several protein kinases. The major phosphorylation sites
are at Thr75 for cyclin-dependent kinase 5 (Cdk5; Bibb et al.,
1999), at Ser97 for CK2 (Girault et al., 1989), and at Ser130 for
CK1 (Desdouits et al., 1995b), and these sites are highly phospho-
rylated in intact cells. DARPP-32 phosphorylated at Thr75 inhibits
PKA activity and thereby reduces the efficacy of dopamine D1

receptor signaling (Bibb et al., 1999). Dopamine, via dopamine
D1 receptors, activates PKA, which directly stimulates DARPP-
32 Thr34 phosphorylation, and indirectly stimulates DARPP-32
Thr75 dephosphorylation by PP-2A (Nishi et al., 2000). PP-2A
associated with B56δ regulatory subunit is involved in the dephos-
phorylation of Thr75. B56δ at Ser566 is phosphorylated by PKA,
and the phosphorylation increases the activity of PP-2A/B56δ

complex to dephosphorylate DARPP-32 at Thr75 (Ahn et al.,
2007a). The ability of activated PKA to reduce the phosphory-
lation state of DARPP-32 at Thr75 and thereby de-inhibit PKA is
important as a positive feedback mechanism for enhancing PKA
signaling (Nishi et al., 2000). Further activation of PKA and inhibi-
tion of PP-1 via DARPP-32-dependent mechanisms synergistically
increase the phosphorylation of various substrates.

Glutamate acting on NMDA or AMPA receptors also stim-
ulates the dephosphorylation of DARPP-32 at Thr75 by PP-2A
(Nishi et al., 2002). PP-2A associated with B′′/PR72 regulatory
subunit mediates Ca2+-dependent dephosphorylation of Thr75
(Ahn et al., 2007b). PR72 contains two Ca2+-binding EF hands,
EF1 and EF2 (Janssens et al., 2003). EF2 likely promotes the assem-
bly of PP-2A/PR72 complex, and Ca2+ binding to EF1 activates
PP-2A/PR72 activity for DARPP-32 at Thr75 in a substrate-specific
manner (Janssens et al., 2003; Ahn et al., 2007b). By utilizing the
Ca2+-dependent PP-2A/PR72 pathway, glutamate increases PKA
activity by dephosphorylating Thr75 of DARPP-32, similarly to
the D1 receptor-activated PP-2A/B56δ pathway.

The importance of DARPP-32 Thr75 phosphorylation is impli-
cated in drug abuse. Chronic administration of psychostimulants
such as cocaine induces the accumulation of a transcription fac-
tor,�FosB, resulting in the induction of a downstream target gene,
Cdk5 (Bibb et al., 2001). The induced Cdk5 increases DARPP-32
Thr75 phosphorylation and therefore decreases D1 receptor/PKA
signaling. The attenuation of D1 receptor/PKA signaling is con-
sidered as adaptive changes to cocaine addiction. The role of
DARPP-32 at Thr75 is also demonstrated in stimulatory action of
caffeine (Lindskog et al., 2002). Caffeine, by antagonizing adeno-
sine A2A receptors in striatopallidal neurons, attenuates A2A recep-
tor/PKA signaling and PP-2A activity and subsequently increases
DARPP-32 Thr75 phosphorylation, which likely contribute to the
stimulatory action of caffeine.

ROLE OF THE CK2 PHOSPHORYLATION-SITE AT Ser97 OF DARPP-32 AND
THE CK1 PHOSPHORYLATION-SITE AT Ser130 OF DARPP-32
Phosphorylation of DARPP-32 at Ser97 (in mouse sequence;
Ser102 in rat sequence) by CK2 is reported to increase the effi-
cacy of DARPP-32 Thr34 phosphorylation by PKA (Girault et al.,

1989). In parallel, phosphorylation of DARPP-32 at Ser130 (in
mouse sequence; Ser137 in rat sequence) by CK1 decreases the
rate of dephosphorylation of Thr34 by calcineurin (Desdouits
et al., 1995a). Thus, DARPP-32 phosphorylation by CK2 or CK1
results in the increase in the phosphorylation states of DARPP-
32 at Thr34, suggesting the role of CK2 and CK1 to enhance
D1 receptor/PKA/DARPP-32/PP-1 signaling cascade. However, an
opposing action of CK2 to inhibit D1 receptor/PKA signaling is
demonstrated (Rebholz et al., 2009). CK2 directly interacts with
Gs/olf , and negatively controls the functions of D1 receptors as well
as A2A receptors by enabling faster internalization.

Recently, the phosphorylation state of DARPP-32 at Ser97 is
found to be a key regulator of nuclear export of DARPP-32
(Stipanovich et al., 2008). DARPP-32 has been thought as cyto-
plasmic protein because majority of DARPP-32 was fractionated
in the soluble fraction (Walaas and Greengard, 1984), although
the immunoreactivity of DARPP-32 was noticed in some nuclei
of medium spiny neurons (Ouimet and Greengard, 1990). Impor-
tantly, activation of D1 receptor/PKA signaling induces the nuclear
accumulation of DARPP-32 (Stipanovich et al., 2008). The phos-
phorylation of DARPP-32 at Ser97 by CK2 functions as nuclear
export signal of DARPP-32. Ser97 is highly phosphorylated under
basal conditions (Girault et al., 1989), and only small fraction
of DARPP-32 is located in the nucleus. When PKA is acti-
vated, Ser97 is dephosphorylated by PKA-activated PP-2A/B56δ

complex, resulting in the accumulation of DARPP-32 (phospho-
Thr34/dephospho-Ser97 form of DARPP-32) in the nucleus. The
inhibition of PP-1 by phospho-Thr34 DARPP-32 promotes his-
tone H3 phosphorylation and regulates the nuclear function via
mechanisms of chromatin remodeling. These findings provide
mechanisms for D1 receptor/PKA/DARPP-32 signaling to regulate
gene expression, especially in conditions of drug addiction.

REGULATION OF D1 RECEPTOR/PKA/DARPP-32 SIGNALING BY
NEUROTRANSMITTERS
The D1 receptor/PKA/DARPP-32 signaling cascade is modulated
by various neurotransmitters including glutamate, GABA, acetyl-
choline, adenosine, serotonin, norepinephrine, nitric oxide, and
neuropeptides (opioids, cholecystokinin, and neurotensin), in
addition to dopamine (for the review, see Svenningsson et al.,
2004). The release of dopamine is also regulated by neurotrans-
mitters, therapeutic drugs, and drugs of abuse (Schmitz et al.,
2003; Sulzer, 2011). We recently reported the role of glutamate
(Nishi et al., 2005), PGE2 (Kitaoka et al., 2007), nitric oxide
(Tanda et al., 2009), and norepinephrine (Hara et al., 2010) in
the regulation of D1 receptor/PKA/DARPP-32 signaling. The role
of DARPP-32 in integrating dopamine and other neurotransmit-
ter signaling in D1-type striatonigral neurons as well as D2-type
striatopallidal neurons has been proposed (Svenningsson et al.,
2004; Fernandez et al., 2006). Furthermore, alterations of the D1

receptor/PKA/DARPP-32 signaling cascade in drug addiction and
l-DOPA-induced dyskinesia are characterized (for the review, see
Svenningsson et al., 2005; Borgkvist and Fisone, 2007; Fisone et al.,
2007; Shuto and Nishi, 2011).

Dopamine D1 receptors are known to interact and form
hetero-oligomers with other neurotransmitter receptors such as
dopamine D2 receptors (Lee et al., 2004; Rashid et al., 2007b),
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dopamine D3 receptors (Fiorentini et al., 2008; Marcellino et al.,
2008), adenosine A1 receptors (Gines et al., 2000; Toda et al., 2003),
and NMDA receptors (Lee et al., 2002), resulting in alteration of
D1 receptor functions (Figure 2). The role of D1 receptor hetero-
oligomerization will be discussed in other reviews of this special
topic.

D1 RECEPTOR/Gq/PLC/IP3 SIGNALING
In addition to the dopamine D1 (D1A) receptor that couples to
Gs/olf/AC, the presence of a dopamine D1-like receptor that cou-
ples to Gq/PLC has been proposed (Felder et al., 1989; Undie and
Friedman, 1990; Wang et al., 1995; Beaulieu and Gainetdinov,
2011; Figure 1). D1-like receptors are shown to couple to both
Gs/AC and Gq/PLC signaling in the striatum and frontal cortex,
but solely to Gq/PLC signaling in the hippocampus and amygdala
(Undie and Friedman, 1990; Wang et al., 1995; Jin et al., 2001).
It has been reported that Gq/PLC-coupled D1-like receptors are
coded in mRNA with different size from that of Gs/olf/AC-coupled
D1 receptors (Mahan et al., 1990), and are functional in dopamine
receptor D1A knockout mice (Friedman et al., 1997; Tomiyama
et al., 2002), but not in dopamine D5 receptor knockout mice
(Sahu et al., 2009). However, there is a report showing the lack of
Gq activation in the striatal membrane from D1A receptor knock-
out mice (Rashid et al., 2007b). It still needs to be determined
whether the cloned D1A receptor (Drd1a), different types of D1-
like receptors such as the D5 receptor, or both couple(s) to Gq/PLC
signaling in the striatum.

It has been demonstrated that D1 receptors form the hetero-
oligomer with D2 receptors, and that the D1–D2 receptor hetero-
oligomer preferentially couples to Gq/PLC signaling (Rashid et al.,
2007a,b). The expression of dopamine D1 and D2 receptors are
largely segregated in direct and indirect pathway neurons in the
dorsal striatum, respectively (Gerfen et al., 1990; Hersch et al.,
1995; Heiman et al., 2008). However, some proportion of medium
spiny neurons are known to expresses both D1 and D2 recep-
tors (Hersch et al., 1995). Gene expression analysis using single
cell RT-PCR technique estimated that 40% of medium spiny neu-
rons express both D1 and D2 receptor mRNA (Surmeier et al.,
1996). Recently, analysis using drd1a-EGFP and drd2-EGFP bac-
terial artificial chromosome (BAC) mice revealed that D1 and
D2 receptors are co-expressed in medium spiny neurons at 5%

FIGURE 2 | D1 receptors form hetero-oligomers with other receptors.

Formation of hetero-oligomers with dopamine D1 receptors and other
receptors such as D2, D3, A1, and NMDA receptors is shown. Biding of
these receptors induces the changes in D1 receptor function and/or
localization.

in the dorsal striatum, 6% in the NAc core, and 17% in the
NAc shell (Bertran-Gonzalez et al., 2008). Therefore, D1 recep-
tors likely interact with D2 receptors in some populations of
medium spiny neurons, where both D1 and D2 receptors are
co-expressed.

D1 and D2 receptors, co-expressed in transfected cells and stri-
atal neurons, form the hetero-oligomer (Lee et al., 2004). The
D1 and D2 receptor hetero-oligomer couples to Gq and activates
PLC and intracellular Ca2+ signaling (Lee et al., 2004; Rashid et al.,
2007b). For activation of Gq/PLC signaling, both D1 and D2 recep-
tors are required, because either D1 or D2 antagonist and genetic
deletion of either D1 or D2 receptors abolish the effect (Rashid
et al., 2007b). It is likely that SKF83959, which selectively acti-
vate Gq/PLC signaling but not Gs/olf/PKA signaling, acts as a full
agonist for D1 receptors and a partial agonist for D2 receptors in
the form of hetero-oligomer (Rashid et al., 2007a,b). The func-
tional role of the D1 and D2 receptor hetero-oligomer to activate
Ca2+/calmodulin-dependent kinase IIα, which may lead to the
induction of brain-derived neurotrophic factor (BDNF) expres-
sion, has been suggested (Hasbi et al., 2009), and therefore the D1

and D2 receptor hetero-oligomer is implicated as a potential ther-
apeutic target for schizophrenia and drug addiction (Hasbi et al.,
2010).

The Gs/olf/AC-coupled and Gq/PLC-coupled D1-like recep-
tor signaling cascades likely play differential roles in dopamin-
ergic signaling. Gq/PLC-coupled D1-like receptors show dif-
ferent sensitivity to benzazepine dopamine D1 receptor ago-
nists from Gs/olf/AC-coupled D1 receptors (Undie et al., 1994).
Many D1 receptor agonists such as SKF38393 and SKF81297
activate both Gs/olf/AC and Gq/PLC signaling (Undie et al.,
1994). In contrast, SKF83959 preferentially stimulates Gq/PLC-
coupled D1-like receptors (Panchalingam and Undie, 2001; Jin
et al., 2003), and SKF83822 selectively stimulates Gs/olf/AC-
coupled D1 receptors (Undie et al., 1994). By utilizing SKF83959
and SKF83822, we investigated the D1-like receptor signal-
ing cascades, which regulate DARPP-32 phosphorylation at
Thr34 (the PKA-site) in mouse striatal slices (Kuroiwa et al.,
2008). Dopamine D1 receptor agonists activate at least three
D1-like receptor signaling cascades in striatonigral/direct path-
way neurons: (i) SCH23390-sensitive Gs/olf/AC/PKA signal-
ing, (ii) SCH23390-insensitive Gs/olf/AC/PKA signaling, and
(iii) Gq/PLC signaling. Activation of SCH23390-sensitive D1

receptors stimulates AC/cAMP/PKA signaling, leading to the
phosphorylation of DARPP-32 at Thr34 in striatonigral neu-
rons. Activation of Gq-coupled D1 receptors stimulates PLC
signaling, resulting in the suppression of DARPP-32 Thr34
phosphorylation.

Behavioral studies revealed that activation of D1 receptor/
Gs/olf/AC signaling by SKF83822 mediates sniffing, locomotion,
rearing, stereotypy, and seizure (O’Sullivan et al., 2004), whereas
activation of D1-like receptor/Gq/PLC signaling by SKF83959 as
well as SKF38393 mediates vacuous jaw movements and intense
grooming (Deveney and Waddington, 1995; Undie et al., 2000).
Molecular mechanisms by which Gq/PLC-coupled D1-like recep-
tors regulate the function of neostriatal neurons, and their interac-
tion with the D1 receptor/Gs/olf/AC/PKA signaling cascades need
to be clarified.
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D1 RECEPTORS COUPLED TO Src FAMILY KINASE
SIGNALING
Activation of D1 receptors with simultaneous activation of NMDA
receptors by drugs of abuse such as cocaine and d-amphetamine
induces extracellular-signal regulated kinase (ERK) activation
selectively in striatonigral/direct pathway neurons (Valjent et al.,
2005; Bertran-Gonzalez et al., 2008), leading to activation of tran-
scription for genes critical for drug-induced plasticity (Girault
et al., 2007; Bertran-Gonzalez et al., 2008; Figure 1). The role of
D1 receptor/PKA/DARPP-32 signaling is also implicated for ERK
activation, since the inhibition of PP-1 by phospho-Thr34 DARPP-
32 induces activation of mitogen-activated protein kinase/ERK
kinase (MEK), which phosphorylates ERK, and inhibition of
striatal-enriched tyrosine phosphatase (STEP), which dephospho-
rylates ERK (Valjent et al., 2005; Girault et al., 2007). In addition,
the Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1), a neu-
ronal specific activator of Ras/ERK signaling, is identified as an
upstream of MEK/ERK signaling (Fasano et al., 2009). However,
mechanisms for activation of NMDA receptors by drugs of abuse
were not clearly understood, because the changes in extracellular
glutamate levels induced by drugs of abuse were variable (Reid
et al., 1997; Zhang et al., 2001). Recently, Pascoli et al. (2011)
reported that D1 receptors potentiate NMDA receptor function
via phosphorylation of NR2B subunit (at Tyr1472) of NMDA
receptors by SFK, which is responsible for activation of the Ras-
GRF1/MEK/ERK signaling cascade by cocaine (Fasano et al., 2009;
Pascoli et al., 2011). The activation of SFK by D1 receptors is medi-
ated through Gβγ subunit. The findings are in agreement with
previous reports showing that D1 receptor-mediated increase in
NMDA receptor currents requires NR2B subunit and SFK activ-
ity (Wittmann et al., 2005), and that activation of D1 receptors
induces trafficking of NMDA receptors to the postsynaptic mem-
brane mediated through NR2B phosphorylation by SFK, especially
Fyn (Dunah and Standaert, 2001; Hallett et al., 2006). The novel D1

receptor/Gβγ/SFK/NR2B signaling cascade, which results in acti-
vation of NMDA receptors/Ca2+/Ras-GRF1/MEK/ERK signaling,
likely plays a critical role in pathological conditions such as drug
addiction and l-DOPA-induced dyskinesia in the animal model
of Parkinson’s disease, in which NR2B tyrosine phosphorylation
(Menegoz et al., 1995; Pascoli et al., 2011) and activation of ERK
signaling by D1 receptors (Gerfen et al., 2002; Girault et al., 2007;
Santini et al., 2007) are enhanced.

MODULATION OF cAMP/PKA SIGNALING IN D1-TYPE DIRECT
PATHWAY NEURONS AS WELLS AS D2-TYPE INDIRECT
PATHWAY NEURONS BY PHOSPHODIESTERASE (PDE)
INHIBITION
Activation of Gs/olf-coupled dopamine D1 receptors causes an
increase in cAMP synthesis, while the subsequent hydrolysis of
cAMP is mediated by PDEs. PDEs are subdivided into 11 fami-
lies, encoded by 21 genes (Conti and Beavo, 2007). Multiple PDEs
with different substrate specificities and subcellular localization
are expressed in the striatum. PDE10A, PDE1B, and PDE7B are
enriched in the striatum, and PDE4 (A, B, and D isoforms), PDE2A
and PDE9A, which are widely distributed in the brain, are also
expressed in the striatum (Menniti et al., 2006).

Several types of PDEs such as PDE10A, PDE4, and PDE1B are
expressed in direct and indirect pathway neurons. The inhibition
of PDEs can result in activation of cAMP/PKA signaling both in
direct and indirect pathway neurons. If the function of the PDE
(e.g., PDE1B) is predominant in direct pathway neurons, the inhi-
bition of the PDE and activation of cAMP/PKA signaling results
in activation of direct pathway neurons, leading to inhibition of
GPi/SNpr inhibitory output neurons and activation of thalamo-
cortical motor circuits. Conversely, if the function of the PDE (e.g.,
PDE10A and PDE4) is predominant in indirect pathway neurons,
the inhibition of the PDE and activation of cAMP/PKA signal-
ing results in activation of indirect pathway neurons, leading to
activation of GPi/SNpr inhibitory output neurons and inhibition
of thalamocortical motor circuits. Thus, PDE inhibitors that pre-
dominantly act in direct pathway neurons work like dopamine
D1 receptor agonists and activate motor function, whereas PDE
inhibitors that predominantly act in indirect pathway neurons
work like dopamine D2 receptor antagonists and inhibit motor
function (Nishi and Snyder, 2010). The balance of action of each
PDE inhibitor in indirect and direct pathway neurons determines
the behavioral effects (Figure 3).

FIGURE 3 | Roles of phosphodiesterases (PDEs) in the control of basal

ganglia–thalamocortical circuitry. Output neurons in the striatum are
medium spiny neurons (MSNs), which consist of striatonigral/direct
pathway and striatopallidal/indirect pathway neurons. Direct pathway
neurons are GABAergic, and inhibit tonically active neurons in globus
pallidus interna (GPi)/substantia nigra pars reticulata (SNpr). Indirect
pathway neurons are also GABAergic, and activate neurons in GPi/SNpr via
inhibition of globus pallidus externa (GPe) GABAergic neurons and
activation of subthalamic nucleus (STN) glutamatergic neurons. Direct and
indirect pathway neurons induce opposing effects on the output neurons in
GPi/SNpr, resulting in dis-inhibition and pro-inhibition of output, respectively,
to motor areas of the thalamus and cortex. The inhibition of PDEs increases
cAMP/PKA signaling in both direct and indirect pathway neurons. PDE
inhibitors that predominantly act in direct pathway neurons work like
dopamine D1 receptor agonists and activate motor function, whereas PDE
inhibitors that predominantly act in indirect pathway neurons work like
dopamine D2 receptor antagonists and inhibit motor function. SNpc,
substantia nigra pars compacta. Reproduced with permission from
reference Nishi and Snyder (2010).
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ROLE OF PDE10A IN DOPAMINE SIGNALING
PDE10A is a dual substrate PDE that hydrolyzes both cAMP and
cGMP, and has a higher affinity for cAMP than for cGMP by ∼20-
fold (Fujishige et al., 1999; Bender and Beavo, 2006). In the stria-
tum, PDE10A is expressed in two types of medium spiny neurons
(direct and indirect pathway neurons), but not in interneurons
(Xie et al., 2006; Nishi et al., 2008; Sano et al., 2008). Papaverine, an
opium alkaloid primarily used for the treatment of visceral spasm
and vasospasm, was found to selectively inhibit PDE10A with an
IC50 of 36 nM (Siuciak et al., 2006). Papaverine was used to explore
the physiological role of PDE10A in the regulation of striatal func-
tion. Recently, the potent PDE10A inhibitors, TP-10 (IC50 0.3 nM)
and MP-10 (IC50 0.18 nM), were developed (Schmidt et al., 2008).
Using these PDE10A inhibitors, PDE10A was shown to hydrolyze
both cAMP and cGMP in the striatum in vivo (Siuciak et al., 2006;
Schmidt et al., 2008; Grauer et al., 2009). We examined the effect
of papaverine on the phosphorylation of PKA substrates including
DARPP-32 using neostriatal slices. Papaverine robustly increased
the phosphorylation of DARPP-32 at Thr34 and GluR1 at Ser845
in striatal medium spiny neurons in slices as well as in vivo (Nishi
et al., 2008). The effect of papaverine was mediated through the
potentiation of cAMP/PKA signaling, but not cGMP/PKG sig-
naling. Similarly to papaverine, inhibition of PDE10A by TP-10
and/or MP-10 in the striatum in vivo was demonstrated to induce
the phosphorylation of DARPP-32, GluR1, and CREB at PKA-sites
(Schmidt et al., 2008; Grauer et al., 2009).

PDE10A is abundantly expressed in direct and indirect pathway
neurons, and the expression levels are similar in the two types of
neurons (Xie et al., 2006; Nishi et al., 2008; Sano et al., 2008). In
agreement, PDE10A regulates cAMP/PKA signaling (Nishi et al.,
2008) as well as gene expression (Strick et al., 2010) in both direct
and indirect pathway neurons. In direct pathway neurons, PDE10A
inhibition by papaverine activates cAMP/PKA signaling, leading
to the potentiation of dopamine D1 receptor signaling. In indirect
pathway neurons, PDE10A inhibition by papaverine also activates
cAMP/PKA signaling by simultaneously potentiating adenosine
A2A receptor signaling and inhibiting dopamine D2 receptor sig-
naling. Since the balance of cAMP/PKA signaling between the
direct and indirect pathways determines the output from the basal
ganglia, neuronal type-specific regulation of DARPP-32 Thr34
phosphorylation was studied using neostriatal slices from D1R-
DARPP-32-Flag/D2R-DARPP-32-Myc mice (Nishi et al., 2008),
in which Flag-tagged DARPP-32 and Myc-tagged DARPP-32 are
expressed selectively in direct and indirect pathway neurons under
the control of D1 and D2 receptor promoters, respectively (Bateup
et al., 2008). PDE10A inhibition by papaverine increases Myc-
tagged DARPP-32 phosphorylation sixfold in indirect pathways,
whereas Flag-tagged DARPP-32 phosphorylation only twofold
in direct pathway neurons. Thus, PDE10A inhibitors activate
cAMP/PKA signaling in indirect and direct pathway neurons, but
the action of PDE10A inhibitors predominates in indirect path-
way neurons. A recent electrophysiological study showing that
PDE10A inhibition has greater facilitatory effect on corticostri-
atal synaptic activity in indirect pathway neurons supports the
interpretation (Threlfell et al., 2009). The biochemical features of
PDE10A inhibitors resemble those of antipsychotic drugs, which
act primarily as D2 receptor antagonists and increase DARPP-32

phosphorylation in indirect pathway neurons (Bateup et al., 2008).
In agreement, PDE10A inhibition by papaverine, TP-10 and MP-
10 and genetic deletion of PDE10A display behavioral phenotypes
of antipsychotics with therapeutic potency for negative symptoms
and cognitive deficits as well as positive symptoms in schizo-
phrenics (Sano et al., 2008; Grauer et al., 2009; Nishi and Snyder,
2010).

ROLE OF PDE4 IN DOPAMINE SIGNALING
PDE4 is a cAMP-specific PDE with high affinity for cAMP (Km
1–10 μM; Beavo, 1995; Bender and Beavo, 2006). The PDE4 fam-
ily is encoded by four genes (PDE4A–PDE4D), and each isoform
has multiple variants (Houslay and Adams, 2003; McCahill et al.,
2008). In the CNS, PDE4A, PDE4B, and PDE4D are widely dis-
tributed, but the expression of PDE4C is restricted to the olfactory
bulb in rodent brain (Cherry and Davis, 1999; Perez-Torres et al.,
2000). Each PDE4 variant has a modular structure consisting of a
variant-specific N-terminal domain, regulatory domains termed
upstream conserved region 1 (UCR1) and UCR2, and a cat-
alytic domain. The phosphorylation of UCR1 by PKA disrupts
the inhibitory interaction of UCR2 with the catalytic domain
and activates PDE4 activity (McCahill et al., 2008), leading to the
downregulation of cAMP/PKA signaling. The N-terminal domain
and UCR1/2 interact with PDE4 variant-specific binding pro-
teins including A-kinase anchor proteins (AKAP) and disrupted
in schizophrenia 1 (DISC1), leading to the compartmentalization
of cAMP signaling in cells (McCahill et al., 2008; Houslay, 2010).
The involvement of PDE4B in the molecular mechanisms of schiz-
ophrenia is supported by its interaction with DISC1 (Millar et al.,
2005; Clapcote et al., 2007; Murdoch et al., 2007), which is a genetic
susceptibility factor for schizophrenia (Chubb et al., 2008).

Function of PDE4 has been analyzed using a selective PDE4
inhibitor, rolipram (IC50 1 μM; Bender and Beavo, 2006). Inhibi-
tion of PDE4 by rolipram robustly increases tyrosine hydroxylase
(TH) phosphorylation at Ser40 (PKA-site) at dopaminergic termi-
nals in neostriatal slices and in vivo, leading to the enhancement
of dopamine synthesis and metabolism (Nishi et al., 2008). In
addition, the inhibition of PDE4 by rolipram weakly enhances
cAMP/PKA signaling in striatal neurons, leading to the phospho-
rylation of DARPP-32 at Thr34 in neostriatal slices (Nishi et al.,
2008). Rolipram treatment augments adenosine A2A receptor-
mediated phosphorylation of DARPP-32 at Thr34, but has no
effect on dopamine D1 receptor-mediated phosphorylation. How-
ever, in neostriatal slices from D1R-Flag/D2R-Myc DARPP-32
mice, rolipram induces the phosphorylation of both Flag- and
Myc-tagged DARPP-32 in direct and indirect pathway neurons,
respectively. Immunohistochemical analysis in D1R-Flag/D2R-
Myc DARPP-32 mice revealed that PDE4B expression is higher
in indirect pathway neurons than that in direct pathway neurons.
These data suggest that PDE4 preferentially regulates cAMP/PKA
signaling coupled to adenosine A2A receptors in indirect path-
way neurons compared to that coupled to dopamine D1 receptors
in direct pathway neurons. Activation of cAMP/PKA signaling in
indirect pathway neurons elicited by the PDE4 inhibitor, rolipram,
is expected to oppose dopamine D2 receptor signaling. At the
same time, rolipram stimulates dopamine synthesis, indicating
that PDE4 inhibition raises dopaminergic tone in the striatum.
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Therefore, rolipram mimics the biochemical effects of dopamine
D2 antagonists and to some extent D1 agonists.

The pharmacological profile of the PDE4 inhibitor, includ-
ing positive effects on mood and cognition, supports its possible
efficacy for the treatment of negative symptoms and cognitive
deficits in addition to positive symptoms in schizophrenics (Siu-
ciak, 2008). However, the studies in PDE4B knockout mice gener-
ally fail to recapitulate the antipsychotic effects of rolipram, and
the discrepancy might be explained by the lack of PDE4B selectiv-
ity of rolipram and chronic compensatory mechanisms for PDE4B
gene deletion (Siuciak, 2008; Nishi and Snyder, 2010).

ROLE OF PDE1B IN DOPAMINE SIGNALING
PDE1B is a dual substrate PDE with a higher affinity for cGMP
(Km 2.4 μM) than for cAMP (Km 24 μM; Bender and Beavo,
2006). PDE1B is activated by Ca2+ and calmodulin, providing
a mechanism for crosstalk between Ca2+ and cyclic nucleotide
signaling. PDE1B is abundantly expressed in the striatum (Polli
and Kincaid, 1994), and striatal PDE1B is localized to all DARPP-
32-positive medium spiny neurons, indicating the PDE1B expres-
sion in both direct and indirect pathway neurons (A. Nishi and
M. Kuroiwa, unpublished observations). Biochemical studies in
PDE1B knockout mice revealed that the function of dopamine
D1 receptors to stimulate the phosphorylation of DARPP-32
and GluR1 at PKA-sites is potentiated in striatal slices from
PDE1B knockout mice (Reed et al., 2002). In behavioral analy-
sis, PDE1B knockout mice exhibited the increase in spontaneous

locomotor activity and psychostimulant- and NMDA receptor
antagonist-stimulated locomotor activity and the cognitive deficit
in Morris water maze test (Reed et al., 2002; Ehrman et al., 2006;
Siuciak et al., 2007). In spite of similar expression pattern of
PDE1B with PDE10A in the striatum, the behavioral profiles of
PDE1B knockout mice are pro-psychotic and completely opposite
to those of PDE10A knockout mice. We hypothesize that PDE1B
predominantly regulates cyclic nucleotide signaling in direct path-
way neurons, whereas a predominant role of PDE10A and PDE4
in indirect pathway neurons.

CONCLUSION
D1 receptor signaling in striatonigral/direct pathway neurons plays
an essential role in motor functions (Gerfen and Surmeier, 2011)
as well as reward and cognition (Bromberg-Martin et al., 2010;
Cools, 2011). The alterations of D1 receptor signaling are impli-
cated in drug addiction (Shuto and Nishi, 2011) and l-DOPA-
induced dyskinesia (Fisone et al., 2007). Besides the importance
of D1 receptor signaling under pathophysiological conditions,
dopaminergic drugs are mainly acting on D2 receptors, and ther-
apeutic agents that selectively modulate D1 receptor signaling
are not currently utilized. Functional roles of the canonical and
non-canonical D1 receptor signaling cascades are implicated in
the same category of diseases. Further understanding of each
D1 receptor signaling cascade and its regulation is required for
the development of therapeutic agents targeting D1 receptor
signaling.
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In the principal neurons of striatum (medium spiny neurons, MSNs), cAMP pathway is
primarily activated through the stimulation of dopamine D1 and adenosine A2A recep-
tors, these receptors being mainly expressed in striatonigral and striatopallidal MSNs,
respectively. Since cAMP signaling pathway could be altered in various physiological and
pathological circumstances, including drug addiction and Parkinson’s disease, it is of crucial
importance to identify the molecular components involved in the activation of this path-
way. In MSNs, cAMP pathway activation is not dependent on the classical Gs GTP-binding
protein but requires a specific G protein subunit heterotrimer containing Gαolf/β2/γ7 in
particular association with adenylyl cyclase type 5.This assembly forms an authentic func-
tional signaling unit since loss of one of its members leads to defects of cAMP pathway
activation in response to D1 or A2A receptor stimulation, inducing dramatic impairments
of behavioral responses dependent on these receptors. Interestingly, D1 receptor (D1R)-
dependent cAMP signaling is modulated by the neuronal levels of Gαolf, indicating that
Gαolf represents the rate-limiting step in this signaling cascade and could constitute a
critical element for regulation of D1R responses. In both Parkinsonian patients and sev-
eral animal models of Parkinson’s disease, the lesion of dopamine neurons produces a
prolonged elevation of Gαolf levels. This observation gives an explanation for the cAMP
pathway hypersensitivity to D1R stimulation, occurring despite an unaltered D1R density.
In conclusion, alterations in the highly specialized assembly of Gαolf/β2/γ7 subunits can
happen in pathological conditions, such as Parkinson’s disease, and it could have important
functional consequences in relation to changes in D1R signaling in the striatum.

Keywords: D1 receptor,A2A receptor, heterotrimeric G protein, cAMP pathway, extracellular signal-regulated kinase,

Gnal gene, Parkinson’s disease, cocaine

INTRODUCTION
Dopamine, probably the best characterized neurotransmitter
involved in slow synaptic neurotransmission, plays a prominent
role in a variety of brain functions, including motor control, moti-
vation, short-term memory, and reward (Schultz, 1998). Five genes
encoding dopamine receptors have been cloned in mammals (see
Sibley and Monsma, 1992 for review). All these receptors belong
to the superfamily of G protein-coupled receptors with seven
transmembrane domains and the comparison of their amino acid
sequence, pharmacological profile, and biochemical properties has
revealed two distinct categories, named respectively D1- and D2-
type dopamine receptors. The D1-type receptors, comprising D1
and D5 subtypes, are positively coupled to cAMP production
whereas the D2-type receptors, comprising D2, D3, and D4 sub-
types, are able to inhibit cAMP production (see Missale et al., 1998
review). The D1 receptor (D1R) is the most abundantly expressed
dopamine receptors and is present in virtually all the brain areas
innervated by dopamine neurons (Boyson et al., 1986). Consistent
with its dense dopamine innervation, the striatum contains the
highest concentration of D1Rs in the brain. Different approaches

using in situ hybridization, immunocytochemistry, and transgenic
mice indicate that D1R in the striatum is highly expressed in a
subpopulation of GABAergic medium spiny neurons (MSNs) pro-
jecting to the substantia nigra and entopeduncular nucleus (direct
pathway of basal ganglia) and containing substance P and dynor-
phin as co-neurotransmitters (Gerfen et al., 1990; Le Moine and
Bloch, 1995; Yung et al., 1995; Drago et al., 1998b; Gong et al.,
2003; Lee et al., 2006; Bertran-Gonzalez et al., 2008). By contrast,
D2 receptors are essentially present in the MSNs projecting to the
globus pallidus and containing enkephalins (indirect pathway of
basal ganglia). These neurons express abundantly the adenosine
A2A receptors that are able to stimulate production of intracellular
cAMP (Schiffmann et al., 2007). In a recent study using transgenic
mouse lines, it was estimated that about 50% of GABA MSNs
express exclusively D1Rs and 35–45% exclusively D2 receptors
(Bertran-Gonzalez et al., 2008). The population of MSNS co-
expressing both D1R and D2 receptor, is low in the dorsal striatum
and core of nucleus accumbens (about 5%) but is slightly higher
in the shell of nucleus accumbens (17%; Bertran-Gonzalez et al.,
2008; Hasbi et al., 2009; Matamales et al., 2009).
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Pharmacological studies and investigations on D1R-deleted
mice have shown the importance of D1R in mediating the effects
of DA neurotransmission (Drago et al., 1998a; El-Ghundi et al.,
2007). The actions of D1R require the participation of het-
erotrimeric guanine nucleotide binding proteins (G proteins)
whose roles in diverse signaling pathways may be determined
by their specific αβγ subunit combinations. These heterotrimeric
G proteins are molecular switches in which the agonist-activated
receptors catalyze the exchange of GDP for GTP on the α-subunit
of heterotrimeric G proteins (Gα), which in turn engages confor-
mational and/or dissociational events between the Gα and dimeric
Gβγ subunits (Bourne et al., 1991). In the case of D1R, it is well
established that the GTP-bound Gα subunit initiates the activation
of adenylyl cyclase (AC) leading to the intracellular production of
cAMP and stimulation of cAMP-dependent protein kinase (PKA)
and others cAMP-dependent proteins (Kebabian and Calne, 1979;
Hervé and Girault, 2005). An extensive body of evidence indicates
that D1-type receptors also couple via Gαq subunits to phospho-
lipase C (Mahan et al., 1990; Arnt et al., 1992; Wang et al., 1995;
Lezcano and Bergson, 2002; Mannoury La Cour et al., 2007) but a
debate exists to know if the receptors involved are bona fide D1Rs
(Mannoury La Cour et al., 2007), heteromers of D1R and D2
receptor (Hasbi et al., 2009), or different receptors with D1-type
pharmacological properties (Friedman et al., 1997). Here, we will
review the present knowledge about the nature of the G proteins
able to couple D1R to AC in the striatum and about the regu-
latory processes at the level of these G proteins that control the
D1R-mediated signaling and its functional consequences.

GαOLF ROLE IN THE COUPLING OF D1R AND A2A RECEPTOR
TO ADENYLYL CYCLASE IN THE STRIATUM
Since D1R is positively coupled to AC, a long-standing dogma
stated that this action was mediated by the classical heterotrimeric
stimulatory G protein containing the Gαs subunit. However, the
Gαs expression is low in the striatum compared with that observed
in many other brain areas (Figure 1A; Largent et al., 1988). In the
striatum, Gαs is replaced by a high expression of Gαolf, an isoform
of Gαs (Figure 1; Drinnan et al., 1991; Herve et al., 1993) which
was first discovered in the olfactory epithelium and found crucial
for olfaction by mediating the coupling of olfactory receptors to
AC (Jones and Reed, 1989; Belluscio et al., 1998).

In rodents Gαolf is highly expressed in all the MSNs in the stria-
tum including those bearing the D1R (Kull et al., 2000; Herve et al.,
2001). It is also expressed in cholinergic aspiny interneurons in the
striatum. In human, high expression of Gαolf was also detected
in the striatum and its decrease in patients with Huntington’s dis-
ease is a strong indication of its expression in the MSNs (Corvol
et al., 2004). In the striatum of mice with a null targeted muta-
tion of Gαolf-encoding gene, AC activation in response to D1R
stimulation is absent, which demonstrates clearly that the D1R
acts through the Gαolf protein to stimulate cAMP production
(Zhuang et al., 2000; Corvol et al., 2001).

However, Gαolf and D1R are not systematically associated in
the various neuronal types. D1R is present in neurons that do
not express high level of Gαolf, such as the neurons of prefrontal
cortex. In these neurons, AC activation to D1 agonist is medi-
ated through Gαs as indicated by the lack of alteration of this

FIGURE 1 | Similar distribution of D1 receptor and Gαolf protein in the

striatum. (A) Distribution of Gαolf and Gαs mRNAs in rat forebrain. Gαolf
mRNA (left) is highly expressed in striatal areas, including caudate putamen
(Cp), nucleus accumbens (NA), and olfactory tubercle (OT). These areas
show almost no expression of Gαs, except for some sparse neurons (right).
On the contrary, Gαs mRNA was highly expressed in many brain areas
including all cortical areas, septum, most of the hypothalamic and thalamic
nuclei, hippocampus, and amygdala, in which Gαolf mRNA expression is
very low. In few brain regions, substantial expression of both Gαolf and Gαs
mRNAs is observed: piriform cortex (Pyr), medial habenula (Hb), and
dentate gyrus (DG). Positive of X-ray films exposed to rat brain sections
hybridized with 35S-labeled probes for Gαolf (left) and Gαs mRNAs (right).
Scale bar, 5 mm. Adapted with permission from the work of Herve et al.
(2001). (B) Mouse sections (30 μm-thick) have been incubated with mouse
antibodies against D1R (generous gift of R. Luedtke) and rabbit antibodies
against Gαolf. The primary antibodies were detected with IRDye700
conjugated anti-mouse IgG and IRDye800 conjugated anti-rabbit IgG. The
sections were scanned using a LI-COR Odyssey infrared fluorescent
detection system. The figure shows the scans of one representative
section with anti-D1R (upper panel) and anti-Gαolf antibodies (lower panel).
Adapted with permission from the work of E. Valjent.

response in Gαolf-deficient mutant mice (Corvol et al., 2001). In
the other hand, Gαolf is present in high amount in the MSNs
without D1R expression that project to the globus pallidus and
contain D2 receptors. In these neurons, Gαolf is involved in the
positive coupling of adenosine A2A receptors with AC since an
A2A receptor agonist dose dependently activates Gαolf in striatal
membranes (Kull et al., 2000) and the stimulatory effect of this
agonist on AC activity is missing in the mutant mice deficient in
Gαolf (Corvol et al., 2001).

GαOLF IS NECESSARY FOR DOPAMINE ACTION IN THE
STRIATUM
Mice homozygous for null mutation in Gαolf gene show a com-
plete anosmia because of the crucial role played by Gαolf in
the transduction of the olfactory receptor at the level of pri-
mary olfactory neurons (Belluscio et al., 1998). This profound
anosmia produces an important postnatal lethality (more than
80% of the mutant mice do not feed properly and die within
3 days after birth). The rare surviving homozygous animals exhibit
reduction in body weight and they display a marked hyperactive
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behavior, evoking a possible alteration of striatal functions (Bel-
luscio et al., 1998). The psychostimulants, such as cocaine or
d-amphetamine, produce in the striatum the activation of sev-
eral D1R-dependent signaling events, including activation of PKA,
extracellular signal-regulated kinase (ERK), or c-fos gene induc-
tion (Berretta et al., 1992; Valjent et al., 2000; Nairn et al., 2004).
All these effects are absent when Gαolf gene is deleted (Zhuang
et al., 2000; Corvol et al., 2007), showing the crucial role played
by Gαolf in most of the known intracellular effects of D1R
activation.

The D1 agonist-induced hyperlocomotor response is abolished
in Gαolf knockout mice, indicating that Gαolf is necessary for
behavior action of D1R stimulation (Zhuang et al., 2000). In addi-
tion, it is well established that the acute hyperlocomotion induced
by cocaine is dependent on D1R stimulation (Drago et al., 1998a;
Valjent et al., 2000). It is noteworthy that the acute locomotor
response to cocaine is absent in Gαolf knockout mice (Zhuang
et al., 2000). Altogether, these observations demonstrate that acute
responses to cocaine and probably other psychostimulants are
highly dependent on Gαolf-linked D1R signaling.

COMPARISON OF GαOLF AND GαS
Gαolf shares 80% amino acid identity with Gαs and the
exon/intron structures of genes encoding Gαolf and Gαs (Gnal
and Gnas respectively in mouse) are very similar, the main differ-
ence being the absence in Gnal of the alternatively spliced exon
3 of Gnas (Jones and Reed, 1989; Wadhawan et al., 2008). Both
genes are characterized by the use of alternate upstream promoters
and first exons giving rise to “extra-large” variants of the proteins
(XL–Gαolf and XL–Gαs) in addition to the classically described
proteins (Corradi et al., 2005). XL–Gαolf, in which the N-terminal
end of Gαolf is replaced by a longer polypeptide, is able to couple
D1R to AC in transfected cells because it retains all the functional
domains of Gαolf. In the human striatal areas, the expression of
XL–Gαolf mRNA is low, about 10-fold less than that of Gαolf
mRNA (Corradi et al., 2005). In striatal extracts of rodents, the
protein is below the detection threshold in western blotting (per-
sonal observations). In the vicinity of the two alternatively used
exons, both Gnal and Gnas locus contain CpG islands that could
undergo differential methylation of DNA (Corradi et al., 2005;
Wadhawan et al., 2008). DNA methylation most often results in
repression of transcription and constitutes a hallmark of genomic
imprinting. In the gene encoding Gαs, differential methylation of
CpG islands was reported in the alleles of maternal or paternal
origins, and distinct transcripts are either biallelically expressed,
maternally imprinted, or paternally imprinted (Weinstein et al.,
2001). For instance, the XL–Gαs mRNA is a transcript specific of
the paternally derived allele (Plagge et al., 2008). It is possible that
similar phenomenon exists for XL–Gαolf mRNA but the specific
imprinting that affects the maternal and paternal alleles of Gαolf
gene has not been precisely determined (Corradi et al., 2005).

The Gnal and Gnas genes are present in all the examined ver-
tebrates, including mammals, amphibians, and fishes (Wadhawan
et al., 2008). In contrast, studies in Drosophila indicate the exis-
tence only one Gnas ortholog (Wolfgang et al., 2001), suggesting
that Gnas and Gnal result from a gene duplication after the diver-
gence of vertebrates from invertebrates but before the divergence

of tetrapods from fishes. The time point of this event is estimated
at −570 millions of years (Wadhawan et al., 2008).

Gαolf displays some functional differences with Gαs. Partic-
ularly, its affinity for GDP is lower and its deactivation after
GTP-binding is more rapid (Liu et al., 2001). Because of these
properties,Gαolf has a higher constitutive activity than Gαs in vitro
(Liu et al., 2001), which may explain the decrease of basal AC activ-
ity in the Gαolf knockout mice (Corvol et al., 2001). This relatively
high constitutive activity of Gαolf could result in a tonic AC activ-
ity in vivo leading to a constant activation of cAMP pathway in
both striatonigral and striatopallidal MSNs.

Some evidence shows also that the percentage of AC activa-
tion is higher when receptor is coupled to Gαolf than when it
is coupled to Gαs (Liu et al., 2001). Basically the signal-to-noise
ratio for Gαolf-coupled receptor appears considerably greater. In
addition, because of its ability to deactivate more rapidly, Gαolf
could give rise to more transient activation of AC than Gαs. It
is conceivable that physiological functions of dopamine in the
striatum require phasic AC activation and the fast deactivation
of Gαolf could contribute to rapidly restore responsiveness of
MSNs between two dopamine stimuli. Adenosine signaling is
generally regarded as a slow modulator regulating A2A receptor-
containing neurons in the striatum. However, evidence indicates
that the formation of extracellular adenosine partly results from
ATP released from nerve endings, which is dephosphorylated in
adenosine by ecto-nucleotidases (Fredholm et al., 2005; Schiff-
mann et al., 2007). ATP is stored in synaptic vesicles together with
most of neurotransmitters, including glutamate, and is co-released
with the neurotransmitter upon nerve stimulation. Because Gαolf
provides high signal-to-noise ratio and rapidly deactivates, the
Gαolf-dependent signaling of A2A receptor could mediate more
time-limited actions than it is generally believed and could quickly
adapt MSN functions to transient variations in synaptic input.

SPECIFIC ASSEMBLY OF GαOLF/β2/γ7 MEDIATES COUPLING
OF D1R TO ADENYLYL CYCLASE
The regional expression of the γ7 subunit of G protein (Gγ7) in
the brain was found to mirror that of D1R and Gαolf, with a par-
ticularly high expression in MSNs (Watson et al., 1994), suggesting
that Gγ7 subunit selectively associates with Gαolf to couple D1R to
AC. In agreement with this hypothesis, the deletion of Gγ7 gene in
mutant mice causes an important reduction in the levels of Gαolf
and logically leads to drastic reduction of D1R or A2A responses
on the cAMP production (Schwindinger et al., 2003, 2010). In the
Gγ7 mutant mice, reduction of β2 subunit of G protein (Gβ2) was
also observed and quantitative measurements have indicated that
the decrease in Gγ7, Gαolf, and Gβ2 was very similar in term of
molarity, strongly suggesting a specific assembly of Gαolf/β2/γ7
heterotrimer enabling D1R coupling to AC in the striatal MSNs
(Figure 2; Schwindinger et al., 2010).

Interestingly, in the mice with targeted deletion of Gαolf gene,
the levels of Gγ7 remain normal contrasting with the selective and
coordinated reduction of Gαolf and Gβ2 observed in the mutant
mice lacking Gγ7 (Schwindinger et al., 2010). Because the corre-
sponding mRNAs are not altered, the simplest explanation is to
postulate that Gγ7 is required at a post-transcriptional level for
the stabilization and/or trafficking of the Gαolf and Gβ2 proteins
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FIGURE 2 | A specific assembly of Gαolf, Gβ2, and Gγ7 subunits of G

protein mediates the coupling of D1 receptor to adenylyl cyclase 5. The
expression of Gγ7 subunit in striatal neurons recruits and stabilizes Gαolf
and Gβ2 subunits. They form a specific heterotrimeric protein that provides
the signaling complex necessary for the coupling of D1R receptor to the
adenylyl cyclase 5 (AC5), an isoform particularly enriched in the striatum.
The D1R stimulation by dopamine activates the Gαolf/β2/γ7 heterotrimer by
triggering substitution of GDP by GTP in the Gαolf subunit and changes in
the subunit conformation. The current data indicate that the Gα activation
does not necessary cause its dissociation from Gβγ complex as it was
thought previously (Bunemann et al., 2003). It has been proposed a
“clamshell” model according to which activated receptor provokes
movements in Gαβγ complex that unmask previously buried interfaces and
enable interaction of Gα and Gβγ with specific effectors (Robishaw and
Berlot, 2004). In this model, the Gβγ subunits are not shared among several
α subunits but can remain associated with a specific pool of α subunit
(Robishaw and Berlot, 2004). Such stable association may contribute to the
specificity of Gαolf interaction with Gβ2γ7 complex. In addition, the
activation of the heterotrimeric complex could increase its vulnerability to
degradation processes. This effect could explain why the receptor usage
reduces the Gαolf levels in striatal neurons.

to the plasma membrane. These results indicate that in the MSNs,
the formation of the Gαolf/β2/γ7 heterotrimer is a hierarchical
process that begins by the production of Gγ7 subunits and the
later recruitment of Gαolf and Gβ2 subunits. These observations
are surprising since MSNs express others types of γ subunits of G
proteins, sometimes in higher abundance than Gγ7. The Gγ7 sub-
unit appears to recruit selectively Gαolf and Gβ2 subunits to form
a highly specialized heterotrimeric G protein in the MSNs, refut-
ing the notion that G protein subunits are largely interchangeable
(Schwindinger et al., 2010).

Medium spiny neurons are specially enriched in type 5 AC
(AC5; Glatt and Snyder, 1993) that provides around 80% of basal
AC activity in the striatum (Lee et al., 2002; Iwamoto et al., 2003).
These observations suggest that this AC isoform is associated with
the Gαolf/β2/γ7 heterotrimeric G protein in the MSNs. In agree-
ment with this idea, the lack of AC5 in the striatum of mice
homozygous for a null mutation of AC5 gene produces drastic
decrease of Gαolf content in the striatum and AC activation in
response to D1 agonist (Lee et al., 2002; Iwamoto et al., 2004).
The mice deficient in AC5 display important deficit in appetitive
pavlovian conditioning (Kheirbek et al., 2008) but surprisingly
increased locomotor response to D1 agonist (Lee et al., 2002).

This paradoxical response is related to D1R stimulation since it is
blocked by D1R antagonist, but its understanding remains unclear
(Lee et al., 2002). It was hypothesized that the D1R-dependent
behavior seen in AC5 knockout mice is related to non-AC effec-
tors but the identification of these D1R-activated signaling path-
ways remains to be determined. The ERK pathway appears to be
excluded since the AC5 knockout mice show a profound decou-
pling of D1R from downstream activation of ERK, similar to that
observed on cAMP pathway (Kheirbek et al., 2008). It remains
the possible implication of D1R coupled to phospholipase C in
the striatum (Wang et al., 1995), or D1Rs independent from AC5
expressed in extrastriatal motor regions in the brain. Alternatively,
the absence of AC5 in the striatum could produce profound alter-
ations of other signaling pathways leading to an exacerbation of
D1R-related responses despite the low D1R-related responses on
cAMP production. Particularly, the behavioral responses linked
to D2 receptors are completely eliminated in the mutant mice
(Lee et al., 2002), possibly leading to an enhancement of responses
produced by D1 agonist.

In conclusion, the signaling machinery enabling D1R to acti-
vate cAMP pathway is made up of a highly specialized assembly
of Gαolf/β2/γ7 heterotrimer and AC5. The consequences in term
of functions, response dynamics, subcellular localization, or regu-
lation remain largely unknown. Interestingly, the absence of Gγ7
or AC5 produces reduction of Gαolf levels in the striatum, most
probably by shortening its half-life. In activated state (GTP lig-
anded), Gαolf interacts with AC5 while in inactivated state, Gαolf
is associated with Gβ2γ7 complex. Gαolf stability appears thus to
depend on the cellular availability of its two main interacting mol-
ecules, suggesting the tight and coordinated regulation of Gαolf
quantity in the neuron.

GαOLF LEVELS CONTROL THE EFFICACY OF THE ADENYLYL
CYCLASE ACTIVATION BY D1R
The reductions of the levels of Gαolf or D1R have contrasting
consequences on various D1R signaling responses in the mouse
striatum. These diminutions of Gαolf or D1R can be obtained in
mice heterozygous for targeted deletions of Gαolf or D1R genes
(Drago et al., 1994; Corvol et al., 2001), in which the striatal con-
tents of corresponding proteins are decreased by about 50%. The
reduction in Gαolf levels induces a marked reduction of both
basal and D1R-activated cAMP production in striatal membranes
(Herve et al., 2001; Corvol et al., 2007). The AC activities in
the presence of dopamine or in basal condition are reduced by
approximately 50% and the D1R-related response (as estimated
by the difference between the basal and stimulated activities) by
about 35%. In contrast, the haplodeficiency in D1R leads to no
significant change in D1 agonist response or in the basal and
dopamine-stimulated activities (Corvol et al., 2007).

The levels of Gαolf are not only determinant for in vitro AC
responses, but also for in vivo responses. The increased cAMP
levels resulting from D1R stimulation activate PKA in striatal neu-
rons, leading to the phosphorylation of numerous PKA substrates
including the GluR1 subunit of AMPA glutamate receptors (Val-
jent et al., 2005). Acute injection of psychostimulants like cocaine
or d-amphetamine activates this pathway by increasing extra-
cellular levels of dopamine in the brain. This response is highly
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dependent on Gαolf in the striatum since it is strongly decreased
when the Gαolf levels are reduced in the brain (mutant mice with
heterozygous null mutation of Gαolf gene; Corvol et al., 2007).
Reduction in D1R in mice heterozygous for null mutation of D1R
gene did not alter significantly this response.

These results show that the levels of Gαolf protein, but not
D1R, constitute a limiting factor determining the amplitude of
cAMP pathway response upon D1R activation in the striatal neu-
rons. This observation is consistent with the existence of “spare”
D1Rs not coupled to AC in the striatum (Hess et al., 1987; Trovero
et al., 1992). However, this is in apparent contradiction with the
existence of a large excess of Gαolf/β2/γ7 heterotrimers in com-
parison with D1Rs in term of number of molecules present in
striatal membranes. Thorough measurements using quantitative
immunoblots indicate that the concentration of G protein in stri-
atal membrane is around 70–80 pmol/mg of membrane protein
(Schwindinger et al., 2010). In contrast, the content in D1R (and
A2A receptors) would be almost two orders of magnitude lower
(about 1 and 0.3 pmol/mg of membrane protein for D1R and A2A

receptor, respectively; Hess et al., 1987; Schwindinger et al., 2010).
The mechanisms of activation of G proteins by receptors are still a
matter of debate. Depending on receptor/G protein systems, two
opposing models have been proposed (Lohse et al., 2008): (1) in
the“collision coupling”model, the receptor/G protein interactions
occur as a result of free lateral diffusion within the plasma mem-
brane, wherein G proteins only interact with activated receptors;
(2) the alternative model suggests that G proteins can interact
with receptors before agonist binding, in a “precoupling” state.
The second model is attractive because it could explain the speci-
ficity of coupling of D1R with precise G proteins. However, in this
model, decreasing levels of receptor and G protein should lead
to similar reductions of cAMP production. “Collision coupling”
model explains probably better the mechanisms occurring in the
striatal membranes even though the kinetics data are not enough
precise to really settle this issue. In this model, the high excess
of G proteins in the MSNs in vivo can result in amplification of
signal, activated receptors being able to switch on multiple G pro-
teins. This notion has been well established in the retina for the
rhodopsin–transducin system (similar to the receptor-G protein
couple) in which studies have given rates of 1300 transducin mol-
ecules activated per rhodopsin molecule per second (Heck and
Hofmann, 2001). Probably the amplification factor is lower in the
striatal cells, but it is well conceivable that despite the high excess
in Gαolf/β2/γ7 heterotrimers compared to D1R (or A2A recep-
tor), partial activation of D1R can saturate the G proteins present
in the plasma membrane and thus the levels of the G proteins can
represent a limiting factor controlling the D1R coupling with AC.

PARTIAL REDUCTION OF GαOLF LEVELS DOES NOT ALTER
ERK PATHWAY
Surprisingly, the haplodeficiency of Gαolf gene does not affect
D1R-dependent ERK pathway in the striatal neurons, contrary
to what is observed for the cAMP pathway. Psychostimulants
(cocaine or d-amphetamine) produce ERK activation specifically
in D1R expressing striatal neurons (Valjent et al., 2000; Bertran-
Gonzalez et al., 2008). This effect is dependent on D1R activation
since it is prevented by pharmacological or genetic inaction of

D1R (Valjent et al., 2000, 2005). Importantly this pathway appears
critical for the long-lasting effects of cocaine or d-amphetamine,
including conditioned place preference and locomotor sensitiza-
tion (Valjent et al., 2000, 2006). In the heterozygous Gαolf mutant
mice, psychostimulant-induced ERK activation is normal, similar
to that observed in the wild type animals (Corvol et al., 2007).

Unexpectedly, this ERK response is impaired when the D1R lev-
els are reduced by half in the mice heterozygous for null mutation
of D1R gene (Pascoli et al., 2010). In the same mice cAMP/PKA
response appears completely normal. In fact, the mechanisms
of ERK activation following psychostimulants are complex since
stimulation of D1R cannot activate ERK alone but potentiates the
ERK activation initiated by calcium influx through glutamate-
activated NMDA receptor (Pascoli et al., 2010). The mecha-
nisms of this potentiation are probably multiple and combine
PKA-dependent and independent processes. The cAMP/PKA-
dependent potentiation of ERK pathway is mediated by the protein
DARPP-32 via its ability to inhibit protein phosphatase 1 and
striatal-enriched tyrosine phosphatase (STEP; Valjent et al., 2005).
More recently, it has been uncovered an alternative pathway, by
which D1R can stimulate glutamate-induced ERK activation by
promoting D1R-dependent activation of Src family kinases and
tyrosine phosphorylation of the NR2B subunit of NMDA recep-
tor (Pascoli et al., 2010). This pathway is independent from the
cAMP/PKA cascade and appears to be downregulated in mice het-
erozygous for null mutation of D1R gene (Pascoli et al., 2010). In
these animals, the impairment of cocaine-induced ERK activation
goes together with reduced activation of Src family kinase and
phosphorylation of NR2B subunit.

In conclusion, D1R levels control the efficiency of the D1R-
regulated ERK pathway whereas Gαolf levels controls that of the
D1R-regulated cAMP/PKA pathway.

REDUCTION OF GαOLF LEVELS HAS CONTRASTED
BEHAVIORAL CONSEQUENCES
As previously mentioned, the acute responses to cocaine and d-
amphetamine are highly dependent on D1R-linked signaling. The
Gαolf heterozygous mice display a clear reduction in acute loco-
motor response to cocaine or d-amphetamine, in agreement with
the decreased cAMP signaling responses in vivo (Herve et al., 2001;
Corvol et al., 2007). By contrast a partial decrease in D1R amounts
did not significantly affect the acute locomotor response to cocaine
or d-amphetamine in D1R heterozygous mice (Corvol et al., 2007).
This is consistent with the unaltered biochemical responses of the
PKA pathway in these mice.

In contrast, the partial deficiency of Gαolf does not prevent
the development of locomotor sensitization to cocaine or d-
amphetamine in Gαolf heterozygous mice (Corvol et al., 2007).
Moreover, because the acute locomotor response is very low in
these mice, the sensitized response appears proportionally higher
than in wild type animals. Similarly, conditioned place prefer-
ence to d-amphetamine is not altered in Gαolf heterozygous
mice. The contrast between altered responses to acute adminis-
trations of psychostimulants and normal responses to repeated
treatments in these mice suggests that different signaling path-
ways may be limiting for the two types of effects. Several factors
could account for the quasi-normal sensitizing and conditioning
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properties of psychostimulants, including the possibility that these
effects are partially independent from D1R activation (Salomon
et al., 2006). One interesting possibility involves the ERK pathway
which is normally activated by psychostimulants in Gαolf het-
erozygous mice. ERK appears essential for long-lasting effects of
drugs since its pharmacological inhibition blocks both locomotor
sensitization and conditioned place preference with only minor
effects on acute responses (Valjent et al., 2000, 2006). The nor-
mal psychostimulant-induced ERK activation could enable these
responses in the Gαolf heterozygous mutant mice. Some evidence
argues in favor of this hypothesis. In particular, it has been found
some alterations of the sensitization to cocaine in mice heterozy-
gous for D1R gene, in which ERK activation, but not cAMP/PKA
activation, is altered in response to cocaine (Valjent et al., 2010).

These studies indicate that variability in the levels of expression
of specific genes involved in various aspects of D1R signaling can
produce very different behavioral reactions in response to drugs.
Depending on the element affected, genetic or environmental fac-
tors altering components of D1R signaling can have contrasted
consequences leading to specific pathological or phenotypical
traits.

REGULATION OF GαOLF LEVELS
Because Gαolf levels constitute an important parameter control-
ling D1R-dependent cAMP/PKA pathway, they could represent an
ideal target for regulation in physiological and pathological con-
ditions. Such regulations have been well demonstrated following
degeneration of dopamine neurons in the experimental context or
human pathology of Parkinson’s disease.

The dopamine denervation of the striatum produces an impor-
tant hypersensitivity of the D1R signaling that could enable the
therapeutic effects of l-DOPA in Parkinsonian patients but also
promote averse secondary effects, essentially the abnormal invol-
untary movements or dyskinesia that develop after 5–10 years of
l-DOPA treatments (Bezard et al., 2001). This hypersensitivity
affects both the cAMP/PKA and ERK pathways, since both are
highly activated by D1R agonists in the denervated striatum (Ger-
fen et al., 2002; Pavon et al., 2006; Santini et al., 2007; Westin
et al., 2007). The denervation-induced hypersensitivity happens
despite a lack of changes in the density of D1R in the striatum
(Savasta et al., 1988; Herve et al., 1989; Missale et al., 1989) or min-
imal alterations in the intracellular distribution of D1R (Berthet
et al., 2009). The most plausible mechanism is an increase in the
coupling of D1R with G protein, which has been demonstrated
in both rodents and non-human primates after dopamine den-
ervation of the striatum (Cai et al., 2002; Aubert et al., 2005).
This higher coupling is essentially linked to an increase of Gαolf
levels in the denervated striatum. In the rat, 6-hydroxydopamine-
induced lesions of dopamine neurons in adult or newborn animals
lead to an increase by about 50% of Gαolf levels in the follow-
ing weeks (Herve et al., 1993; Marcotte et al., 1994; Penit-Soria
et al., 1997). Similar increase in Gαolf levels has been observed
in 6-hydroxydopamine-lesioned mice (Alcacer et al., unpublished
data). Upregulation of Gαolf was also observed in human puta-
men in Parkinsonian patients and, interestingly, this effect was
associated with a parallel increase in Gγ7 levels (Corvol et al.,
2004). In this study, there was a correlation between the increase

in Gαolf levels and the duration of disease. In addition, the patients
in whom the increase was the highest displayed intense l-DOPA-
induced dyskinesia but there was no established causal relationship
between the two effects.

In rat, the upregulation in the Gαolf protein levels is not linked
to a parallel increase in Gαolf mRNA expression, showing that the
regulation is post-transcriptional (Herve et al., 1993). An attractive
possibility is that changes in Gαolf protein levels depend directly
from its rate of activation. This hypothesis is supported by sev-
eral studies on Gαs which is a protein very close to Gαolf. In
cell culture, various long-lasting stimulations of Gαs by receptors,
cholera toxin, or mutation induce a downregulation of Gαs at a
post-translational level, which is independent of cAMP produc-
tion and involves possibly an increased degradation rate of the
protein (McKenzie and Milligan, 1990; Levis and Bourne, 1992;
Milligan, 1993; Adie and Milligan, 1994). The chronic lack of D1R
and Gαolf stimulation in dopamine-denervated striatum could
lower the Gαolf degradation rate and lead to accumulation of the
protein. In agreement with this hypothesis, total absence of D1R
in mutant mice with targeted invalidation of D1R gene induces
important increase of Gαolf protein levels without any modifica-
tion of Gαolf mRNA expression (Herve et al., 2001). Conversely,
reduced levels of Gαolf were observed in mutant mice devoid of
dopamine transporter (Herve et al., 2001), in which extracellular
concentration of dopamine is strongly increased, leading thus to a
chronic stimulation of D1R (Giros et al., 1996). Interestingly, the
lack of A2A receptors in mutant mice produces also an upregula-
tion of Gαolf protein without any changes in the levels of Gαolf
transcripts (Herve et al., 2001). Thus these results strongly suggest
a homeostatic regulation of Gαolf in vivo, in which the intensity of
Gαolf stimulation tends to reduce its levels. These variations are
reminiscent, at the level of a G protein, of the classical “denerva-
tion hypersensitivity” and “agonist-induced desensitization,” well
characterized at the level of receptors (Freedman and Lefkowitz,
1996; Bloch et al., 1999).

The mechanisms of elimination from membrane and degrada-
tion of Gαolf or Gαs are not known in detail. Upon stimulation
of receptor, Gαs was shown to internalize in a vesicle pool, corre-
sponding probably to recycling endosomes with minimal overlap
with vesicles containing receptors (Hynes et al., 2004). Recently,
Gαs was reported to be ubiquitinated and possibly degraded
through proteasome (Nagai et al., 2010). Interestingly, Ric-8B, a
protein highly expressed in the striatum (Von Dannecker et al.,
2005), inhibits the Gαs ubiquitination, and increases the Gαs pro-
tein without affecting the Gαs mRNA level (Nagai et al., 2010).
Ric-8B plays the same essential role on Gαolf and enhances the
accumulation of Gαolf at the cytoplasmic membrane (Von Dan-
necker et al., 2006). However further studies are needed to deter-
mine the precise mechanisms important for upregulation of Gαolf
following degeneration of dopamine neurons.

CONCLUSION
An assembly composed of Gαolf, Gβ2, and Gγ7 of G protein medi-
ates the activation of AC5 by the D1R in the MSNs expressing this
receptor while the same heterotrimer provides the coupling of
adenosine A2A receptor to AC in the MSN population contain-
ing D2 receptors. The total absence of this assembly impairs all
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the biochemical and behavioral responses involving D1R. These
studies provide the proof, probably unique in the literature, that
the receptor recognizes a specific assembly of αβγ subunits of G
protein in vivo. The Gαolf stability depends on the presence of
the Gγ7 subunit and AC5 effector protein. The cellular concen-
tration of Gαolf appears thus to be regulated by the availability of
its interacting proteins. By contrast, D1R receptor exerts a nega-
tive regulation on Gαolf: more the receptor is stimulated more the
cellular Gαolf levels decrease. As important consequences of this
regulation, it was observed an increase of striatal levels of Gαolf
following degeneration of dopamine neurons in both lesioned ani-
mals and Parkinsonian patients. Gαolf upregulation is certainly a
major factor explaining the hypersensitivity of D1R-linked cAMP
signaling detected after dopamine lesion since the Gαolf levels con-
trol in vivo the efficiency of D1Rs on AC activation. Alterations of
levels of Gαolf or its interacting proteins because of genetic or
pathological factors could play an important role in the physiol-
ogy of Parkinson’s disease as well as in the individual responses
to therapeutic drugs. In addition, because of the involvement of
dopamine signaling in several mental diseases, such as schizophre-
nia or drug addiction, dysregulation of Gαolf could contribute
to physiopathology of these diseases. The gene encoding Gαolf
(GNAL) has been investigated as a candidate gene for several

mental diseases. To date, no coding variants of Gαolf have been
tested but a strong association with schizophrenia was reported
for an intronic marker (Schwab et al., 1998). In contrast, other
genetic studies on bipolar affective disorder and unipolar depres-
sion have yielded negative results (Tsiouris et al., 1996; Berrettini
et al., 1998; Zill et al., 2002). More recently, two studies, one in
human using intronic GNAL polymorphisms (Laurin et al., 2008)
and the other using rat models (DasBanerjee et al., 2008), suggest
a possible contribution of Gαolf in the susceptibility to attention
deficit/hyperactivity disorder (ADHD) in children. These studies
suggest that alterations or quantitative modifications of the com-
ponents of specific signaling machinery associated with D1R in
the striatum have the potential to affect the various behavioral
responses linked to dopamine functions in human.
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Dopaminergic signaling within the basal ganglia has classically been thought to occur
within two distinct neuronal pathways; the direct striatonigral pathway which contains the
dopamine D1 receptor and the neuropeptides dynorphin (DYN) and substance P, and the
indirect striatopallidal pathway which expresses the dopamine D2 receptor and enkephalin
(ENK). A number of studies have also shown, however, that D1 and D2 receptors can co-
exist within the same medium spiny neuron and emerging evidence indicates that these
D1/D2-coexpressing neurons, which also express DYN and ENK, may comprise a third neu-
ronal pathway, with representation in both the striatonigral and striatopallidal projections of
the basal ganglia. Furthermore, within these coexpressing neurons it has been shown that
the dopamine D1 and D2 receptor can form a novel and pharmacologically distinct receptor
complex, the dopamine D1–D2 receptor heteromer, with unique signaling properties. This
is indicative of a functionally unique role for these neurons in brain. The aim of this review
is to discuss the evidence in support of a novel third pathway coexpressing the D1 and D2
receptor, to discuss the potential relevance of this pathway to basal ganglia signaling, and
to address its potential value, and that of the dopamine D1–D2 receptor heteromer, in the
search for new therapeutic strategies for disorders involving dopamine neurotransmission.

Keywords: dopamine D1–D2 receptor heteromer, dynorphin, enkephalin, substance P, basal ganglia, striatonigral,

striatopallidal

The striatum, consisting of the ventrally located nucleus accum-
bens (NAc) and dorsal caudate putamen (CP), is the largest
component of a group of nuclei that comprise the basal ganglia
and associated mesolimbic system. The neuronal makeup of the
striatum consists predominantly (>90%) of medium spiny neu-
rons (MSNs), all of which express the inhibitory neurotransmitter
GABA. However MSNs also exist as different subtypes, exhibiting
discrete phenotypes that are characterized by their neuropeptide
and dopamine receptor content, and which are dependent upon
the neuronal pathways to which they are localized.

At least two major neuronal pathways in the basal ganglia have
been identified (Figure 1). The MSNs of the striatonigral pathway,
also called the “direct” pathway, project to substantia nigra retic-
ulata (SNr) and the internal segment of the globus pallidus (GPi;
analogous to rat entopeduncular nucleus, EPN). These neurons are
characterized by the expression of the neuropeptides dynorphin
(DYN) and substance P (SP), as well as the dopamine D1 receptor
(D1R). In contrast, the neurons of the striatopallidal “indirect”
pathway, projecting to the external segment of GP (GPe; analo-
gous to rat GP), express the neuropeptide enkephalin (ENK) and
the dopamine D2 receptor (D2R; Gerfen et al., 1990). These two
pathways work in concert to regulate thalamic output.

Traditional thinking has depicted the D1R and D2R as being
segregated to these discrete populations of striatal MSNs. However,

this idea has been becoming more difficult to reconcile as increas-
ing evidence, both functional and neuroanatomical, indicates that
D1R and D2R can be coexpressed in a subpopulation of striatal
MSNs. Furthermore, the recent identification of a novel dopamine
receptor complex in striatum, the dopamine D1–D2 receptor het-
eromer, also suggests that these coexpressing MSNs may have
unique functional characteristics that are distinct from those neu-
rons that exhibit dopamine receptor segregation. In this review we
describe the evidence showing D1R/D2R coexpression in a subset
of striatal MSNs and discuss their unique functional role in basal
ganglia and mesolimbic neurotransmission. We put forth that
these D1R/D2R-coexpressing MSNs represent a third functional
striatal pathway with significant physiological relevance.

DOPAMINE D1R AND D2R ARE FUNCTIONALLY LINKED
Numerous reports have documented opposing effects of the Gs-
coupled D1R and Gi/o-coupled D2R on biological processes such
as adenylyl cyclase activity and cAMP formation (Hyttel, 1978;
Onali et al., 1985) and striatal acetylcholine release (DeBoer and
Abercrombie, 1996). However, it has also been demonstrated
that the concomitant activation of both D1R and D2R is essen-
tial to achieve certain other behavioral, biochemical, and elec-
trophysiological effects. For instance, past studies have shown
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FIGURE 1 | Classical model of the basal ganglia circuitry and

associated mesolimbic structures. The major projections of D1R-only
striatonigral and D2R-only striatopallidal neurons are depicted. In this model,
the D1R and D2R exhibit complete segregation. Inhibitory (dotted lines) and
excitatory (solid lines) pathways are shown. NAc, nucleus accumbens; CP,
caudate putamen; VP, ventral pallidum; GP, globus pallidus; EPN,
entopeduncular nucleus; STN, subthalamic nucleus; SNr, substantia nigra
reticulata; SNc, substantia nigra compacta; VTA, ventral tegmental area.

coactivation of the D1R and D2R as being necessary for max-
imal stereotyped and locomotor behavior (Walters et al., 1987;
White et al., 1988; DeBoer and Abercrombie, 1996), and more
recently it was reported that to evoke neural and behavioral phe-
notypes of cocaine sensitization, both D1R and D2R stimulation
is required (Capper-Loup et al., 2002). Similarly, at a cellular level,
combined administration of specific D1R and D2R agonists was
shown to potentiate immediate early gene expression (LaHoste
et al., 1993; Keefe and Gerfen, 1995). For example, while the sys-
temic administration of a dopamine D1R agonist induced the
expression of c-fos and zif268 in the dopamine-depleted stria-
tum, and a D2R agonist decreased zif268 expression, both ago-
nists together significantly enhanced gene expression compared
to the D1R agonist alone (Keefe and Gerfen, 1995). Electro-
physiological evidence has also demonstrated that simultaneous
administration of D1R and D2R agonists could synergistically
inhibit the neuronal activity of NAc neurons (White and Wang,
1986; Hu et al., 1990), and restoration of long-term depression
of synaptic transmission following dopamine depletion occurred

by dopamine administration or coadministration of specific
D1R and D2R agonists but not by either selective agonist alone
(Calabresi et al., 1992).

Although the mechanisms for the D1R and D2R interaction
have been suggested to occur by receptor activation on discrete
neurons (Gerfen et al., 1995; LaHoste et al., 2000), or changes in
D2R-mediated cholinergic interneuron activity with subsequent
impact on D1R-expressing striatonigral neuronal transmission (Di
Chiara et al., 1994), in many studies the mechanisms were not
clearly understood. However, an interaction between the receptors
occurring within the same cell may have been involved in some
instances. For example, single MSN–MSN connections in neonatal
striatal cultures have been reported to exhibit modulation by both
D1R and D2R agonists (Geldwert et al., 2006) and the selective
activation of D1R or D2R in single striatal neurons differentially
modulated tetrodotoxin-sensitive sodium channels (Aizman et al.,
2000). The synergistic potentiation of the arachidonic acid release
by coadministration of D1R-selective and D2R-selective agonists
has also been observed in cells expressing both receptors (Piomelli
et al., 1991).

NEUROANATOMICAL EVIDENCE FOR D1R AND D2R
COLOCALIZATION
Given the functional linkage between D1R and D2R, neu-
roanatomical studies began to address the question of dopamine
receptor segregation and many of these studies have now shown,
both at the mRNA level and the protein level, that D1R and D2R
coexist in a fraction of striatal MSNs. In situ hybridization studies
examining D1R and D2R mRNA in serial rat brain striatal sections
have shown overlap of D1R and D2R transcript expression in the
same neurons (Meador-Woodruff et al., 1991; Lester et al., 1993)
and double in situ hybridization has been used to report colo-
calization of D1R and D2R mRNA in some striatal neurons in
primate (Aubert et al., 2000). D1R/D2R mRNA coexistence was
also reported using single cell reverse transcription PCR in neona-
tal neurons (Surmeier et al., 1992, 1996) and immunolabeling has
been a widely used tool for visualizing striatal D1R/D2R coexpres-
sion at the protein level in both neonatal striatal cultures (Shetreat
et al., 1996; Wong et al., 1999; Aizman et al., 2000; Hasbi et al.,
2009) and in adult brain slices (Lee et al., 2004; Deng et al., 2006;
Hasbi et al., 2009; Perreault et al., 2010).

It had been noted that while neurons expressing solely mRNA
for the D1R or D2R were abundant in SP or ENK mRNA respec-
tively, neurons containing mRNA for both D1R and D2R expressed
both SP and ENK mRNAs (Surmeier et al., 1996). Similarly, in
a recent study by Perreault et al. (2010), using highly validated
antibodies, it was shown that the D1R and D2R were expressed
exclusively in neurons containing both DYN and ENK. Although
a small minority of DYN/ENK neurons did not express D1R or
D2R, these findings indicated that SP/DYN–ENK coexpression
could be a useful marker for identifying neurons coexpressing
D1R and D2R. Interestingly, unlike the controversy surrounding
the localization of D1R and D2R, SP/DYN–ENK coexpression in
striatal neurons has been widely accepted, and overlap of SP/DYN
and ENK mRNA or protein in a proportion of striatal projection
neurons has been reported for a number of species (Penny et al.,
1986; Gerfen and Young, 1988; Anderson and Reiner, 1990; Besson
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et al., 1990; Chen et al., 1998; Stefani et al., 1998; Reiner et al., 1999;
Vorobjev et al., 2000; Wang et al., 2006, 2007; Perreault et al., 2010).

Drd1a-EGFP AND Drd2-EGFP BAC TRANSGENIC MICE
In recent years, technological advances have provided novel
approaches for assessing dopamine receptor colocalization.
Enhanced green fluorescent protein (EGFP)-tagged promoter ele-
ments of D1R and D2R in bacterial artificial chromosome (BAC)
transgenic mice is one such method, and has been used to quan-
tify the proportion of striatal neurons expressing the receptors
within the striatonigral and striatopallidal pathways (Valjent et al.,
2009). In an elegant study by Bertran-Gonzalez et al. (2008) it was
reported that while the majority of D1R and D2R were segregated
to these discrete pathways, an estimated 17% of NAc shell MSNs
exhibited receptor colocalization with ∼6% D1R/D2R coexpres-
sion in CP. Although there has been doubt as to the reliability of
BAC transgenic mice in providing an accurate representation of
dopamine receptor expression due to unlabeled neurons (Shuen
et al., 2008), another group was able to show that 100% of MSNs in
these mice expressed D1R, D2R or both (Matamales et al., 2009)
and that the proportion of neurons showing coexpression were
similar to that observed in the Bertran-Gonzalez study.

Fluorescence activated cell sorting (FACS), another relatively
novel method, is used for sorting a heterogeneous mixture of
biological cells and is based upon the fluorescent characteris-
tics of each cell. Essentially, this method employs the fluorescent
properties of the neurons in the BAC transgenic drd1a-EGFP or
drd2-EGFP mice to purify D1R-expressing and D2R-expressing
MSNs, and is often used to assess specific characteristics of these
two neuronal subtypes. The quality of the purification process can
then be verified by assessing mRNA content of the each sample.
Using this process, it was recently shown that while purified D1R-
positive neurons from whole striatum displayed enrichment of
D1R mRNA, D2R mRNA was also evident, albeit in small amounts
(Lobo et al., 2010). Similarly, D2R-positive neurons also displayed
evidence of minimal D1R mRNA being present. In addition, using
BAC transgenic mice with Cre recombinase being driven by the
D1R or D2R promoters, and using double immunofluoresence to
stain for Cre and ENK, this group also showed that a fraction of
striatal D1R-expressing neurons were also positive for ENK.

FUNCTIONAL RELEVANCE OF D1R/D2R-COEXPRESSING
NEURONS
Although the existence of D1R- and D2R-coexpressing MSNs is
now generally accepted, little is yet known about the functional
relevance of these neurons, most likely as a result of the method-
ological difficulties attempting to isolate them. However, it has
been shown that while all MSNs express mRNA for the GluA1
and GluA2 subunits of the AMPA receptor (Chen et al., 1998;
Stefani et al., 1998; Vorobjev et al., 2000), only SP/ENK neurons
preferentially express mRNA for GluA3 (Stefani et al., 1998) a
finding which the authors posited as being suggestive of distinc-
tive postsynaptic glutamatergic mechanisms in the neurons. A
role in neurotransmission is supported by evidence document-
ing that striatal projection neurons coexpressing D1R and D2R or
SP and ENK terminate in a number of regions including GP and
EPN (GPi), as well as substantia nigra and ventral tegmental area

(Deng et al., 2006; Wang et al., 2006, 2007), two regions rich in
dopamine cell bodies. In addition, a region-specific distribution
of D1R/D2R-DYN/ENK neurons throughout the rat basal gan-
glia and mesolimbic pathway has been reported, being present in
NAc (Figure 2) and CP, as well as GP and ventral pallidum and
EPN (Perreault et al., 2010). Specifically, it was estimated that the
fraction of D1R-expressing neurons also expressing the D2R in
NAc core and shell was ∼25% and ∼35% respectively, whereas in
CP the percentage was much lower being only ∼7%. In GP and
VP, while the total number of D1R neurons was quite low com-
pared to other regions, a high percentage of these neurons (∼60%
and ∼30%) also contained D2R. Similarly, in EPN the fraction of
D1R containing neurons also expressing the D2R was relatively
high (∼50%).

In basal ganglia, the coexpression of D1R and D2R has been
shown to occur both within neuronal cell bodies and selectively
at presynaptic, but not postsynaptic terminals, as evidenced by
D1R and D2R coexpression with the presynaptic marker synapto-
physin, but not the postsynaptic marker PSD-95 (Perreault et al.,
2010). Presynaptic colocalization of D1R and D2R on a fraction
of varicosities has also been reported in neonatal striatal cultures
(Wong et al., 1999; Geldwert et al., 2006; Mizuno et al., 2007)
and electrophysiology studies have demonstrated that presynaptic
dopamine receptors on MSN terminals could modulate GABAer-
gic inhibitory postsynaptic currents (IPSCs; Delgado et al., 2000;
Guzman et al., 2003; Geldwert et al., 2006). Interestingly, in one
of these studies it was shown that while the D2R agonist quinpi-
role predominantly mediated inhibition of autaptic connections
in MSNs, the D1R agonist SKF 38393 mediated either inhibition
or facilitation (Geldwert et al., 2006). Although the authors did
not directly address the seemingly discrepant effects of the D1R
agonist on GABA transmission, it has been shown that SKF 38393
activates two biologically different signaling pathways, the cAMP
pathway and phospholipase C (PLC)-phosphoinositide (PI) path-
way (Undie and Friedman, 1990; Undie et al., 1994). Although
it has been suggested that these two pathways are linked directly
to D1R (Undie et al., 1994), it is now known that in MSNs that
coexpress D1R and D2R, the receptors can form a heteromeric
complex, the dopamine D1–D2 receptor heteromer, and it is this
complex that directly activates the PLC-PI pathway (Lee et al.,
2004; Rashid et al., 2007).

THE DOPAMINE D1–D2 RECEPTOR HETEROMER
Dopamine receptors exist as receptor homomers and can addi-
tionally form heteromeric receptor complexes that often exhibit
pharmacological and cell signaling properties distinct from their
constituent receptors (Lee et al., 2004; Rashid et al., 2007; Hasbi
et al., 2009; So et al., 2009; Verma et al., 2010). A physical inter-
action between the D1R and D2R was first shown by coimmuno-
precipitation from rat and human striatum (Lee et al., 2004), and
was the first evidence of a dopamine heteromeric receptor com-
plex in brain. These findings were later confirmed by fluorescence
resonance energy transfer (FRET) a tool commonly used for the
identification of receptor oligomers. Although first performed in
cells (So et al., 2005; Dziedzicka-Wasylewska et al., 2006), quan-
titative FRET in situ has now been utilized to verify the presence
of dopamine D1–D2 receptor heteromers in neonatal cultured rat
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FIGURE 2 |The dopamine D1 and D2 receptor are colocalized with

dynorphin and enkephalin in rat nucleus accumbens shell. (A,B) Confocal
images showing D1R and D2R colocalization with dynorphin (DYN) or

enkephalin (ENK; white arrows). The D1R was also expressed individually with
DYN (yellow arrows). (C,D) Neurons coexpressing DYN and ENK also
expressed the D1R or the D2R (white arrows).

striatal neurons (Hasbi et al., 2009). Similarly, this method has
now been employed to show, in vivo, that in adult rat NAc, CP
(Hasbi et al., 2009; Perreault et al., 2010) and GP (Figure 3) the
D1R and D2R existed in close <50–100 Å proximity indicative
of D1–D2 receptor heteromerization. However, the propensity
for striatal neurons to exhibit D1–D2 heteromers was region-
dependent, with the majority (>90%) of D1R/D2R-coexpressing
neuronal cell bodies in NAc core and shell showing robust D1–
D2 heteromer formation, but only ∼25% of D1R/D2R neurons
expressing the D1–D2 heteromer in CP (Perreault et al., 2010).
This suggests that D1R and D2R can coexist as homomers in the
same cell without forming heteromers. It was also shown in the
neuropil of both NAc and CP the presence of D1–D2 heteromers
at presynaptic terminals, a finding that suggests a possible involve-
ment of synaptic D1–D2 receptor heteromer in GABA release in
both regions.

The role of the D1–D2 heteromer in vivo is just beginning to be
elucidated, however several lines of evidence have emerged impli-
cating the complex as a potential therapeutic target in disorders
involving elevated dopamine transmission, such as schizophrenia
and drug addiction. Specifically, it has been postulated that abnor-
mal regulation of calcium signaling may constitute the central
dysfunction that is responsible for generating the psychopathol-
ogy of schizophrenia (Lidow, 2003). Although the D1R and D2R
have not been shown individually to be directly coupled to calcium

signaling, coactivation of both receptors within the dopamine
D1–D2 receptor heteromer by concurrent administration of D1R
and D2R agonists, or the selective D1–D2 heteromer agonist SKF
83959, resulted in a novel Gq-PLC-linked increase in intracellular
calcium release (Lee et al., 2004; Rashid et al., 2007). In addi-
tion, dopamine D1–D2 heteromer activation by SKF 83959 also
induced striatal calcium calmodulin kinase IIα (CaMKIIα) phos-
phorylation (Rashid et al., 2007; Ng et al., 2010) and brain-derived
neurotrophic factor (BDNF) expression (Hasbi et al., 2009) two
proteins that have been linked to schizophrenia (Weickert et al.,
2003; Issa et al., 2010; Jindal et al., 2010; Novak and Seeman, 2010;
Wong et al., 2010; Carlino et al., 2011). Finally, of particular rele-
vance, an upregulation of striatal D1–D2 heteromeric activity was
seen following repeated amphetamine treatment in rats and in
human GP of patients with schizophrenia (Perreault et al., 2010).
Given that amphetamine sensitization is often employed as an
animal model for schizophrenia (Featherstone et al., 2007), but
no common biochemical marker linking the two has previously
been documented, it was inferred that the sensitized state of the
D1–D2 heteromer may provide the first neuropharmacological
correlate between increased dopamine neurotransmission and its
functional consequence. As antipsychotics invariably also target
the D1–D2 heteromer, these findings strongly suggest that further
research examining the D1–D2 receptor heteromer as a potential
drug target in schizophrenia is warranted.
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FIGURE 3 | Dopamine D1 and D2 receptors form D1–D2 receptor

heteromers in rat globus pallidus. Fluorescence resonance energy
transfer (FRET), using Alexa 488 and Alexa 350 was used to identify
interactions between endogenous D1R and D2R in neurons of rat
globus pallidus. An interaction between the D1R and D2R was evident,

with a relatively high mean FRET Efficiency (efficiency of energy transfer
between the donor and acceptor fluorophores) of ∼22%. The receptor
antibody-linked fluorophores were calculated to be in close proximity with a
relative distance of 5–7 nm (50–70 Å) indicative of D1–D2 receptor heteromer
formation.

In addition to an involvement in schizophrenia, CaMKII and
BDNF have also been shown to play a major role in cocaine addic-
tion (Anderson et al., 2008; Lobo et al., 2010; McGinty et al., 2010;
Wang et al., 2010). In one particularly compelling study, it was
shown that cocaine reinstatement in rats depended upon an inter-
action between NAc dopamine and glutamate systems that was
mediated by CaMKII (Anderson et al., 2008). More specifically,
cocaine reinstatement increased activation of NAc shell CaMKII,
which subsequently led to the phosphorylation of the GluA1 sub-
unit of the AMPA receptor at Ser831, and increased cell-surface
expression of GluA1-containing AMPA receptors. Interestingly, in
contrast to the effects of acute selective activation of the D1–D2
heteromer in NAc, more prolonged selective activation has been
reported to reduce total CaMKII levels in this region and addition-
ally reduce phosphorylation of GluA1 at Ser831 (Perreault et al.,
2010), a finding effectively linking the D1–D2 heteromer to the
reward pathways of the brain.

A CAUTIONARY NOTE ON THE USE OF DOPAMINE RECEPTOR
AGONISTS
It is now known that the agonist SKF 83959 directly activates cal-
cium signaling via the dopamine D1–D2 receptor heteromer, but
does not activate the D1R cAMP pathway or the Gi-coupled D2R
(Rashid et al., 2007). Therefore findings from studies assessing
the effects of SKF 83959 would not likely have been derived from
functional interactions between D1R or D2R homomers within
the same neuron, or between the D1R-expressing striatonigral and
D2R-expressing striatopallidal populations of MSNs. However, for
many years it was believed that the effects of the agonist SKF 83959
were mediated through its actions solely at the D1R. Reports had
demonstrated that SKF 83959 had a substantial affinity for the
D1R (Andringa et al., 1999; Neumeyer et al., 2003), however the
physiological actions of SKF 83959 at the D1R were the subject
of much debate as the drug exhibited antagonistic properties on
adenylyl cyclase activity (Arnt et al., 1992; Andringa et al., 1999;
Jin et al., 2003) yet mimicked certain behavioral characteristics
of D1R agonism such as grooming or the induction of circling
behavior (Deveney and Waddington, 1995; Gnanalingham et al.,
1995; Waddington et al., 1995; Zhen et al., 2005; Perreault et al.,
2010). However, SKF 83959 was also linked to PLC activation and
PI hydrolysis in brain (Panchalingam and Undie, 2001; Jin et al.,

2003; Zhen et al., 2005; Rashid et al., 2007), a pathway that had
also been observed to be induced with a number of other D1R
agonists in brain tissue (Undie et al., 1994; Desai et al., 2005) but,
interestingly, not in cells expressing only the D1R (Lin et al., 1995).

Given the ability of D1R agonists to directly induce PI hydroly-
sis in brain, but not in cells expressing solely the D1R, this suggests
that D1R agonists that stimulate this pathway do so through ago-
nist activity at the D1–D2 receptor heteromer. For example, the
D1R agonists SKF 81297 and SKF 38393 are still often employed
as “selective” D1R agonists, despite evidence demonstrating their
ability to induce behavioral and neurochemical effects character-
istic of dopamine D1–D2 heteromer activation, such as grooming
and activation of PLC leading to intracellular calcium release
(Molloy and Waddington, 1987; Undie and Friedman, 1990; Undie
et al., 1994; Rashid et al., 2007). Furthermore, the D5 receptor
has also been shown to induce a calcium signal through PLC
activation or extracellular calcium influx (So et al., 2009), fur-
ther confounding the pharmacological profile of these agonists.
As such, the interpretation of both past and future results should
take into account that activation of individual dopamine receptors
by these compounds most likely occurs in tandem with D1–D2
receptor heteromer activation on the physiologically relevant sub-
set neurons coexpressing both the D1R and D2R. The appropriate
selection of dopaminergic drugs is therefore essential to effec-
tively isolate the specific complex, or signaling pathway, under
investigation.

CONCLUDING REMARKS
For the most part, studies agree that the D1R and D2R are predom-
inantly segregated to discrete populations of MSNs in striatum
and, additionally, that functional cross-talk between the D1R and
D2R is critical in mediating some of the physiological effects of
dopamine, such as the synergistic effects of D1R/D2R activation
on immediate early gene expression. However, there is also an
abundance of evidence showing that a proportion of MSNs in
striatum coexpresses the D1R and D2R, and the physiological
importance of these neurons is now beginning to become appar-
ent. Specifically, unlike D1R-only and D2R-only striatal MSNs,
D1R/D2R-coexpressing striatal projection neurons have been
reported to terminate in regions within both the striatonigral and
striatopallidal pathways, as well as regions containing dopamine
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neuronal cell bodies. These findings, as well as the demonstration
of D1R/D2R coexpression at presynaptic terminals, indicate that
receptor coexpression may have a unique physiological function
at a local level, via MSN–MSN synaptic connections, as well as
distal effects through their efferent projections (Figure 4). This
would likely contribute to the regulation of thalamic neurotrans-
mission, perhaps with the purpose of maintaining homeostatic
balance between the direct and indirect pathways. It is possible
that this may occur, at least in part, through the regulation of post-
synaptic glutamate transmission in the basal ganglia (Stefani et al.,
1998), as these neurons exhibit a unique expression phenotype of
the AMPA GluA subunits. In addition, these D1R/D2R MSNs also
express the dopamine D1–D2 receptor heteromer, a novel recep-
tor complex that links dopamine receptor activation directly to
calcium signaling and BDNF production in vivo. Together, the evi-
dence indicates that MSNs coexpressing the D1R and D2R in the
basal ganglia embody a physiologically relevant, and functionally
active, subset of neurons. We propose that D1R/D2R-coexpressing
MSNs represent a third major dopamine receptor neuronal path-
way, in addition to the striatonigral and striatopallidal pathways,
with the potential to provide a novel approach to drug discovery
in basal ganglia disorders.
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FIGURE 4 | Model of D1 and D2 receptor-coexpressing projections in

the basal ganglia circuitry. Previously reported (solid lines; Deng et al.,
2006; Wang et al., 2006, 2007) projection sites of D1R/D2R or
SP/ENK-coexpressing neurons and putative projections of
D1R/D2R-DYN/ENK neurons (dashed lines), based on the reported regional
distribution of neuronal cell bodies and presynaptic D1R and D2R
colocalization (Perreault et al., 2010).
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A very significant density of adenosine A2A receptors (A2ARs) is present in the striatum,
where they are preferentially localized postsynaptically in striatopallidal medium spiny neu-
rons (MSNs). In this localization A2ARs establish reciprocal antagonistic interactions with
dopamine D2 receptors (D2Rs). In one type of interaction, A2AR and D2R are forming
heteromers and, by means of an allosteric interaction, A2AR counteracts D2R-mediated
inhibitory modulation of the effects of NMDA receptor stimulation in the striatopallidal
neuron. This interaction is probably mostly responsible for the locomotor depressant and
activating effects of A2AR agonist and antagonists, respectively. The second type of inter-
action involves A2AR and D2R that do not form heteromers and takes place at the level
of adenylyl cyclase (AC). Due to a strong tonic effect of endogenous dopamine on striatal
D2R, this interaction keeps A2AR from signaling through AC. However, under conditions of
dopamine depletion or with blockade of D2R, A2AR-mediated AC activation is unleashed
with an increased gene expression and activity of the striatopallidal neuron and with a con-
sequent motor depression.This interaction is probably the main mechanism responsible for
the locomotor depression induced by D2R antagonists. Finally, striatal A2ARs are also local-
ized presynaptically, in cortico-striatal glutamatergic terminals that contact the striato-nigral
MSN.These presynaptic A2ARs heteromerize with A1 receptors (A1Rs) and their activation
facilitates glutamate release. These three different types of A2ARs can be pharmacologi-
cally dissected by their ability to bind ligands with different affinity and can therefore provide
selective targets for drug development in different basal ganglia disorders.

Keywords: adenosine A2A receptor, striatum, receptor heteromers, dopamine receptors, cannabinoid receptors

POSTSYNAPTIC STRIATAL ADENOSINE A2A RECEPTORS
A very significant density of adenosine A2A receptors (A2ARs) is
present in the striatum (Rosin et al., 1998; Hettinger et al., 1998;
Schiffmann et al., 2007; Quiroz et al., 2009), where they are pref-
erentially localized postsynaptically in the soma and dendrites of
GABAergic striatopallidal. These neurons also show a high den-
sity of dopamine D2 receptors (D2Rs) and there is clear evidence
for the existence of postsynaptic mechanisms in the control of
glutamatergic neurotransmission to the enkephalinergic medium
spiny neuron (MSN) by at least two reciprocal antagonistic inter-
actions between A2ARs and D2Rs (Ferré et al., 2008). In one type
of interaction, stimulation of A2AR counteracts the D2R-mediated
inhibitory modulation of NMDA receptor (NMDAR)-mediated
effects, which include modulation of Ca2+ influx, transition to
the up-state and neuronal firing (Azdad et al., 2009; Higley and
Sabatini, 2010; Figure 1). This interaction seems to be mostly
responsible for the locomotor depressant and activating effects of
A2AR agonists and antagonists, respectively (Ferré et al., 2008; Orru
et al., 2011), which correlates with the results of behavioral exper-
iments showing that A2AR activation or blockade decreases or

increases, respectively, the motor effects elicited by D2R activation
(Ferré et al., 2008).

Initially, the main mechanism responsible for this A2AR–
D2R interaction was attributed to what it was described as an
“intramembrane interaction,” by which activation of A2AR could
decrease the affinity of an adjacent D2R for agonists in striatal
membrane preparations (Ferré et al., 1991). It was afterward
hypothesized that this kind of intramembrane interaction was
a biochemical property of receptor heteromers with important
functional implications (Zoli et al., 1993). A receptor heteromer is
now defined as a macromolecular complex composed of at least
two (functional) receptor units with biochemical properties that
are demonstrably different from those of its individual compo-
nents (Ferré et al., 2009). The term “intramembrane interaction”
is now known as “allosteric interaction in the receptor heteromer,”
which is defined as an intermolecular interaction by which binding
of a ligand to one of the receptor units in the receptor heteromer
changes the binding properties of another receptor unit (Ferré
et al., 2009). Another definition recently introduced in the field
of receptor heteromers is “biochemical fingerprint,” which is a
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FIGURE 1 | Schematic representation of the different subpopulation of striatal A2ARs. Presynaptic A2ARs are localized in glutamatergic terminals that
contact the dynorphynergic medium spiny neuron (DYN-MSN), where they form heteromers with A1Rs. Postsynaptic A2ARs are localized in the enkephalinergic
medium spiny neuron (ENK-MSN), where they from heteromers with D2Rs, CB1Rs, and mGlu5Rs. AC, adenylyl cyclase; EC, endocannabinoid; GLU, glutamate.

biochemical characteristic of a receptor heteromer that can be used
for its identification, even in a native tissue (Ferré et al., 2009). The
introduction of this concept is important in view of the difficulty in
demonstrating receptor heteromers in native tissues. Biophysical
techniques, such as bioluminescence and fluorescence resonance
energy transfer (BRET and FRET) techniques can be easily applied
in artificial cell systems to demonstrate receptor heteromerization
(Bouvier, 2001), but not in native tissues. Recent technological
advances, using receptor labeling with selective fluorescent ligands,
have allowed the demonstration of receptor homomers with time-
resolved FRET in a native tissue (oxytocin receptor homomers
in mammary glands; Albizu et al., 2010). However, this required
the use of high quantities of a tissue with high expression of the
receptor under study (Albizu et al., 2010).

The A2AR–D2R allosteric interaction, in fact, constitutes a bio-
chemical fingerprint of the A2AR–D2R heteromer, since it depends
on the proper quaternary structure of the heteromer. Thus, it has
been recently shown that disruption of an electrostatic interaction
between identified intracellular domains of the A2AR and D2R
leads to a significant modification of the quaternary structure of
the heteromer and to the disappearance of the A2AR–D2R allosteric
interaction (Borroto-Escuela et al., 2010a; Navarro et al., 2010).
The electrostatic interaction in the A2AR–D2R heteromer involves
an arginine-rich epitope of the third intracellular loop (3IL) of the
D2R and a phosphorylated residue localized in the C terminus of
the A2AR (Woods and Ferré, 2005; Navarro et al., 2010). It is impor-
tant to point out that this electrostatic interaction is not directly
involved in the A2AR–D2R heteromer interface, which seems to be
mostly determined by direct interactions between transmembrane
domains (Borroto-Escuela et al., 2010b; Navarro et al., 2010).

A closer look to recent electrophysiological experiments (Azdad
et al., 2009; Higley and Sabatini, 2010) indicates that, although use-
ful as a biochemical fingerprint, the allosteric interaction in the
receptor heteromer does not play a main role in the antagonistic
A2AR–D2R-mediated functional interaction. In the study by Azdad
et al. (2009), the D2R-mediated response consisted on the coun-
teraction of NMDAR-mediated increase in firing rate by enkepha-
linergic MSNs (analyzed by patch-clamp experiments in identified
striatal D2R-expressing MSNs). In this experimental setting, appli-
cation of an A2AR agonist did not produce any significant effect
on its own, but completely blocked the D2R-mediated response.
Remarkably, this interaction was dependent on the integrity of
the quaternary structure of the A2AR–D2R heteromer. Thus, the
counteracting effect of the A2AR agonist disappeared after the
application of peptides that selectively disrupted the intracellu-
lar electrostatic interaction (Azdad et al., 2009). Importantly, the
counteracting effect of the A2AR agonist was detected in the pres-
ence of a high concentration of the D2R agonist, which should
be able to surmount a decrease in the affinity of the D2R caused
by A2AR occupation (Ferré et al., 1991). Therefore, although it
might still be involved, the allosteric interaction, which leads to a
lower affinity of D2R for dopamine when adenosine is activating
A2AR, does not seem to be the main mechanism underlying the
A2AR–D2R functional interaction in the A2AR–D2R heteromer.

The same intracellular arginine-rich epitope of the D2R that is
involved in the electrostatic interaction with A2AR in the A2AR–
D2R heteromer has been demonstrated to bind to calmodulin
and also to be fundamental for the activation of Gi/o proteins
(Bofill-Cardona et al., 2000; Navarro et al., 2009). Since calmodulin
binding to the same epitope of the D2R impairs its ability to signal
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through Gi/o proteins (Bofill-Cardona et al., 2000), it is likely that
binding of the C terminus of the A2AR to the same epitope reduces
the capacity of the D2R to bind calmodulin and to signal through
Gi/o proteins. In fact, it has recently been shown that the binding
of calmodulin to the A2AR–D2R heteromer is occurring within
the proximal portion of the A2AR but not with the D2R (Navarro
et al., 2009). It is possible that agonist binding to the A2AR induces
a conformational change in the A2AR–D2R heteromer that causes
an even further impairment in the coupling of the D2R to the Gi/o

protein. Thus, it seems that, in the A2AR–D2R heteromer, D2R does
not signal through Gi/o proteins or that its main signaling is by
a G-protein-independent mechanism. However, the recent study
by Higley and Sabatini (2010) suggests that the D2R-mediated
inhibitory modulation of NMDAR-mediated Ca2+ signaling in
the enkephalinergic MSN is mediated by PKA and, therefore, most
probably related to the ability of D2R to couple to Gi/o and to
inhibit adenylyl cyclase (AC). Interestingly, in these experiments
(and in agreement with the experiments by Azdad et al., 2009), an
A2AR agonist did not produce any significant effect on its own, but
counteracted the effect of a D2R agonist. Thus, although Higley
and Sabatini (2010) suggested that this interaction between A2AR
and D2R takes place at the AC level, it shows similar characteristics
to the A2AR–D2R heteromer-dependent interaction. In summary,
A2AR–D2R heteromers seem to play a key role in the modulation
of NMDAR-mediated signaling in the enkephalinergic MSN, but
the molecular mechanisms involved in these A2AR–D2R–NMDAR
interactions are yet to be determined.

In addition to the antagonistic A2AR–D2R receptor interaction
in the A2AR–D2R heteromer, D2R stimulation impedes A2AR to
signal through AC (Kull et al., 1999; Chen et al., 2001; Hillion et al.,
2002; Håkansson et al., 2006; Figure 1). This D2R–A2AR interac-
tion takes place at the second messenger level, and stimulation of
Gi/o-coupled D2R counteracts the effects of Gs/olf-coupled A2AR
(Ferré et al., 2007, 2008). Due to a strong tonic effect of endoge-
nous dopamine on striatal D2R, this interaction keeps A2AR from
signaling through AC. However, under conditions of dopamine
depletion or with pharmacological D2R blockade, A2AR-mediated
signaling through the cAMP–PKA cascade may be unleashed.
Antagonism of D2R is biochemically associated with a significant
increase in the phosphorylation of PKA-dependent substrates,
which increases gene expression and the activity of the enkepha-
linergic MSN, producing locomotor depression (reviewed in Ferré
et al., 2008). This appears to be the main mechanism responsible
for the locomotor depression induced by D2R antagonists. Thus
the motor depressant and most biochemical effects induced by
pharmacologic blockade of D2R may be counteracted by pharma-
cological blockade of A2AR (Chen et al., 2001; Håkansson et al.,
2006).

The two reciprocal antagonistic interactions, A2AR toward D2R
(A2R–D2R) and D2R toward A2AR (D2R–A2AR), take place simul-
taneously in the same cell, which suggest that are most likely
mediated by the existence of at least two different populations
of postsynaptic striatal A2AR in the enkephalinergic MSN (Ferré
et al., 2008). One population would be forming heteromers with
D2R and would determine that A2AR stimulation inhibits D2R-
mediated signaling (A2AR–D2R interaction), while another pop-
ulation would not be forming heteromers with D2R and would

determine that D2R stimulation inhibits A2AR-mediated signaling
(D2R–A2AR interaction). This second population of postsynaptic
A2AR would either not form heteromers or would form het-
eromers with other receptors, such as glutamate mGlu5 receptors
(mGlu5Rs; Ferré et al., 2002; Figure 1). Importantly, heteromer-
ization of A2AR with mGlu5R is associated with a synergistic effect
upon A2AR and mGlu5R co-activation at the level of AC and
MAPK, providing a physiological mechanism by which A2AR can
overcome the D2R–A2AR interaction (Ferré et al., 2002; Nishi et al.,
2003). Co-stimulation of A2AR and mGlu5R in vivo, with the cen-
tral administration of selective agonists, allowed A2AR to get rid of
the inhibitory effect of the D2R and signal through the cAMP–PKA
cascade (Ferré et al., 2002). Since this A2AR–D2R–mGlu5R inter-
action could be demonstrated in animal models of Parkinson’s
disease (Popoli et al., 2001; Kachroo et al., 2005), it was postulated
that co-administration of A2AR and mGlu5R antagonists could be
useful as a therapeutic strategy in this disease (Popoli et al., 2001).

Still a third population of postsynaptic A2AR would form het-
eromers with cannabinoid CB1 receptors (CB1Rs; Carriba et al.,
2007; Figure 1). In this heteromer, activation of A2AR is necessary
to allow CB1R-mediated signaling. Thus, in a human neuroblas-
toma cell line, CB1R-mediated inhibition of AC activity was found
to be completely dependent on A2AR co-activation (Carriba et al.,
2007). Similarly, several biochemical effects of CB1R agonists in
primary striatal cell cultures and striatal slices have been shown
to depend on A2AR co-activation (Yao et al., 2003; Andersson
et al., 2005). Accordingly, Tebano et al. (2009) reported that the
depression of synaptic transmission induced by a CB1R agonist
in cortico-striatal slices was prevented by A2AR antagonists and
also by the conditional genetic blockade of striatal postsynaptic
A2AR. The permissive effect of A2AR toward CB1R function did
not seem to occur presynaptically, as the ability of the CB1R ago-
nist to increase the R2/R1 ratio under a protocol of paired-pulse
stimulation was not modified by an A2AR antagonist (Tebano et al.,
2009). These results would predict that A2AR antagonists should
produce similar behavioral effects than CB1R antagonists and, in
fact, pharmacological or genetic inactivation of A2ARs reduce the
motor depressant, cataleptic, and rewarding effects of CB1R ago-
nists (Soria et al., 2004; Andersson et al., 2005; Carriba et al., 2007;
Justinova et al., 2011). Significantly, it has been recently reported
that low doses of an A2AR antagonist (MSX-3) reduce in squirrel
monkeys self-administration of THC and anandamide, but not
cocaine (Justinova et al., 2011).

Although the studies just mentioned indicate that the motor
(depressant) effects of CB1R agonists might depend on adeno-
sine A2A receptor signaling, a recent study by Lerner et al. (2010)
suggested quite the opposite, that CB1R signaling mediates the
locomotor-activating effects of A2AR antagonists. Thus, pharma-
cological or genetic inactivation of CB1R reduced the locomotor
activation induced by an A2AR antagonist in mice habituated to the
testing environment (Lerner et al., 2010). The mechanistic expla-
nation of this interaction is related to the previously reported D2R
agonist-mediated endocannabinoid release by the enkephaliner-
gic MSN, which by retrograde signaling would inhibit glutamate
release by stimulating CB1R localized in glutamatergic terminals.
This would lead to a decreased stimulation of the striatopallidal
MSN, which would produce locomotor activation (Kreitzer and
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Malenka, 2007). In fact, Kreitzer and Malenka (2007) advocated
that, instead of direct postsynaptic effects, such as the previously
mentioned D2R-mediated modulation of NMDAR-mediated sig-
naling (Azdad et al., 2009; Higley and Sabatini, 2010), this indirect
and endocannabinoid-mediated presynaptic effect is the main
mechanism by which D2R stimulation produces inhibition of the
enkephalinergic MSN function. According to Lerner et al. (2010),
an A2AR antagonist would then produce locomotor activation by
disinhibiting a tonic A2AR-mediated inhibition of D2R-mediated
endocannabinoid release. However, this hypothesis would predict
that CB1R agonists and antagonists should produce locomotor
activation and depression, respectively, and that CB1R blockade
should counteract the motor effects of D2 receptor agonists. This
is the opposite of what has been reported in previous studies (for a
recent review, see Ferré et al., 2010). To reevaluate the findings by
Lerner et al. (2010) we studied in detail the effects of pharmacolog-
ical interactions between A2AR antagonists and CB1R antagonists
on the locomotor activity in rats not habituated to the testing
environment (Orru et al., submitted). Whereas we could indeed
reproduce the results by Lerner et al. (2010) showing that a CB1R
antagonist significantly decreases the locomotor effects induced
by an A2AR antagonist, we found that the CB1R antagonist also
produces a comparable decrease in locomotion in vehicle-treated
animals (statistical analysis indicated that the locomotor effects of
A2AR and CB1R antagonists were not interrelated). It was therefore
the use of habituated animals (which display very low locomotor
activity in the testing environment) what masked the depressant
effect of CB1R antagonist in the vehicle-treated animals in the
study by Lerner et al. (2010).

In addition to the three populations of postsynaptic striatal
A2AR so far reported, there is also experimental evidence for a
potentially more complex picture, which includes the possibility
of receptor heteromultimers. Thus, using a new biophysical/based
technology, sequential resonance energy transfer (SRET), and
bimolecular fluorescence complementation plus BRET, evidence
for A2AR–CB1R–D2R and A2AR–D2R–mGlu5R heteromers in
transfected cells has been recently obtained (Carriba et al., 2008;
Cabello et al., 2009; Navarro et al., 2010). Mutation experiments
indicated that the interactions of the intracellular domains of the
CB1R receptor with A2AR and D2R are fundamental for the cor-
rect formation of the quaternary structure needed for the function
(MAPK signaling) of the A2AR–CB1R–D2R heteromers. It should
be noted that the analysis of MAPK signaling in striatal slices of
CB1R KO mice and wild-type littermates supports the existence
of A2AR–CB1R–D2R receptor heteromers in the brain (Navarro
et al., 2010). Despite the stoichiometry of the different popula-
tions of postsynaptic striatal A2AR heteromers (and homomers)
is not known, taking into account the very high density of A2ARs
and D2Rs in the enkephalinergic MSM, we postulate that A2AR
and D2R homomers and A2AR–D2R heteromers are the most
common receptor populations, followed by combinations of those
populations with CB1R and mGlu5R.

It is also of importance to mention that there is also evidence
for the existence of A2AR receptors, also co-localized with D2Rs,
in the somatodendritic and nerve terminal regions of the cholin-
ergic striatal interneurons and that their interactions modulate
acetylcholine release (James and Richardson, 1993; Jin et al., 1993;

Preston et al., 2000; Tozzi et al., 2011). The study by Jin et al.
(1993) showed evidence for an antagonistic A2AR–D2AR inter-
action in the modulation of striatal acetylcholine release. Thus,
A2AR stimulation counteracted the ability of D2R activation to
inhibit acetylcholine release. Similarly, a recent study showed that
A2AR blockade potentiates D2R-mediated modulation of acetyl-
choline release (Tozzi et al., 2011), again indicating the existence of
an antagonistic A2AR–D2R interaction and, probably, A2AR–A2AR
heteromers in striatal cholinergic interneurons.

PRESYNAPTIC STRIATAL ADENOSINE A2A RECEPTORS
Striatal A2ARs are not only localized postsynaptically but also
presynaptically, in glutamatergic terminals, where they heteromer-
ize with A1 receptors (A1Rs) and where they perform a fine-tuned
modulation of glutamate release (Ciruela et al., 2006; Quiroz et al.,
2009; Figure 1). Thus, A1R–A2AR heteromers seem to work as a
concentration-dependent switch (Ferré et al., 2007), with adeno-
sine acting primarily at A1Rs at low concentrations, and at both
A1Rs and A2ARs at higher concentrations. Activation of the A1R in
the A1R–A2AR heteromer produces inhibition of glutamate release,
while the additional activation of the A2AR produces the oppo-
site effect, on a mechanism that seems to involve an allosteric
modulation in the receptor heteromer and interactions at the G
protein level (Ciruela et al., 2006; Ferré et al., 2007). Interestingly,
presynaptic A2ARs are preferentially localized in glutamatergic ter-
minals of cortico-striatal afferents to the dynorphinergic MSN
(Quiroz et al., 2009). Apart from morphological evidence pro-
vided by immunohistochemical and electron microscopy experi-
ments, patch-clamp experiments in identified enkephalinergic and
dynorphinergic MSNs provided a functional demonstration of
the segregation of striatal presynaptic A2ARs. Thus, an A2AR ago-
nist and an A2AR receptor antagonist significantly increased and
decreased, respectively, the amplitude of excitatory postsynaptic
currents induced by the intrastriatal stimulation of glutamatergic
afferents measured in identified enkephalinergic, but not dynor-
phinergic MSNs. Mean-variance analysis indicated a presynaptic
locus for the A2AR-mediated modulation (Quiroz et al., 2009).
Thus, there seems to be a selective A2AR-mediated modulation of
glutamate release to the dynorphinergic MSN, which is in disagree-
ment with the recently proposed role of postsynaptic A2ARs in
the modulation of glutamate release to the enkephalinergic MSN
(Lerner et al., 2010).

The powerful modulatory role of presynaptic A2ARs on striatal
glutamate release was first demonstrated with in vivo microdialysis
experiments by Popoli et al. (1995), who showed that the striatal
perfusion of an A2AR agonist produced a very pronounced increase
in the basal striatal extracellular concentrations of glutamate. Also
intrastriatal perfusion of an A2AR antagonist through a microdial-
ysis probe could significantly counteract striatal glutamate release
induced by cortical electrical stimulation in the orofacial premo-
tor cortex (Quiroz et al., 2009). A striking unexpected finding was
that the counteraction of glutamate release was also accompanied
by a complete counteraction of the jaw movements induced by
the cortical electrical stimulation, demonstrating the very impor-
tant role of presynaptic A2ARs in the control of cortico-striatal
glutamatergic neurotransmission. By combining cortical electri-
cal stimulation and recording of EMG activity of the mastication
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muscles, a power correlation coefficient (PCC) was established as a
quantitative in vivo measure of cortico-striatal neurotransmission
(Quiroz et al., 2009). PCC was shown to be significantly and dose
dependently decreased by the systemic administration of an A2AR
receptor antagonist. PCC could therefore be used as a method to
screen the presynaptic effect of A2AR antagonists (see below).

According to the widely accepted functional basal circuitry
model (Obeso et al., 2002; DeLong and Wichmann, 2007), block-
ade of postsynaptic striatal A2AR in the A2AR–D2R heteromer,
localized in the enkephalinergic MSN should potentiate spon-
taneous or psychostimulant-induced motor activation. On the
other hand, according to the same model, blockade of presynaptic
striatal A2AR localized in the cortico-striatal glutamatergic termi-
nals that make synaptic contact with the dynorphinergic MSN
should decrease motor activity. The clear locomotor-activating
effects of systemically administered A2AR antagonists could be
explained by the significantly higher density of postsynaptic ver-
sus presynaptic striatal A2AR and to a stronger influence of a tonic
adenosine and A2AR-mediated modulation of the enkephalinergic
versus dynorphinergic MSNs under basal conditions. The results
by Shen et al. (2008) about the differential effects of A2AR antag-
onists on psychostimulant-induced locomotor activation in WT
versus conditional striatal postsynaptic A2AR KO mice (potenti-
ation versus counteraction, respectively) support this hypothesis.
As previously suggested (Ferré et al., 2007), activation of presynap-
tic A2ARs seems to be highly dependent on the level of adenosine
generated upon cortico-striatal glutamatergic input.

Striatal D2Rs are also localized presynaptically, in dopamin-
ergic and glutamatergic terminals (Higley and Sabatini, 2010),
giving the frame for the existence of interactions with A2ARs at
least in those terminals establishing contact with the dynorphin-
ergic MSN. The experimental evidence suggest that there is also
a presynaptic D2R–A2AR interaction by which D2R activation
tonically inhibits the ability of endogenous adenosine to pro-
duce an A2AR-mediated increase in the basal extracellular levels of
glutamate. Thus, dopamine denervation significantly potentiates
A2AR agonist-mediated stimulation of glutamate release (Tan-
ganelli et al., 2004). This has the biochemical characteristics of
an interaction between A2ARs and D2Rs at the AC level and not
forming A2AR–D2R heteromers. Furthermore, results Rodrigues
et al. (2005) have also demonstrated the existence of mGlu5Rs
in striatal glutamatergic terminals co-localized with A2ARs and
which facilitate glutamate release in a synergistic manner. The
interplay between adenosine- and dopamine-mediated actions at
the presynaptic level is therefore affected by the occurrence of
mGlu5Rs.

The presynaptic localization of CB1Rs in striatal glutamater-
gic terminals is well established, and therefore they can be co-
localized with A2AR in terminals establishing contact with the
dynorphinergic MSN (Ferré et al., 2010). The existence of A2AR–
CB1R heteromers in striatal glutamatergic terminals which could
mediate the reinforcing effects of cannabinoids has been recently
postulated (Ferré et al., 2010; Justinova et al., 2011). However,
a recent study by Martire et al. (2011) indicates that cannabi-
noid/adenosine functional interactions result from an interaction
at the second messenger level. In the frame of heteromeriza-
tion A2AR activation should facilitate the Gi/o-mediated effect

of CB1R activation measured, as inhibition of glutamate release.
Nevertheless, Martire et al. (2011), by studying extracellular field
potentials recordings in cortico-striatal slices and superfused stri-
atal nerve terminals, very convincingly showed that, instead,
A2AR activation prevents CB1R-mediated inhibition of glutamate
release. These results indicate that regulation of glutamate release
by cannabinoids is not dependent on presynaptic A2AR–CB1R
heteromers.

In summary, a great amount of available data indicates that,
presynaptically, A2ARs form heteromers mostly with A1Rs. In
addition, there seems to be a population of A2ARs not forming
heteromers but establishing antagonistic interactions with D2Rs
and CB1Rs and synergistic interactions with mGlu5Rs. Apart from
co-expression, at this moment we do not know the variables that
determine the ability of A2ARs to bind to different receptors to
form different pre and postsynaptic heteromers. Thus, D2Rs are
also localized presynaptically, but yet they do not seem to form
heteromers with A2ARs. A2ARs could bind with more affinity to
A1Rs than to D2Rs or particular scaffolding proteins could favor a
particular A2AR heteromer. All these are questions still need to be
answered.

TARGETING STRIATAL PRE AND POSTSYNAPTIC A2A
RECEPTORS
A surprising yet fundamental finding of a recent study is that
several A2AR antagonists previously thought as being pharma-
cologically similar present different striatal pre and postsynaptic
profiles (Orru et al., 2011). Six compounds already known as selec-
tive A2AR antagonists were first screened for their ability to block
striatal pre and postsynaptic A2ARs with in vivo models. Loco-
motor activation was used to evaluate postsynaptic activity while
PCC counteraction was used to determine presynaptic activity (see
above). SCH-442416 and KW-6002, showed preferential pre and
postsynaptic profiles, respectively, and four compounds, MSX-3,
SCH-420814, SCH-58261, and ZM-241385, showed mixed pre–
postsynaptic profiles. Combining in vivo microdialysis with cor-
tical electrical stimulation was used as an additional in vivo eval-
uation of presynaptic activity of A2AR antagonists. In agreement
with its preferential presynaptic profile, SCH-442416 significantly
counteracted striatal glutamate release induced by cortical stim-
ulation at a dose that strongly counteracted PCC but did not
induce locomotor activation. On the other hand, according to
its preferential postsynaptic profile, KW-6002 did not modify stri-
atal glutamate release induced by cortical stimulation at a dose
that produced a pronounced locomotor activation but did not
counteract PCC.

Another important finding of the study by Orru et al. (2011)
was that at least part of these pharmacological differences between
A2AR antagonists could be explained by the ability of pre and post-
synaptic A2AR to form different receptor heteromers, with A1R
and D2R, respectively (see above). Radioligand-binding experi-
ments were performed in cells stably expressing A2AR, A2AR–D2R
heteromers, or A1R–A2AR heteromers to determine possible differ-
ences in the affinity of these different A2ARs for A2AR antagonists.
Co-expression with A1R did not significantly modify the affinity
of A2ARs for the different ligands, but co-expression with D2Rs
decreased the affinity of all compounds, with the exception of

Frontiers in Neuroanatomy www.frontiersin.org June 2011 | Volume 5 | Article 36 | 38

www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/Neuroanatomy/archive


Ferré et al. Striatal adenosine A2A receptors

KW-6002 (Orru et al., 2011). The structural changes in the A2AR
induced by heteromerization with the D2R could be detected not
only by antagonists but also by agonist binding. Indeed, the affin-
ity of the selective A2AR agonist CGS-21680 was reduced in cells
co-transfected with D2Rs. When trying to explain the differential
action of SCH-442416 observed in vivo, it is interesting to note that
this compound in particular showed a much higher affinity for the
A2AR in a presynaptic-like than in a postsynaptic-like context. In
fact, the affinity of A2AR for SCH-442416 in cells expressing A2AR–
D2R heteromers was markedly reduced (40 times higher B50 values
in competitive-inhibition experiments with [3H]ZM-241385 in
cells expressing A2AR–D2R than A1R–A2AR heteromers).

The decrease in affinity upon co-expression with D2Rs was
much less pronounced for ZM-241385, SCH-58261, MSX2, or
SCH-420814, for which the affinity was reduced from two to about
ninefold (Orru et al., 2011). Taking into account that these A2AR
antagonists behaved qualitatively similar than the A2AR agonist
CGS-21680 in terms of binding to A1R–A2AR and A2AR–D2R
heteromers, it was expected that these four compounds com-
pete equally for the binding of the endogenous agonist at pre
and at postsynaptic sites. This would fit with the in vivo data,
which showed that these compounds have a non-preferred pre–
postsynaptic profile. Yet, KW-6002 was the only antagonist whose
affinity was not significantly different in cells expressing A2AR,
A1R–A2AR heteromers, or A2AR–D2R heteromers. Thus, KW-
6002 showed the best relative affinity for A2AR–D2R heteromers
of all compounds, which can at least partially explain its pref-
erential postsynaptic profile. Experiments performed with the
non-selective adenosine receptor antagonist caffeine also showed
a correlation between the in vivo data and the in vitro preference
for postsynaptic A2AR-containing heteromers. It was previously
reported that in transfected mammalian cells the affinity of A2AR
for the non-selective adenosine receptor antagonist caffeine did
not change when co-transfected with D2R, but it was significantly
decreased (about 10 times) when co-transfected with A1R (Ciru-
ela et al., 2006). As predicted, caffeine did not significantly reduce
PCC at doses that produce pronounced motor activation (Zanoveli
et al., in preparation).

It must be pointed out that to say that SCH-442416 is a selec-
tive presynaptic A2AR antagonist is an oversimplification. In fact,
the in vitro data indicated that SCH-442416 binds equally well to
the A2AR not forming heteromers than to the A2AR in the A1R–
A2AR heteromer. Therefore, according to the previous description
of the different populations of striatal A2ARs, SCH-442416 should
also be effective at counteracting D2R antagonist-induced motor
depression. In fact, at doses that are not producing locomotor
activation (but that reduce PCC), SCH-442416 significantly coun-
teracts the locomotor depression induced by the D2R antagonist
raclopride (Orru et al., submitted). On the other hand, KW-6002
produced the same locomotor activation with or without co-
administration with raclopride, in agreement with its ability to
block the three populations of A2AR studied so far in vitro, A2AR,
A2A–D2R, and A1R–A2AR. Importantly, KW-6002 also produced
the same locomotor activation when co-administered with the
A2AR agonist CGS-21680, while SCH-442416, at the same dose
that counteracted the depressant effect of raclopride, did not sig-
nificantly counteract the depressant effect of CGS-21680. These

results, therefore agree with the hypothesis that the subpopu-
lation of postsynaptic A2AR forming heteromers with D2R are
mainly responsible for both the locomotor activation and depres-
sion induced by A2AR antagonists and agonists, respectively. In
summary, SCH-442416 can be considered as a compound that at
relatively low doses not only binds preferentially to presynaptic
A2ARs localized in cortico-striatal glutamatergic terminals (Orru
et al., 2011), but also to a subpopulation of postsynaptic A2ARs
most probably not forming heteromers with D2Rs, but which
function is tonically inhibited by D2Rs activated by endogenous
dopamine. Interestingly, [11C]SCH-442416 has been used in rats,
monkeys, and humans as a PET radioligand and shown to nicely
label striatal A2ARs (Moresco et al., 2005; Schiffmann et al., 2007;
Brooks et al., 2010). The low doses used in PET experiments indi-
cate that [11C]SCH-442416 is mostly labeling presynaptic A2ARs
and postsynaptic A2ARs that do not form heteromers with D2Rs.
The use of [11C]SCH-442416 and other less selective radioligand
in combination with cold SCH-442416 could allow the identifica-
tion of the different populations of A2ARs in the human brain. The
picture is still incomplete, and a further evaluation of the affinity
of A2AR antagonists for A2AR–mGlu5R and A2AR–CB1 heteromers
(and of heterotrimers) is needed. Nevertheless, the information so
far available is very valuable to attempt the design of more efficient
A2AR antagonists to be used in basal ganglia disorders.

A2A RECEPTOR HETEROMERS AS TARGETS FOR DRUG
DEVELOPMENT
The results of the above mentioned studies support the notion that
receptor heteromers may be used as selective targets for drug devel-
opment. Main reasons are the very specific neuronal localization
of receptor heteromers (even more specific than receptor subtypes
themselves), and a differential ligand affinity of a receptor depend-
ing on its partner (or partners) in the receptor heteromer. Striatal
A2AR-containing heteromers become particularly interesting tar-
gets, eventually useful for a variety of neuropsychiatric disorders.
Blocking postsynaptic A2ARs in the enkephalinergic MSN should
be beneficial for Parkinson’s disease because it would decrease the
activity of the indirect striatal efferent pathway. On the one hand,
one benefit would come from potentiating the effect of l-dopa or
other dopamine receptor agonists on the D2R-mediated signal-
ing in the A2AR–D2R heteromer. On the other hand, blockade of
A2ARs not forming heteromers with D2Rs (but antagonistically
interacting with D2R at the AC level) should counteract the effects
of the disinhibited A2AR signaling. However, blocking presynaptic
A2AR in glutamatergic terminals contacting dynorphinergic MSN
(either forming or not heteromers with A1R) should decrease
glutamatergic transmission through the direct striatal efferent
pathway, thus decreasing motor activity and, therefore, decreas-
ing the antiparkinsonian efficacy of A2AR antagonists. The most
convenient A2AR antagonist to treat Parkinson’s disease patients
would have more affinity for postsynaptic than for presynaptic
receptors. Additionally, a selective blockade of presynaptic A2ARs
should be useful in dyskinetic disorders such as Huntington’s dis-
ease and could also be useful in obsessive–compulsive disorders
and drug addiction. Effective treatment of l-dopa-induced dyski-
nesia using “presynaptic” A2AR antagonists would be a possibility
to explore.
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The results by Orru et al. (2011) give a mechanistic explanation
to the already reported antiparkinsonian activity of KW-6002
and suggest that SCH-442416 could be useful for the treat-
ment of dyskinetic disorders, obsessive–compulsive disorders and
in drug addiction. Medicinal chemistry and in silico modeling
should help in elucidating the molecular properties that deter-
mine the particular pharmacological profile of SCH-442416 and

KW-6002, which may be used as lead compounds to obtain,
respectively, more effective antidyskinetic and antiparkinsonian
compounds.
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Signaling via heterotrimeric G proteins plays a crucial role in modulating the responses
of striatal neurons that ultimately shape core behaviors mediated by the basal ganglia cir-
cuitry, such as reward valuation, habit formation, and movement coordination. Activation
of G protein-coupled receptors (GPCRs) by extracellular signals activates heterotrimeric G
proteins by promoting the binding of GTP to their α subunits. G proteins exert their effects
by influencing the activity of key effector proteins in this region, including ion channels,
second messenger enzymes, and protein kinases. Striatal neurons express a staggering
number of GPCRs whose activation results in the engagement of downstream signaling
pathways and cellular responses with unique profiles but common molecular mechanisms.
Studies over the last decade have revealed that the extent and duration of GPCR signaling
are controlled by a conserved protein family named regulator of G protein signaling (RGS).
RGS proteins accelerate GTP hydrolysis by the α subunits of G proteins, thus promoting
deactivation of GPCR signaling. In this review, we discuss the progress made in under-
standing the roles of RGS proteins in controlling striatal G protein signaling and providing
integration and selectivity of signal transmission. We review evidence on the formation of
a macromolecular complex between RGS proteins and other components of striatal sig-
naling pathways, their molecular regulatory mechanisms and impacts on GPCR signaling in
the striatum obtained from biochemical studies and experiments involving genetic mouse
models. Special emphasis is placed on RGS9-2, a member of the RGS family that is highly
enriched in the striatum and plays critical roles in drug addiction and motor control.

Keywords: G proteins, GPCR, RGS proteins, striatum

STRIATAL G PROTEIN SIGNALING: AN OVERVIEW
Striatum is a large part of the subcortical basal ganglia system
consisting of caudate and putamen nuclei in the dorsal side that
receives dopaminergic input from substantia nigra and nucleus
accumbens on the ventral side that receives dopaminergic input
from the ventral tegmental area. In addition, both ventral and
dorsal striatum receive major glutamatergic input from cortical
areas as well as inputs from other nuclei of basal ganglia such as
subthalamic nucleus and the external globus pallidus (Graybiel,
2000).

Striatal neurons play critical roles in initiating and maintaining
movement, mood control, reward behavior, and drug addiction
(Graybiel, 2000; Kreitzer and Malenka, 2008). Dysfunctions in
the neurocircuitry of the striatum have been implicated in the
development of a wide range of disorders, including Parkinson’s
disease (Picconi et al., 2005), Huntington’s disease (Cepeda et al.,
2007), depression (Nestler and Carlezon, 2006), and drug addic-
tion (Everitt and Robbins, 2005). The striatum contains a rela-
tively heterogeneous neuronal population. Medium spiny neurons
(MSNs) are the most abundant type, accounting for 90–95% of
neurons in this region (Graveland and DiFiglia, 1985). Despite
their morphological similarities, MSNs are categorized into two
different subtypes based on differences in their gene expression
and axonal projections (Gerfen et al., 1990; Surmeier et al., 2007;
Heiman et al., 2008). The first group, striatonigral MSNs, selec-
tively expresses dynorphin and dopamine D1 receptors and sends

projections directly to basal ganglia output nuclei. The second
group, striatopallidal MSNs, selectively expresses enkephalin and
dopamine D2 receptors and sends axons to the external globus
pallidus. In addition to MSNs, the striatum contains small pop-
ulations of giant cholinergic interneurons, easily distinguished by
their large cell bodies and tonic activities (Zhou et al., 2002), as
well as parvalbumin and calretinin interneurons (Cicchetti et al.,
2000).

One of the striking features of the striatum is the wide variety of
neurotransmitter inputs that converge onto striatal neurons. The
first major excitatory input is provided by glutamatergic affer-
ents, most notably from the cerebral and prefrontal cortexes but
also from several other brain regions, such as the thalamus, amyg-
dala, and hippocampus (McGeorge and Faull, 1989; Bolam et al.,
2000). The second major input to the striatum is provided by
neurons from the substantia nigra and ventral tegmental area
that release dopamine (Smith and Kieval, 2000). The glutamate
and dopamine systems intimately overlap, and their interaction is
thought to be essential for striatal signaling (for reviews see Gray-
biel, 1990; Chase and Oh, 2000; David et al., 2005). In addition,
the striatum receives several other neurotransmitter inputs that
play important modulatory roles. Despite their scarcity, striatal
cholinergic interneurons densely innervate both the ventral and
dorsal striatum; they form an extensive local axon collateral sys-
tem, making contacts with MSNs and other interneurons (Koos
and Tepper, 2002; Zhou et al., 2002). Changes in the amount

Frontiers in Neuroanatomy www.frontiersin.org August 2011 | Volume 5 | Article 49 | 42

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/about
http://www.frontiersin.org/Neuroanatomy/10.3389/fnana.2011.00049/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=32904&d=1&sname=KeqiangXie&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=32902&d=1&sname=KirillMartemyanov&name=Science
mailto:kirill@scripps.edu
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Xie and Martemyanov Control of striatal signaling by G protein regulators

of acetylcholine (ACh) released by these neurons are crucial for
determining the activity of the striatal output neurons (Calabresi
et al., 2000). Striatal neurons also receive substantial projections
from noradrenergic (Nestler et al., 1999; Sara, 2009) and seroton-
ergic neurons (Azmitia and Segal, 1978; Moukhles et al., 1997)
located in the locus coeruleus and the dorsal raphe nuclei, respec-
tively. Several locally synthesized and released neuromodulators
also play important roles in striatal signaling. These neuromodula-
tors include endogenous opioids, such as endorphins, enkephalins,
dynorphins, and orphanin FG, which are found in abundance in
the nucleus accumbens and the surrounding ventral striatum and
are known to be involved in motivational aspects of behavior (Van
Ree et al., 2000; Kelley et al., 2002), as well as endocannabinoids,
which act in a retrograde manner to inhibit neurotransmitter
release (Bisogno et al., 2005; Basavarajappa, 2007). Adenosine,
a ubiquitous homeostatic substance released from most cells,
including neurons and glia (Cunha, 2001; Dunwiddie and Masino,
2001), has important neuromodulatory effects on dopamine and
glutamate transmission in the striatum. Presynaptically, adenosine
inhibits or facilitates transmitter release while causing hyperpo-
larization or depolarization in postsynaptic neurons (Dunwiddie
and Masino, 2001; Ribeiro et al., 2002). Finally, MSNs signal by
releasing the inhibitory neurotransmitter GABA (Bolam et al.,
2000; Graybiel, 2000). While their projections target a range of
effector nuclei in the mesolimbic system, they also form extensive
local contacts with neighboring neurons, making GABA impor-
tant for regulating the spiking timing of spiny outputs (Tepper
et al., 2004).

Thus, multiple neurotransmitter systems act simultaneously in
the striatum both pre and postsynaptically to shape neuronal activ-
ity. This creates an environment where individual neurons inte-
grate multiple inputs that often act cooperatively to affect excitabil-
ity and the long-term adaptive effects that underlie their physio-
logical function. This organization places a significant emphasis
on the principles and mechanisms of intracellular signaling path-
ways that interpret, coordinate, and integrate signals carried by
multiple neurotransmitters.

One of the central signaling systems that mediate the effects of
neurotransmitters is the seven-transmembrane G protein-coupled
receptors (GPCRs). In the canonical pathway, upon binding
to neurotransmitter molecules, GPCRs undergo conformational
changes that activate their ability to catalyze the exchange of GDP
with GTP (Gilman, 1987; Pierce et al., 2002). From this per-
spective, GPCRs act as GDP/GTP guanine nucleotide exchange
factors (GEFs) for G proteins. G proteins comprise three subunits:
α, β and γ. GTP binding to the α subunit causes it to dissoci-
ate from the βγ complex. Both the active (GTP-bound) form of
Gα and free Gβγ interact with a range of downstream signaling
molecules (“effectors”) and modulate their activity to generate
cellular responses. Recent studies have also revealed an additional
G protein-independent signaling mechanism of GPCRs: neuro-
transmitter binding induces phosphorylation of GPCRs, followed
by the binding of an adaptor protein, β-arrestin, that recruits a
host of signaling factors to transmit the signal (Lefkowitz and
Shenoy, 2005; Lefkowitz et al., 2006; Premont and Gainetdinov,
2007). While the importance of this non-canonical GPCR sig-
naling pathway for striatal signaling is emerging, the scope of

our review is limited to the traditional G protein-based signaling
mechanisms.

Mammalian genomes contain more than 800 genes that encode
GPCRs (Lander et al., 2001; Venter et al., 2001), and many different
types of GPCRs are expressed in striatal neurons (see Versatility
of the GPCR Repertoire in the Striatum). Despite such diver-
sity, all GPCRs transduce signals via a limited set of G proteins.
There are four subfamilies of Gα subunits (Gαs, Gαi/o, Gαq, and
Gα12) that have selective preferences for the activation of differ-
ent GPCR classes (Oldham and Hamm, 2008). However, many
GPCRs can couple to more than one Gα protein. Gα subunits
also show selectivity in their regulation of downstream effectors
(Gilman, 1987). Canonically, Gαs and Gαi proteins regulate adeny-
lyl cyclase, Gαq family proteins activate phospholipase Cβ (PLCβ),
and Gα12 protein control members of the RhoGEF superfamily
(Pierce et al., 2002; Oldham and Hamm, 2008). Four signal trans-
ducing beta subunits and 13 gamma subunits form constitutive
complexes with poorly understood selectivity and, when released
from the heterotrimer, can also regulate a range of effectors, most
notably phospholipases (PLCβ2), and ion channels (Dupre et al.,
2009). Signaling is terminated when the neurotransmitter disso-
ciates from the receptor; the receptor’s GEF activity is quenched,
and the GTP on the Gα subunit is hydrolyzed to allow reforma-
tion of the inactive Gαβγ heterotrimer and dissociates from the
effectors.

G protein-coupled receptor signaling pathways are organized
in a way that allows tremendous integration of signaling events
at the G protein level. The balance between reactions that lead
to activation or deactivation plays a central role in dictating
the extent of the effectors’ activity regulation and is ultimately
responsible for shaping neuronal responses. Intracellular factors
that regulate G protein activity status are, thus, expected to play
essential roles in controlling the responses of striatal neurons to
neurotransmitters.

VERSATILITY OF THE GPCR REPERTOIRE IN THE STRIATUM
Consistent with multiple neurotransmitter inputs, striatal neu-
rons utilize many GPCRs, which are abundantly expressed and
play essential roles in striatal physiology. It is extremely difficult
to provide a comprehensive overview about all of the GPCR sys-
tems involved in the physiology of the striatal neurons. Several
orphan GPCRs for as yet unknown ligands are also present in the
region (Mizushima et al., 2000; Marazziti et al., 2007; Logue et al.,
2009). Our account below provides an overview of the GPCR sys-
tems that significantly contribute to G protein activation and have
firmly established physiological roles (Table 1).

Dopamine receptors are perhaps the most studied GPCRs in
the striatum and have firmly established physiological roles (Jaber
et al., 1996; Missale et al., 1998; Glickstein and Schmauss, 2001;
El-Ghundi et al., 2007). Although all five dopamine receptors are
present in the striatum, the roles of D1R and D2R receptors have
received the greatest attention. Both D1R and D2R are abundantly
expressed in striatal neurons; however, they show remarkable seg-
regation among cell types. D1R is expressed in the striatonigral
MSNs, constituting the direct pathway, whereas D2R is expressed
in the striatopallidal or indirect pathway (Gerfen et al., 1990; Gray-
biel, 2000; Shuen et al., 2008; Matamales et al., 2009). D2Rs are also
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Table 1 | Major GPCRs and their downstream effectors in the striatum.

Receptor type G protein

coupling

Signaling effector(s) Reference

Dopamine D1, D5 Gαs(olf) cAMP/PKA,

L/P/Q-type Ca2+

channels

Surmeier et al. (1995), Lee et al. (2002), Iwamoto et al. (2003), Kim et al. (2006)

D2, D3, D4 Gαi/o cAMP/PKA, L-type

Ca2+ channel

Hernandez-Lopez et al. (2000), Lee et al. (2002), Iwamoto et al. (2003)

D1/D2 dimer Gαq PLCβ/PKC Lee et al. (2004), Hasbi et al. (2009)

Opioid μ, δ, κ Gαi/o cAMP/PKA, N-type

Ca2+ channel

Dhawan et al. (1996), Law et al. (2000), Spadoni et al. (2004)

Muscarinic M1, M3, M5 Gαq PLCβ/PKC Caulfield and Birdsall (1998), Salah-Uddin et al. (2008)

M2, M4 Gαi/o cAMP/PKA, K+

channel

Akins et al. (1990), Gabel and Nisenbaum (1999),Wess (2004), Ishii and Kurachi

(2006), Sanchez et al. (2009)

Metabotropic

glutamate

mGluR 1, 5 Gαq PLCβ/PKC Conn and Pin (1997), Ferre et al. (2002), Jong et al. (2009)

mGluR 2, 3,4, 7, 8 Gαi/o cAMP/PKA Prezeau et al. (1994), Conn and Pin (1997)

Adenosine A1, A3 Gαi/o cAMP/PKA,

N/P/Q-type Ca2+

channels

Ambrosio et al. (1996), Song et al. (2000), Fredholm et al. (2001)

A2 Gαs(olf) cAMP/PKA Lee et al. (2002)

Cannabinoid CB1, CB2 Gαi/o cAMP/PKA,

voltage-gated Ca2+

channel, K+ channel

Pertwee (1997), Felder and Glass (1998), Piomelli (2003)

Serotonin 5-HT1, 5 Gαi/o cAMP/PKA, K+

channel

Barnes and Sharp (1999), Di Matteo et al. (2008), Nichols and Nichols (2008)

5-HT2 Gαq PLCβ/PKC, K+ channel Barnes and Sharp (1999), Di Matteo et al. (2008), Nichols and Nichols (2008)

5-HT4, 6, 7 Gαs(olf) cAMP/PKA Barnes and Sharp (1999), Di Matteo et al. (2008), Nichols and Nichols (2008)

located presynaptically on dopaminergic terminals and participate
in the autoregulation of dopamine release (Jaber et al., 1996). A
small population of MSNs (∼5%) co-expresses both D1R and
D2R (Falk et al., 2006; Shuen et al., 2008), which have been shown
to form heterodimers (Lee et al., 2004). Remarkably, D1R–D2R
dimers can activate Gαq, creating an additional signaling modality
(Lee et al., 2004; Hasbi et al., 2009).

Our knowledge regarding the involvement of D3R, D4R, and
D5R is much more limited, in part due to their relatively low
abundance. D5R is highly expressed in cholinergic neurons in the
striatum and is involved in the induction of long-term potentia-
tion (LTP; Suzuki et al., 2001). Although present at low levels in
the striatum, the D3R receptor has approximately 200-fold higher
affinity for dopamine than does D2R and is thought to be pri-
marily involved in regulating dopamine release at lower dopamine
concentrations (Joseph et al., 2002) by acting as an autoreceptor.
While little information about D4R is available, it is known to play
an important role in the regulation of striatal function because
genetic ablation impairs locomotor sensitization to cocaine and
amphetamine (Rubinstein et al., 1997; Kruzich et al., 2004; Thanos
et al., 2010).

Opioid receptors account for the actions of both endogenous
opioid peptides and exogenous opiates and are thought to be one
of the central molecular substrates that modulate reward signaling
in the striatum. Opioid receptors are involved in the modulation
of dopaminergic transmission in the striatum. Blockage of opioid

receptors, especially μ and δ, attenuates psychostimulant-induced
behavior sensitization (Heidbreder et al., 1993; Schad et al., 1996;
Balcells-Olivero and Vezina, 1997; Diaz-Otanez et al., 1997).
μopioid receptors are specifically enriched in striosomes and have
been shown to inhibit corticostriatal EPSCs (Jiang and North,
1992), and IPSCs (Miura et al., 2007), indicating that they play
a critical role in modulation of corticostriatal excitatory and
inhibitory synaptic transmission. μopioid receptors have also been
recently found to be expressed in a subset of cholinergic neurons
in the dorsal striatum, and activation of μopioid receptors inhibits
ACh release (Jabourian et al., 2005; Perez et al., 2007). κ and δ opi-
oid receptors in striatum were also shown to modulate dopamine
(Spanagel et al., 1992) and glutamate (Rawls and McGinty, 2000)
release and subsequently regulate stimulant-induced behavior
(Gray et al., 1999; Gonzalez-Nicolini et al., 2003).

Muscarinic receptors (mAChR) are expressed in the striatum in a
complex, overlapping manner where they mediate the slow-acting
response to Ach (Weiner et al., 1990; Levey et al., 1991; Bernard
et al., 1992; Hersch et al., 1994). The M1, M2, and M4 receptors are
the predominant muscarinic receptors in the striatum (Levey et al.,
1991; Abrams et al., 2006). When activated, muscarinic receptors
modulate the excitability of striatal MSNs via the enhancement of
NMDA receptor-mediated currents (Calabresi et al., 1998a) or the
inhibition of voltage-activated N-, P-, and L-type Ca2+ currents
(Howe and Surmeier, 1995). Muscarinic receptors also modulate
the functions of striatal cholinergic interneurons; activation of M2
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and M4 receptors has been shown to inhibit both N- and P-type
Ca2+ currents (Yan and Surmeier, 1996). The inhibition of Ca2+
channels located at presynaptic sites ultimately leads to the inhi-
bition of ACh or glutamate release, which plays a crucial role in
coordinated changes in striatal neuronal activity (Calabresi et al.,
1998b; Rawls and McGinty, 1998). In addition, most mAChRs
are expressed in the terminals of dopaminergic neurons, where
they bidirectionally regulate dopamine release (Xu et al., 1989; De
Klippel et al., 1993; Smolders et al., 1997; Zhang et al., 2002).

Metabotropic glutamate receptors (mGluRs) modulate relatively
slow glutamate transmission through second messenger systems
(Nakanishi et al., 1998). mGluR1/5 are abundantly expressed post-
synaptically in the medium spiny projection neurons of the stria-
tum (Testa et al., 1995; Paquet and Smith, 2003). The activation
of group I mGluRs in MSNs induces synaptic plasticity by modu-
lating NMDA receptor activity (Pisani et al., 1997, 2001; Gubellini
et al., 2001, 2003; Swanson et al., 2001). Group II and group III
mGluRs are mostly located at presynaptic glutamatergic terminals
(Bradley et al., 1999; Kosinski et al., 1999; Tamaru et al., 2001;
Corti et al., 2002) and serve as autoreceptor decreasing glutamate
release (Cartmell and Schoepp, 2000; Schoepp, 2001).

In addition to these major GPCR players, many other receptors
expressed in this region are recognized to impact striatal signaling.
Two cannabinoid receptors (CB1 and CB2) have been characterized
to date. In the striatum, presynaptically expressed CB1 receptors
control both glutamate and GABA release in a retrograde manner
(Huang et al., 2001; Fernandez-Ruiz et al., 2002; Basavarajappa,
2007). Several G protein coupled serotonin (5-HT) receptors are
also expressed in the striatum and mediate diverse physiologi-
cal functions including modulation of stress response, depression,
and anxiety (Di Matteo et al., 2008; Nichols and Nichols, 2008).
Adenosine A2a receptors are highly enriched in the striatal neu-
rons, especially in the GABAergic striatopallidal neurons, where
adenosine A2a and dopamine D2 are colocalized (Fink et al.,
1992; Augood and Emson, 1994). The physiological function of the
adenosine A2a receptor is characterized by its antagonistic effect on
the dopamine D2 receptor, indicating a critical fine-tuning effect
on indirect signaling pathway. There are several excellent reviews
of the basal ganglia functions of the adenosine A2a receptor (Fuxe
et al., 2007; Schiffmann et al., 2007).

In summary, the presence of multiple neurotransmitter recep-
tors in striatal neurons creates an environment where many GPCRs
signal to several effector molecules that uniquely control various
aspects of striatal function. At the same time, a tremendous inte-
gration of the signaling occurs downstream from the GPCRs as
many receptors share limited number of the effector molecules
ultimately responsible for generating responses in the striatum.

REGULATOR OF G PROTEIN SIGNALING PROTEINS: KEY
FOCAL POINTS OF THE REGULATORY INFLUENCE
The convergent organization of the G protein pathways suggests
that the factors that exert regulatory influence downstream from
the GPCR and upstream of the effector molecules provide univer-
sal control over the extent and duration of signaling and are key in
shaping cellular responses. Recent research has uncovered a num-
ber of proteins capable of altering the kinetics and dynamics of
G protein signal transduction (Ross and Wilkie, 2000; Siderovski

and Willard, 2005). Among these molecules, there has been sub-
stantial interest in proteins that facilitate termination of signaling,
providing a major opposing force to GPCR-driven activation.

Once activated, G proteins transmit the signal until GTP
hydrolysis occurs. G protein α subunits are inefficient GTPases,
and their intrinsic inactivation takes up to several minutes. Nev-
ertheless, signaling termination in many well-studied G protein
pathways have been known to occur at substantially more rapid
timescales (Zerangue and Jan, 1998). While some effectors can
stimulate GTPase activity (Biddlecome et al., 1996; Paulssen et al.,
1996; Hart et al., 1998; Kozasa et al., 1998) and serve as GTPase
activating proteins (GAPs), these examples cannot account for
the entire range of signaling situations. Over the last decade,
it has become clear that the GAP function of heterotrimeric G
proteins is driven by a conserved family of proteins called regu-
lators of G protein signaling (RGS). RGS proteins associate with
the GTP-bound form of the Gα subunits and stabilize the tran-
sition state, dramatically accelerating GTP hydrolysis (Ross and
Wilkie, 2000). There are more than 30 members in the mam-
malian RGS family. They all share a conserved “catalytic” RGS
domain (∼130 amino acid residues) and are categorized into
six subfamilies (R4, RZ, R7, R12, RA, and RL) based on RGS
domain homology (Ross and Wilkie, 2000; Hollinger and Hep-
ler, 2002). It should be noted that not all RGS domains are
capable of accelerating GTP hydrolysis on G proteins. More-
over, for many RGS proteins, the relative efficiency of their GAP
function varies, depending on the identity of the Gα subunit
substrate.

In addition to the RGS domain, many RGS proteins possess
other, “non-catalytic” domains. Several functions of these non-
catalytic domains have been uncovered. First, they serve as regula-
tory elements for other signaling pathways (e.g., small GTPases),
endowing RGS proteins with multifunctionality in the regulation
of cellular signaling (Hart et al., 1998; De Vries and Gist Farquhar,
1999; Siderovski et al., 1999; Schiff et al., 2000; Willard et al.,
2007; Shu et al., 2010). Non-catalytic domains can also modify
the functions of the constituent catalytic domains of RGS pro-
teins by recruiting additional cellular factors and regulating their
GAP activity (Chen and Lin, 1998; Martemyanov et al., 2003a), G
protein selectivity (He et al., 2000; Martemyanov and Arshavsky,
2002), and localization (Srinivasa et al., 1998; De Vries et al., 2000b;
Martemyanov et al., 2003b).

During the last decade, the physiological functions of RGS pro-
teins in controlling a multitude of cellular reactions have been
extensively studied in a number of animal models by eliminat-
ing RGS protein function (Chen et al., 2000; Rahman et al., 2003;
Martin-McCaffrey et al., 2004; Sun et al., 2005; Cho et al., 2008;
Cifelli et al., 2008; Xie et al., 2008, 2010; Posokhova et al., 2010).
Phenotypic analysis varies, depending on the expression profile
of the targeted RGS protein, and allows elucidation of the contri-
butions of RGS proteins to the regulation of cellular processes
and specific G protein pathways. One of the earliest examples
is RGS9-1, a short splice isoform of the RGS9 gene exclusively
expressed in photoreceptors of the retina (Martemyanov and
Arshavsky, 2009). In the absence of RGS9-1, inactivation of the G
protein transducin was shown to be severely delayed, causing dra-
matic delays in the deactivation of cellular responses to light (Chen
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et al., 2000). Another example is RGS2, a small, relatively ubiqui-
tous RGS protein that shows high selectivity for Gαq subunits
(Heximer, 2004). Given the importance of Gαq-coupled GPCRs
in the regulation of smooth muscle tone, an RGS2 knockout model
has been extensively evaluated in vascular systems and linked to
the development of hypertension (Heximer et al., 2003).

An alternative strategy to investigate the physiological functions
of endogenous RGS proteins is to create strains of mice carry-
ing RGS-insensitive (RGSi) G proteins (Lan et al., 1998; Jeong
and Ikeda, 2000; Huang et al., 2006; Talbot et al., 2010). This
approach is based on the introduction of a point mutation in the
Gα region that mediates RGS binding, rendering them insensitive
to the GAP actions of RGS proteins without affecting their inter-
actions with GPCRs and effectors (DiBello et al., 1998; Lan et al.,
1998). Genomic knock-in of RGSi G184S Gαi2 resulted in severe
dysfunctions in multiple organ systems, including the heart and
myeloid and central nervous systems (Huang et al., 2006; Talbot
et al., 2010).

RGS9-2, A KEY STRIATAL RGS PROTEIN WITH EFFECTS ON
DOPAMINE AND OPIOID SIGNALING
Perhaps one of the most studied RGS proteins from the perspective
of striatal function is the long splice isoform of RGS9 (RGS9-2). It
first attracted attention due to its selective enrichment in the stria-
tum (Gold et al., 1997; Thomas et al., 1998; Zhang et al., 1999). This
was followed by extensive behavioral studies in mice lacking RGS9
that firmly established RGS9-2 as the key player in many critical
aspects of striatal function. Specifically, RGS9 knockout mice dis-
play increased sensitivity to the reward and motor stimulatory
properties of addictive drugs, including cocaine and ampheta-
mine (Rahman et al., 2003; Zachariou et al., 2003). Elimination of
RGS9 exaggerates physical dependence on morphine; mice lacking
RGS9 showed heightened antagonist-precipitated withdrawal fol-
lowing chronic morphine administration (Zachariou et al., 2003).
Furthermore, knockout of RGS9 delayed the development of anal-
gesic tolerance to morphine (Zachariou et al., 2003), suggesting
that RGS9-2 also controls long-term adaptation responses that
adjust GPCR responsiveness following persistent stimulation and
may contribute to the molecular changes underlying addiction.
The changes in adaptive responses to drug administration in this
model do not seem to be limited to morphine. RGS9 knockouts
also display enhanced sensitization to repeated cocaine injections
(Rahman et al., 2003). In contrast, overexpression of RGS9 in
the striatum has the opposite effect and blunts responsiveness to
cocaine (Rahman et al., 2003).

Consistent with the importance of the striatum in motor con-
trol, the role of RGS9 in this process was also examined. RGS9-2
elimination was found to be detrimental to the coordination of
gross movements and led to delayed acquisition of motor learn-
ing in the rotarod test (Blundell et al., 2008; Anderson et al.,
2010). RGS9-2 also appears to play a critical role in control-
ling the development of dyskinesia, a disorder in which patients
involuntarily perform complex movements and which is often
triggered by chronic treatment with drugs targeting dopamine
signaling pathways (Rascol and Fabre, 2001; Jenner, 2008). RGS9
knockouts develop abnormal involuntary movements in response
to chronic treatment with either antipsychotics (Kovoor et al.,

2005) or l-DOPA in 6-OHDA model of Parkinson’s disease (Gold
et al., 2007) much more rapidly than wild type animals. In con-
trast, virus-mediated overexpression of RGS9-2 in the striatum
of 6-OHDA-treated rats and monkeys reduced the symptoms of
l-DOPA-induced dyskinesia (Gold et al., 2007). Because drug-
induced dyskinesia is a common debilitating side effect associ-
ated with many current anti-Parkinson’s and antipsychotic ther-
apies, RGS9-2 is an attractive candidate for the development of
pharmaceuticals aimed at ameliorating this condition.

Observations from mouse models are consistent with the
involvement of RGS9-2 in regulating motor and reward behav-
iors. These processes are controlled by dopamine and opioid
neurotransmitter systems (Hyman et al., 2006; Arbuthnott and
Wickens, 2007; Koob and Le Moal, 2008). Several groups have
investigated the role of RGS9-2 in regulating responses mediated
by dopamine and opioid receptors at the molecular and cellular
levels. Knockdown of RGS9-2 in vivo enhances the potency and
duration of antinociception mediated by μ-opioid, but not the
other opioid receptors (Sanchez-Blazquez et al., 2003). Similarly,
RGS9 knockout mice develop prominent involuntary movements
in response to D2R- but not D1R-selective agonists (Kovoor et al.,
2005). Further supporting the involvement of RGS9-2 in D2R
and μ-opioid actions, agonist-induced internalization of these
receptors is strongly inhibited by co-expression with RGS9-2 in
transfected cells (Psifogeorgou et al., 2007; Celver et al., 2010).
This regulation appears to be specific to RGS9-2 as RGS4 does not
have any appreciable effects on the internalization of D2R recep-
tors (Celver et al., 2010). This selectivity could be explained by
the formation of a macromolecular complex between RGS9-2 and
the receptors it regulates. Indeed, RGS9-2 coprecipitates with μ-
opioid from striatal lysates (Garzon et al., 2005a; Charlton et al.,
2008) and is recruited to the plasma membrane by co-expression
with D2R in transfected cells (Kovoor et al., 2005).

These findings imply that RGS9-2 is a negative regulator that
acts downstream of the D2R and μ-opioid in striatal neurons.
Both of these GPCRs are coupled to the inhibitory Gαi/o G pro-
teins. Consistent with this notion, biochemical studies confirm
that RGS9-2 is a potent and selective GAP, acting primarily on
Gαo and, to a lesser extent, Gαi (Hooks et al., 2003; Martemyanov
et al., 2003a). In this context, it is worth noting that several other
Gαi/o-coupled GPCRs are expressed in striatal neurons and play
critical roles in striatal functions. It is possible that RGS9-2 is also
involved in regulating the responses of other Gαi/o GPCRs in this
region, acting as a general G protein signaling inhibitor. How-
ever, the specificity of RGS9-2 action in the striatum is virtually
unexplored and will need to be addressed in future studies.

The effectors regulated by RGS9-2 downstream from striatal
GPCRs have not been fully identified. Existing evidence points
to the involvement of RGS9-2 in the regulation of at least two
ion channels in the striatum: Cav2.2 and NMDAR. The intro-
duction of RGS9-2 into striatal cholinergic neurons reduced D2R
receptor-mediated modulation of Cav2.2 channels (Cabrera-Vera
et al., 2004). In striatal MSNs, knockout of RGS9 resulted in
augmentation of D2R-mediated suppression of NMDA currents
(Kovoor et al., 2005). Interestingly, RGS9-2 can physically bind to
NMDAR by association with the adaptor protein α-actin-2 to reg-
ulate Ca2+-dependent NMDAR inactivation (Bouhamdan et al.,
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2006). Because both μ-opioid and D2R are known to control a
variety of effector systems, it is possible that the role of RGS9-2
is not limited to the regulation of Cav2.2 and NMDAR chan-
nels. Indeed, RGS9-2 expression in transfected cells inhibits ERK
phosphorylation in response to μ-opioid activation (Psifogeorgou
et al., 2007). However, the full range of effector systems regulated
by RGS9-2 in striatal neurons remains to be established.

The regulatory influence exerted by RGS9-2 in striatal neurons
adjusts in response to changes in striatal signaling. Intriguingly,
the expression of RGS9-2 changes in response to activation of
signaling pathways that are normally regulated by RGS9-2. As dis-
cussed above, RGS9-2 regulates the extent of the effects produced
by cocaine and morphine. On the other hand, administration of
both cocaine and morphine leads to changes in RGS9-2 levels in the
striatum. Acute morphine treatment increases, whereas chronic
exposure decreases, the RGS9-2 protein content in the mouse ven-
tral striatum (Zachariou et al., 2003; Psifogeorgou et al., 2007).
Chronic cocaine exposure increases RGS9-2 levels in the same
region (Rahman et al., 2003). RGS9-2 levels are also altered in
response to several other stimuli and some neuropathological con-
ditions. For example, repeated estradiol administration reduces
both RGS9-2 mRNA and protein levels in the shell of the nucleus
accumbens (Silverman and Koenig, 2007). RGS9-2 mRNA levels
were significantly decreased in the striatum of a rat schizophrenia
model and in the brains of schizophrenia patients (Seeman et al.,
2007). RGS9-2 protein levels were elevated in the striata of Parkin-
son’s disease patients (Tekumalla et al., 2001). Finally, ischemia
and neuronal depolarization modeled in acutely cultured slices
also result in rapid downregulation of RGS9-2 (Anderson et al.,
2009a). Changes in RGS9-2 levels in response to RGS9-2-regulated
pathways may provide a mechanism for adaptive physiological
feedback, where the extent of regulation is adjusted based on the
volume of signaling.

At the molecular level, the regulation of RGS9 function is
achieved by controlling its association with auxiliary proteins.
RGS9-2 contains multiple domains (Anderson et al., 2009b; Marte-
myanov and Arshavsky, 2009): the N-terminal DEP (Disheveled,
Egl-10, Pleckstrin) and DHEX (DEP helical extension) domains
are followed by the GGL (G protein γ-like) and C-terminal RGS
catalytic domains. The GGL domain binds to the type 5 Gβ sub-
unit (Gβ5). The DEP/DHEX module mediates the interaction of
R7 RGS with the anchor protein R7BP (R7 family binding protein).
Both Gβ5 and R7BP simultaneously interact with RGS9-2 and are
considered bona fide subunits within the complex. The knockout
of Gβ5 in mice results in severe downregulation of RGS9-2 in the
striatum (Chen et al., 2003). Similarly, levels of striatal RGS9-2
are dramatically reduced upon R7BP elimination (Anderson et al.,
2007b). Conversely, R7BP overexpression in the striatum leads to
the upregulation of RGS9-2 (Anderson et al., 2007a). In addition
to ensuring proteolytic stability of the RGS9-2 complex, R7BP also
controls the localization of RGS9-2 in the plasma membrane and
targets the postsynaptic dendrites of striatal neurons (Anderson
et al., 2007a).

Consistent with the roles of RGS9-2 in striatal functions and
R7BP in maintaining a high expression level of RGS9-2, elim-
ination of R7BP in mice results in a marked elevation in the
sensitivity to the motor-stimulation actions of opioids and deficits

in motor coordination and learning that are similar to those
reported for RGS9-2 knockouts (Anderson et al., 2010). Inter-
estingly, the sensitivity of dopamine receptors to stimulation
remained unchanged in R7BP knockouts. These mice showed nor-
mal behavioral responses to cocaine, suggesting the existence of
selective compensatory mechanisms (Anderson et al., 2010) that
may involve other RGS proteins binding to R7BP. The behavioral
consequences and effects on striatal signaling due to the loss of
Gβ5 are largely unknown. Gβ5 knockout in mice alters the timing
of GABA(B)-mediated synaptic transmission in CA1 hippocam-
pal synapses (Xie et al., 2010), and similar deficits may occur in
striatal neurons.

OTHER RGS PROTEINS IN THE STRIATUM
While severely affecting the levels of RGS9-2, the elimination of
R7BP does not reproduce the behavior of RGS9-2 knockouts, rais-
ing the possibility that other RGS proteins in the striatum can
bind to R7BP and be involved in controlling striatal signaling
in parallel with RGS9-2. Indeed, both R7BP and Gβ5 have been
shown to bind to RGS7. RGS7 belongs to the same R7 RGS family
as RGS9-2 and shares the same domain organization (Ander-
son et al., 2009a, 2010). Although critical for RGS9-2 stability,
R7BP is not necessary for RGS7 expression, as RGS7 protein levels
are unchanged in R7BP knockout mice (Anderson et al., 2007a,
2009a). Moreover, RGS9-2 couples to R7BP with an affinity that
is an order of magnitude greater than that of RGS7, resulting in
a higher prevalence of RGS9-2/R7BP complexes when compared
to RGS7/R7BP, despite equal concentrations of both RGS9-2 and
RGS7 in striatal neurons (Anderson et al., 2009a). Elimination of
RGS9-2 changes this balance and results in marked upregulation
of R7BP/RGS7 complexes and their recruitment to postsynaptic
densities (Anderson et al., 2009a). Therefore, the higher sensitiv-
ity to cocaine observed in RGS9 knockout mice might involve the
alteration of RGS7 function, concurrent with the alteration of sig-
naling directly controlled by RGS9-2. Indeed, viral knockdown of
RGS7 in the striatum enhances behavioral sensitivity to cocaine
(Anderson et al., 2010).

Several other RGS family members, including RGS2, RGS4,
RGS10, and RGS17, are expressed in the striatum and play roles
in signal processing in this region. The interest in these members
is primarily driven by the observation that their expression levels
change in response to different stimuli, most prominently psychos-
timulants, suggesting that they are involved in neuronal plasticity
in this region. Specifically, RGS2 is rapidly induced in the striatum
in response to maximal electroconvulsive seizure stimulation that
evokes neuronal plasticity (Ingi et al., 1998). RGS2 is also upregu-
lated upon administration of amphetamine (Burchett et al., 1998,
1999; Ingi et al., 1998; Robinet et al., 2001). Amphetamine-induced
upregulation of RGS2 can be mimicked by D1 agonist adminis-
tration and blocked by the D1 receptor antagonist, SCH 23390
(Taymans et al., 2003). In contrast, a D2 antagonist, haloperidol,
upregulates RGS2 levels, whereas a D2 agonist, quinpirole, inhibits
its expression (Ingi et al., 1998; Burchett et al., 1999; Taymans et al.,
2003). Thus, D1 and D2 dopamine receptors play an antagonis-
tic role in modulating the abundance of RGS2. RGS4 is another
protein that belongs to the same R4 subfamily and shows promi-
nent signal-dependent regulation of expression in the striatum.
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Its levels are generally downregulated by the excess dopamine pro-
duced by amphetamine (Gonzalez-Nicolini and McGinty, 2002;
Schwendt et al., 2006) or cocaine (Zhang et al., 2005a; Schwendt
et al., 2007) and upregulated when dopamine is depleted (e.g., in a
Parkinson’s model; Geurts et al., 2002, 2003; Taymans et al., 2003;
Zhang et al., 2005b; Ding et al., 2006). Interestingly, modulation
of RGS4 expression levels has been linked to behavioral sensi-
tization in response to repeated psychostimulant administration
(Schwendt and McGinty, 2007) and upregulation of acetylcholine
release with Parkinson’s due to decreased autoinhibition of the
striatal cholinergic interneurons (Ding et al., 2006). The molecu-
lar details of the RGS2 and RGS4 actions are beginning to emerge.
Both RGS proteins are potent negative modulators of Gαq sig-
naling and affect signaling downstream from mGluR5 receptors,
influencing synaptic plasticity (Schwendt and McGinty, 2007).
In addition, RGS4 and, to a lesser extent, RGS2 are capable of
controlling G protein signaling downstream from Gαi/o-coupled
receptors. By this action, RGS4 serves as an inhibitor of M4
autoreceptors in striatal cholinergic neurons and μ-opioid recep-
tors in the nucleus accumbens (Ding et al., 2006; Han et al.,
2010). RGS2 was also shown to modulate synaptic vesicle release
by controlling Gαi/o-mediated presynaptic Ca2+ channel inhibi-
tion (Han et al., 2006). RGS2 has additional GAP-independent
effects that directly inhibit AC activity (Sinnarajah et al., 2001).
However, the role of this striatal signaling mechanism remains
unexplored.

Among other striatal RGS proteins, RGS17 (Stanwood et al.,
2006) is upregulated in the nucleus accumbens by ontogenetic
treatment with the D2R agonist, quinpirole (Maple et al., 2007),
and has been shown to regulate three different neurotransmit-
ter systems, including muscarinic M2, μ-opioid, and dopamine
D2 receptors (Mao et al., 2004; Garzon et al., 2005b). Finally,
RGS10 is enriched in microglia where it regulates the expression
of inflammation-related genes (Lee et al., 2008). By regulating
the survival of dopaminergic neurons in the substantia nigra,
RGS10 plays a critical role in setting the dopaminergic tone in the
striatum, the central target nucleus innervated by dopaminergic
neurons (Lee et al., 2008).

NOVEL PROTEINS INFLUENCING G PROTEIN CYCLE AND
THEIR EMERGING ROLES IN THE STRIATUM
Regulator of G protein signaling proteins could be viewed as
general inhibitors of G protein signaling because they negatively
regulate both Gα and Gβγ subunit signaling. In recent years, there

has been an explosion of research on protein factors that affect G
protein signaling at the same universal focal points as RGS pro-
teins but exert differential effects on the activation of G protein
subunits. Overall, these proteins can be separated into two groups.
The first group is represented by molecules with guanine disso-
ciation inhibitor (GDI) activity that stabilize Gα in the inactive
GDP-bound form, preventing spontaneous and GPCR-dependent
activation (Ma et al., 2003; Willard et al., 2004). At the same time,
binding of GDI proteins to Gα–GDP inhibits reassociation with
βγ, promoting βγ-selective signaling. All known GDI proteins
contain a G protein regulatory (GPR, also known as GoLoco)
domain that specifically binds and stabilizes Gα–GDP (Kimple
et al., 2002; Natochin et al., 2002). Among several GDI proteins,
AGS3 is known to have effects on striatal signaling by regulating the
activation and deactivation of the Gαi protein and associated βγ

subunits (Takesono et al., 1999; De Vries et al., 2000a). AGS3 levels
are upregulated during withdrawal from chronic cocaine (Bowers
et al., 2003, 2004) and morphine (Fan et al., 2009) administra-
tion. In accordance with these observations, knockdown of AGS3
prevents cAMP superactivation during morphine withdrawal in
the rat nucleus accumbens neurons (Peterson et al., 2000; Fan
et al., 2009). Finally, introduction of AGS3 GPR motifs in vivo
prevent Gαi signaling and promote drug seeking and locomotor
sensitization (Bowers et al., 2004).

The second group of G protein regulators with emerging
striatal functions is represented by proteins that catalyze GPCR-
independent activation of G protein α subunits. These proteins
act as a GEF for the Gα subunit by interacting with GDP-bound
α subunits in the absence of βγ. They were initially discov-
ered in mutant screens and suppression assays in C. elegans and
termed RIC (resistant to inhibitors of cholinesterase; Miller et al.,
1996; Hajdu-Cronin et al., 1999). Mammalian homologs of Ric-8,
termed Ric-8A and Ric-8B, were found through a yeast two-hybrid
screen with Gαo as bait (Tall et al., 2003) and shown to be a pow-
erful GEF for the Gα subunits. Although the role of Ric-8A in
the striatum has not been addressed specifically, initial evidence
indicates that this protein serves as a modulator of both AGS3
(Thomas et al., 2008) and AC5 (Wang et al., 2007), suggesting its
involvement in key steps of striatal signaling.

In conclusion,emerging picture indicates that numerous G pro-
tein pathways in the striatum are controlled by the host of the
regulatory proteins, that affect the dynamics of signaling in the
region and thus play critical roles in shaping behavioral responses
mediated by the striatal neurons.
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Multifunctional scaffolding protein beta-arrestins (βArr) and the G protein-receptor kinases
are involved in the desensitization of several G protein-coupled receptors (GPCR). How-
ever, arrestins can also contribute to GPCR signaling independently from G proteins. In
this review, we focus on the role of βArr in the regulation of dopamine receptor functions
in the striatum. First, we present in vivo evidence supporting a role for these proteins in
the regulation of dopamine receptor desensitization. Second, we provide an overview of
the roles of βArr2 in the regulation of extracellular-signal-regulated kinases/MAP kinases
and Akt/GSK3 signaling pathways downstream of the D1 and D2 dopamine receptors.
Thereafter, we examine the possible involvement of βArr-mediated signaling in the action
of dopaminergic drugs used for the treatment of mental disorders. Finally, we focus on
different potential cellular proteins regulated by βArr-mediated signaling which could con-
tribute to the regulation of behavioral responses to dopamine. Overall, the identification
of a cell signaling function for βArr downstream of dopamine receptors underscores the
intricate complexity of the intertwined mechanisms regulating and mediating cell signaling
in the basal ganglia. Understanding these mechanisms may lead to a better comprehen-
sion of the several roles played by these structures in the regulation of mood and to the
development of new psychoactive drugs having better therapeutic efficacy.

Keywords: dopamine, arrestin, glycogen synthase kinase,Akt/protein kinase B, MAP kinase, striatum, biased ligand

pharmacology, G protein-coupled receptors

INTRODUCTION
Dopamine is a catecholamine neurotransmitter that has several
functions in the brain including the regulation of locomotion, cog-
nition, emotions, and endocrine secretion (for review see Carls-
son, 2001). Consequently, abnormal dopamine signaling could
be implicated in many neuropsychiatric disorders such as schiz-
ophrenia, bipolar disorder, depression, Parkinson’s disease, and
drug abuse. This broad functional implication of the dopaminer-
gic system is, at least in part, explained by its prominent cerebral
innervation.

Anatomically, dopamine neurons extend widely in the cen-
tral nervous system and could be dissociated in five sub-systems:
nigrostriatal, mesolimbic, mesocortical, tuberoinfundibular, and
tuberohypophysial (Bannon et al., 1983; Bjorklund and Stenevi,
1984). Among these, one of the major dopamine containing
regions is the nigrostriatal pathway, composed of dopamine neu-
rons originating from substantia nigra and ventral tegmental area
that project respectively to the caudate putamen and nucleus
accumbens, among other areas (Gerfen and Surmeier, 2011).

Dopamine signaling is mediated by two different groups of
G protein-coupled receptors (GPCR). The first category, the D1
family, comprises the D1- and D5-receptors (D1R and D5R). The
second family, named D2-class receptors, is formed by the D3R,
D4R along with the short and long splices variants of the D2R (for a
review see Missale et al., 1998; Beaulieu and Gainetdinov, 2011). In
the basal ganglia, D1R is mostly expressed by GABAergic medium

spiny neurons (MSN) of the caudate putamen (striatum) while
D2R are found in both MSN and dopamine neurons. Recent stud-
ies using bacterial artificial chromosome (BAC) transgenic mice
expressing specific reporters (e.g., eGFP and/or dtTomato) under
the control of the D1R or D2R gene promoters, revealed a high
level of segregation of D1R- and D2R-containing MSN (Figure 1)
of the striatum and nucleus accumbens (Shuen et al., 2008; Valjent
et al., 2009). These data confirmed that MSN could be separated
into two subgroups according to their projection areas and the
type of dopaminergic receptors that they express. One of these
subgroups includes MSN of the direct striatonigral pathway, which
mostly express D1R, and project to the medial globus pallidus and
substantia nigra pars reticulata. The second group is composed
of MSN of the “indirect” striatopallidal track that project to the
lateral globus pallidus and express preferentially D2R (Gerfen and
Surmeier, 2011). In the striatum, activation of D1R appears to
facilitate transmission along the direct pathway while activation
of post-synaptic D2R would inhibit transmission along the indi-
rect pathway (Parent et al., 2000; Kravitz et al., 2010). However,
it is noteworthy that a small subpopulation of MSN synthesizes
both D1R and D2R and may have different dopamine receptor
signaling properties (Rashid et al., 2007; Valjent et al., 2009).

Functionally, dopamine receptors signal through G protein-
dependent cellular processes. D1R is mostly coupled to Gαs/olf
proteins and stimulate the activity of adenylate cyclase and the
production of the second messenger cAMP (Spano et al., 1978;
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FIGURE 1 | D1 and D2 receptors are segregated in different cells in the

striatum and in the nucleus accumbens. The first image (left) shows
striatal cells of the direct striatonigral pathway expressing D1 receptors
(specific reporter dtTomato under the control of D1R promotor). Second
image (middle) show striatal cells of the indirect striatopallidal track
expressing D2 receptors (specific reporter eGFP under the control of D2R
promotor). The third picture (right) shows the lack of colocalization of D1 and
D2 receptors in striatal cells (yellow parts of cells are cell overlap artifacts).

Kebabian and Calne, 1979). In contrast, D2R is associated to Gαi/o
proteins and inhibit the production of cAMP. The coupling of
dopamine receptors to different G proteins allows this neurotrans-
mitter to act on multiple cell signaling molecules such as kinases
and phosphatases (Beaulieu and Gainetdinov, 2011). As for other
GPCR, activation of dopamine receptors is quickly followed by
their rapid phosphorylation by GPCR kinases (G protein-receptor
kinases, GRK; Premont and Gainetdinov, 2007). This results in
the recruitment of multifunctional scaffolding proteins termed
beta-arrestin 1 and beta-arrestin 2 (βArr1 and βArr2) in order to
desensitize and internalize GPCR (Gainetdinov et al., 2004; Shenoy
and Lefkowitz, 2005). The recruitment of at least βArr2 to D1R
and D2R has also been reported to activate cellular signaling in
a G protein-independent manner by inducing the formation of
functional protein complexes in which βArr acts as a scaffold for
different kinases and phosphatases (Beaulieu et al., 2005; Urs et al.,
2011).

In this review, we provide an overview of our current under-
standing of the different contributions of βArr to dopamine recep-
tor functions putting an emphasis on studies conducted directly in
the mouse striatum. First,we present an outline of in vivo studies of
the involvement of βArr and GRK in dopamine receptor desensi-
tization and internalization. We then summarize different lines of
evidence supporting the implication of βArr-dependent signaling
events downstream of both D1R and D2R. Thereafter, we exam-
ine the possible involvement of βArr and its molecular interactors
in the action of drugs used for treatment of psychiatric disorders.
Finally, we discuss briefly evidences pointing toward possible mol-
ecular mechanisms through which βArr-mediated signaling can
contribute to the regulation of neuronal functions by dopamine.

A ROLE FOR BETA-ARRESTIN IN THE REGULATION OF
DOPAMINE RECEPTOR FUNCTIONS
Following receptor stimulation, homologous GPCR desensitiza-
tion constitutes a crucial mechanism to protect cells against over-
stimulation of the receptors. This phenomenon begins with the
phosphorylation at specific sites of the activated GPCR by GRK.
This first step is followed by the recruitment and the binding
of the multifunctional adaptor proteins arrestins (Lohse et al.,

1990a; Pitcher et al., 1998; Pierce and Lefkowitz, 2001; Gainetdi-
nov et al., 2004; Premont, 2005). Association of βArr to GPCR
prevents further G protein activation therefore ensuing receptor
desensitization (Lohse et al., 1990b). βArr also promote recep-
tor internalization from the cellular membrane to the cytoplasm
through the subsequent binding of arrestins to the clathrin adaptor
protein adaptin (AP2; Laporte et al., 2002) and to clathrin itself
(Krupnick et al., 1997). This process triggers clathrin-mediated
endocytosis of the receptor and either its subsequent recycling to
the cell surface or degradation (Figure 2; Ferguson et al., 1996;
Ferguson, 2001; Claing et al., 2002; Claing and Laporte, 2005).
Dopamine receptor activity is modulated by desensitization via
βArr1 and βArr2. Evidences that support the involvement of βArr1
in the regulation of D1R and D2R, come from in vitro studies (Kim
et al., 2001; Oakley et al., 2001). Furthermore, research conducted
in heterologous cellular systems also indicates a role for βArr2 in
desensitization of D1R, D2R, and D3R (Kim et al., 2001; Oak-
ley et al., 2001; Gainetdinov et al., 2004; Lan et al., 2009). Thus,
βArr proteins could serve as key regulators in dopamine receptor
activity.

In vivo studies using different enhancers of dopamine neuro-
transmission (cocaine and amphetamine) and dopamine agonists
(apomorphine), have resulted in a more complex picture of the
role of arrestins in dopamine receptor functions (Gainetdinov
et al., 2004; Beaulieu et al., 2009). The psychostimulants cocaine
and amphetamine both affect the functions of the dopamine trans-
porter (DAT) and induce an increase of extracellular dopamine
levels, resulting in over-stimulation of dopamine receptors. In nor-
mal mice, enhancement of striatal dopaminergic activity following
acute administration of these drugs leads to a hyperactive locomo-
tion phenotype. Impairment of desensitization by deleting one of
its mediators, GRK6, in GRK6-knock-out mice (GRK6-KO), exac-
erbates psychostimulant-induced hyperactivity as compared to
wild-type (WT) animals (Gainetdinov et al., 2003). Furthermore,
characterization of dopamine receptor functions in these mice
has shown that a lack of GRK6 results in reduced D2R desensiti-
zation. This indicates that impaired desensitization of dopamine
receptors in mice lacking GRK6 actively contributes to enhanced
locomotor response to psychostimulants acting on dopaminergic
neurotransmission.

Surprisingly, inactivation of other components of the desen-
sitization machinery such as βArr1 and βArr2 does not repro-
duce the behavioral effects observed in GRK6-KO mice after
dopaminergic drugs exposure. Indeed, βArr1-KO and βArr2-
KO mice both display a reduced behavioral responsiveness to
the non-selective dopamine agonist apomorphine (Gainetdinov
et al., 2004; Beaulieu et al., 2005). In addition, reduced locomotor
responsiveness to amphetamine has also been reported in βArr2-
KO mice (Beaulieu et al., 2005) while behavioral responsiveness
to cocaine does not appear to be affected by an absence of either
βArr1 or βArr2 (Bohn et al., 2003; Gainetdinov et al., 2004). βArr2
also appears to contribute to the dopamine-dependent effect of
the opiate drug morphine. Administration of morphine in mice
produces locomotor hyperactivity by increasing dopamine release
from the presynaptic terminals (Kuschinsky and Hornykiewicz,
1974). Interestingly, this behavioral effect of enhanced dopamine
neurotransmission resulting from morphine administration has
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FIGURE 2 | Schematic representation of dopaminergic desensitization

and signaling. (A) After stimulation, GPCR/DAR regulates different
second messengers like adenylate cyclase (AC), cyclic adenosine
monophosphate (cAMP), protein kinase A (PKA) in a G protein-dependent
way (step1). Signaling induces the recruitment of G protein-receptor
kinases family (GRK) and of multifunctional scaffolding protein βarrestin,
which induce the formation of the receptor/protein complex
(GPCR/AP2/βarrestin/clathrin; step2). GPCR-associated protein complex is

internalized in clathrin coated-pits and complex is disassembled (step3).
Internalized GPCR is recycled to membrane or degradated by proteasome
(step4). (B) D1 and D2 receptors can regulate several molecular pathways
through different G protein-independent signalling. D1 receptor (D1R) may
regulates protein complex composed of βarrestin 2/Erk/Raf/MEK and
induces Erk activation. D2 receptor (D2R) modulates the Akt/βarrestin
2/PP2A protein complex and the Akt downstream substrate GSK3 that is
inhibited by Akt.

also been reported to be reduced in mice deficient for βArr2
(Bohn et al., 2003). Finally, the locomotor consequences of a
genetic enhancement of dopamine tones also appear to be par-
tially counteracted by a loss of βArr2. In mice, genetic deletion of
the DAT abolishes dopamine reuptake (Jones et al., 1998). This
induces an increase of extra synaptic dopamine levels and sub-
sequent hyperactive phenotype (Giros et al., 1996; Gainetdinov
et al., 1999). However, double mutant mice lacking both βArr2
and the DAT display a reduction in this novelty-induced locomo-
tor hyperactivity phenotype (Beaulieu et al., 2005). Overall, results
from these different studies indicate that a lack of βArr1 or βArr2
leads to a reduction in the locomotor response to dopamine recep-
tor stimulation. The only major exception is locomotor response
to acute cocaine, which is not overtly affected by a lack of either
βArr1 or βArr2. The reasons these discrepancies remain obscure.
One possibility is that acute cocaine administration may trigger
locomotors responses by acting also on other neurotransmitter
systems. In line with this, it is of interest that acute but not chronic
locomotors response to cocaine has been shown to be severely
reduced in mice expressing low levels of the glutamate/NMDA
receptor subunit NR1 while locomotors responses to ampheta-
mine were left essentially unaffected in these mice (Ramsey et al.,
2008).

In conclusion, while βAR and GRK appear to play a role in
dopamine receptor desensitization and internalization in cul-
tured cells systems, this role is only clearly supported at the
behavioral level by data obtained in GRK6-KO mice. In con-
trast, lack of βArr has either a minimal effect or reduced the
behavioral responsiveness to certain drugs acting on dopamine
functions therefore suggesting that βArr may be implicated in

different cellular processes regulating dopaminergic signaling and
locomotor behaviors (Beaulieu et al., 2005, 2007a; Urs et al., 2011).

REGULATION OF ERK/MAP KINASE SIGNALING BY βArr2
AND D1R
Dopamine receptor-regulated behaviors are frequently associ-
ated to the activation of extracellular-signal-regulated kinases
(ERK)/MAP kinase signaling (Beaulieu et al., 2006; Girault et al.,
2007; Beaulieu and Gainetdinov, 2011). The serine threonine
kinase ERK is positively regulated following its phosphorylation
by the MAP kinase–kinase, MAPK/ERK kinase (MEK) that is
itself activated by the MAP kinase–kinase–kinase RAF follow-
ing the activation of different types of receptors including several
receptor tyrosine kinases (RTK) and GPCR (Girault et al., 2007).
Different lines of evidence have demonstrated the importance of
ERK-mediated signaling in the maintenance of dopamine recep-
tor functions. For instance, activation of D1R has been shown
to activate ERK in the mouse striatum while conversely inhibi-
tion of ERK leads to reductions of hyper-locomotor responses in
DAT-KO mice or following administration of amphetamine or
cocaine (Berhow et al., 1996; Valjent et al., 2000, 2006a; Beaulieu
et al., 2006; Girault et al., 2007). Furthermore, activation of ERK by
dopamine receptors also appears to play an important role in long-
term changes in synaptic plasticity in response to drug of abuse
(Miller and Marshall, 2005) or in response to l-DOPA therapy for
Parkinson’s disease (Santini et al., 2007).

In transfected cells, βArr2 can support the formation of a mito-
gen activated protein kinase (MAP kinase) complex composed
of βArr2 and the MAP kinase pathway kinases RAF, MEK, and
ERK in response to GPCR activation (Ahn et al., 2004; Shenoy

Frontiers in Neuroanatomy www.frontiersin.org September 2011 | Volume 5 | Article 58 | 58

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Del’Guidice et al. Beta-arrestin-mediated dopamine receptor signaling

and Lefkowitz, 2005) resulting in an activation of ERK (Luttrell
et al., 2001; Wei et al., 2004; Luttrell and Gesty-Palmer, 2010).
Therefore, βArr2 may serve to promote ERK-mediated signal-
ing underlying dopamine-regulated behaviors. Recent evidence
suggests that βArr2 may participate in locomotor response and
activation of ERK in response to D1R stimulation. Urs et al. (2011)
have reported that acute morphine administration increases the
interaction between βArr2 and ERK in the striatum of WT but
not of D1R-KO mice as measured by co-immunoprecipitation
assays. In addition, morphine-dependent locomotion and activa-
tion of striatal ERK2 by morphine were curtailed in mice lacking
either the D1R or βArr2. Finally, co-administration of the indi-
rect ERK inhibitor SL327 along with morphine to WT mice also
reduced the locomotor response to morphine. This suggests that
the D1R may regulate ERK signaling and may contribute to the
dopamine-mediated locomotor responses to morphine by acting
via a βArr2-dependent mechanism. However, there is also strong
evidence for a role of canonical G protein/cAMP-mediated mech-
anisms in the regulation of ERK activity by D1R (Girault et al.,
2007). Therefore, results obtained in this study following admin-
istration of SL327 or in D1R-KO mice may also reflect an effect
of these experimental conditions on other D1R receptor signaling
mechanisms and further studies are needed to establish the con-
tribution of G protein and βArr2 in the regulation of ERK activity
and behavior by D1R.

THE REGULATION OF Akt AND GSK3 BY DOPAMINE AND
BETA-ARRESTIN 2
Over the years, several lines of evidence have pointed toward the
contribution of βArr-mediated mechanisms in the regulation of
Akt and GSK3, two serine/threonine kinases, by dopamine.

Akt, also termed protein kinase B, is known to be involved in
various cellular processes such as transcription, glucose metabo-
lism, proliferation, migration, and with insulin and neurotrophin
action through the stimulation of RTK (Cross et al., 1995;
Alessi et al., 1996; Scheid and Woodgett, 2001). Activation of
RTK and some GPCR regulates the phosphoinositol-3 kinase
(PI3K), which converts phophatidyl-inositol-2-phosphate (PIP2)
to phosphatidyl-inositol-3-phosphate (PIP3; For review, Martelli
et al., 2010). Then, the newly formed PIP3 interacts with the pleck-
strin homology domain of Akt, inducing its recruitment to the
plasma membrane. This cellular process results in the phospho-
rylation of Akt at threonine 308 and serine 473 residues by two
phosphatidyl-dependent kinases, PDK1 and PDK2/rictor-mTOR,
respectively (Scheid and Woodgett, 2001; Jacinto et al., 2006). Once
activated, Akt phosphorylates in turn several substrates including
GSK3 (Rossig et al., 2002).

Originally known for its role in the control of glycogenesis in
response to insulin, GSK3 is implicated in numerous physiologi-
cal processes such as embryonic development, cell differentiation,
cell survival, Wnt signaling, apoptosis as well as serotonin, and
dopamine receptor signaling (Woodgett, 2003; Beaulieu et al.,
2004, 2008b; Li et al., 2004). Mammalian cells express two isoforms
of GSK3, GSK3α, and GSK3β, which are constitutively active and
can phosphorylate several cellular substrates (Woodgett, 1990).
GSK3α and GSK3β are negatively regulated by several kinases
involved in PI3K and MAP kinases signaling pathways (Frame

and Cohen, 2001). Additionally, Akt phosphorylation inhibits the
two isoforms of GSK3 in response to growth factors and hor-
mones, including BDNF, IGF, and insulin (Yamada et al., 2002;
Altar et al., 2008). Specifically,Akt phosphorylates specific residues
serine 21 for GSK3α and serine 9 for GSK3β that are located in
the N-terminal domains of both GSK3 isoforms (Stambolic and
Woodgett, 1994; Frame and Cohen, 2001). Therefore, Akt is an
important regulator of various signaling cascades involving GSK3.

Experiments using DAT-KO mice, dopamine depletion or
dopamine receptors agonist/antagonists have provided converging
evidence for a negative regulation of Akt resulting in an activa-
tion of GSK3 isoforms by D2-class receptors in mammals and
other vertebrates (Beaulieu et al., 2004; Bychkov et al., 2007; Chen
et al., 2007; Souza et al., 2011). Consequently, pharmacological
D2-class receptors antagonists induce Akt activation and subse-
quent GSK3 inhibition (Beaulieu et al., 2004; Emamian et al.,
2004). Furthermore, experiments conducted using mice lacking
different dopamine receptors showed that a loss of D2R but not
D1R prevented the inactivation of striatal Akt by drugs acting on
dopamine neurotransmission (Beaulieu et al., 2007b). In contrast,
mice deficient for the D3R exhibit a reduced responsiveness of Akt
phosphorylation to dopaminergic drugs. Therefore, D2R would
be crucial for the inhibition of Akt by dopamine, while the D3R
appears to potentiate the D2R dopamine response (Beaulieu et al.,
2007b).

It has been demonstrated that βArr2 is actively involved in
dopamine-regulated Akt inhibition (Beaulieu et al., 2004, 2005).
The role of βArr2 in mediating the regulation of Akt and GSK3
by D2R is supported both by behavioral and direct in vivo bio-
chemical observations in pharmacological and genetic models of
enhanced dopamine neurotransmission. At the behavioral level,
βArr2-KO mice present lower locomotor activity in response to
the dopamine-dependent action of amphetamine and apomor-
phine (Gainetdinov et al., 2004; Beaulieu et al., 2005). In line with
this, increased locomotor activity observed in mice lacking the
DAT is also antagonized by the absence of βArr2 in double knock-
out animals (Beaulieu et al., 2005). At the biochemical level, both
amphetamine and apomorphine have been shown to inhibit the
phosphorylation and activation of Akt in the striatum of WT mice
while these two drugs failed to inhibit Akt in βArr2-KO mice.
Furthermore, genetically increased dopaminergic tones were also
shown not to affect Akt activity in mice deficient for both DAT
and βArr2, suggesting an important role of this scaffolding pro-
tein in Akt regulation by dopamine. Further characterization of the
molecular mechanisms underlying the regulation of Akt by D2R
following receptor stimulation has shown that βArr2 is involved in
the formation of a protein complex composed of Akt, βArr2, and
protein phosphatase 2A (PP2A; Beaulieu et al., 2005). Once in the
complex, PP2A dephosphorylates and deactivates Akt, resulting in
the activation of GSK3 (Beaulieu et al., 2004, 2005).

One interesting observation emerging from the regulation of
this pathway is a difference of kinetics that points toward the
existence of two modalities of cell signaling responses to slow
synaptic neurotransmission. Indeed, inhibition of Akt is a slower
and more persistent phenomenon than events mediated by the
cAMP–PKA pathway (Beaulieu et al., 2004, 2005, 2007a). On
the one hand, administration of amphetamine in mice induces
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a cAMP-dependent phosphorylation of ERK and DARPP-32 dur-
ing the first 30 min after drug administration (Valjent et al., 2005).
On the other hand, Akt inhibition following acute treatment with
amphetamine becomes significant after 30 min and persists over
the duration of the drug behavioral effects (Beaulieu et al., 2007a,
2005). These different kinetics suggest that dopamine-regulated
behaviors and action of dopaminergic drugs depend, at least in
part, from different and temporally successive waves of GPCR
signaling mediated respectively by G proteins and the βArr2.

ARRESTIN/Akt/GSK3, DOPAMINE SIGNALING AS A TARGET
FOR MOOD STABILIZERS
The most prescribed and studied mood stabilizer, lithium, is
known for its therapeutic effects in the treatment of bipolar disor-
ders (Cade, 1949; Schou et al., 1954; Phiel and Klein, 2001; Blanco
et al., 2002). However more than 60 years after its introduction,
the molecular mechanisms underlying the therapeutic actions of
lithium are still unknown. Among other proposed mechanisms,
lithium can directly and indirectly inhibit the activity of GSK3
(Stambolic et al., 1996; O’Brien and Klein, 2009). In mice, indirect
inhibition of GSK3 occurs following the activation of its direct reg-
ulator Akt (Chalecka-Franaszek and Chuang, 1999; Beaulieu et al.,
2004, 2008a). It has recently been demonstrated that this effect
of lithium on the activity of Akt could be mediated by βArr2, at
least in the mouse striatum (Beaulieu et al., 2008a). Biochemi-
cally, lithium disrupts the βArr2/Akt/PP2A signaling complex that
is regulated by D2R (Figure 3). This leads to an overactivation
of Akt and subsequent indirect GSK3 inhibition. In βArr2-KO
mice, lithium fails to inhibit GSK3 and to activate Akt as it does
in the striatum of WT mice (Beaulieu et al., 2008a). Furthermore,
in these mutant mice, chronic treatment with lithium does not
exert antimanic and antidepressant-like effects seen in control
animals. This finding provides strong correlative evidence that
lithium could exerts some of its biochemical and behavioral effects
by interfering with the dopamine associated-βArr2 signaling com-
plex involved in the regulation of Akt and GSK3. This possible
mechanism of action is further supported by recent observations
indicating that expression of the Akt isoform Akt1 is also essential
for the regulation of some behaviors by lithium in mice (Pan et al.,
2011). Interestingly, other mood stabilizers such as valproic acid
and lamotrigine might also modulate Akt/GSK3 signaling (Chen
et al., 1999; Li et al., 2002; Beaulieu and Caron, 2008). Indeed,
both mood stabilizers decrease the phosphorylation of GSK3 sub-
strates (Gould and Manji, 2005). However, these different drugs
have to be further studied to investigate a possible involvement of
Akt/GSK3 signaling in their therapeutic effects.

A ROLE FOR Akt AND GSK3-MEDIATED DOPAMINE
SIGNALING IN THE ACTION OF ANTIPSYCHOTICS
Antipsychotics are a heterogeneous family of drugs used for the
treatment of several psychiatric disorders, mostly schizophrenia.
Among these drugs, so called first generation or “typical” antipsy-
chotics like haloperidol and chlorpromazine are believed to exert
most of their therapeutic action in schizophrenia by blocking D2-
class receptors (Snyder, 1976). In addition, more recent second
generation or “atypical” antipsychotics (AA) like clozapine have
been shown to retain D2-class receptor antagonist functions while

FIGURE 3 |The mood stabilizer lithium disrupts the D2R-associated

protein complex composed of Akt, PP2A, and beta-arrestin 2. The
consequences are an overactivation of Akt, inhibition of GSK3 and
correlated Akt/GSK3-regulated behaviors.

also acting on other “non-dopamine” receptor types (Meltzer,
1991; Kapur and Remington, 2001). Considering the role of D2R
in regulating the βArr2/Akt/GSK3 pathway, it is not surprising that
antipsychotics with D2R antagonist properties have been reported
to activate Akt and inhibit GSK3 in vivo (Emamian et al., 2004;
Alimohamad et al., 2005; Beaulieu et al., 2007a; Li et al., 2007).
Among these, haloperidol prevents the inhibition of Akt and con-
comitant activation of GSK3 by dopamine (Beaulieu et al., 2004;
Emamian et al., 2004). Similarly AA such as clozapine, olanza-
pine, risperidone, quetiapine, and ziprasidone, have been shown
to activate Akt or mimic its activity by increasing GSK3α and
GSK3β phosphorylation in the striatum, cortex, and hippocam-
pus (Alimohamad et al., 2005; Li et al., 2007; Beaulieu et al., 2009).
Unfortunately, the functional involvement of βArr2 has not been
explored in these in vivo studies. However, in vitro experiments
using bioluminescent resonance energy transfer (BRET) have sug-
gested that both typical and AA may induce some of their effects
by antagonizing the recruitment of βArr2 to the D2R long iso-
form (D2LR; Masri et al., 2008). More specifically, this study has
shown three different effects of antipsychotics on the inhibition
of cAMP-synthesis and arrestin recruitment in response to D2LR
stimulation. Some drugs, like haloperidol, antagonized both the
regulation of cAMP and the recruitment of βArr2 to the D2LR
with a similar efficacy. In contrast, other drugs like clozapine
appeared to be stronger antagonists of βArr2 recruitment than
of cAMP modulation. Finally, other antipsychotics like aripipra-
zole acted as partial antagonists of cAMP regulation while fully
inhibiting βArr2 recruitment. Taken together, these results suggest
that antipsychotics share common antagonistic properties toward
D2R/βArr2-mediated signaling while having different effects on
the control of cAMP production by this same receptor, at least
in transfected cells. It would thus be interesting to explore the
physiological action of each of these drugs on Akt and GSK3 in vivo

Frontiers in Neuroanatomy www.frontiersin.org September 2011 | Volume 5 | Article 58 | 60

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Del’Guidice et al. Beta-arrestin-mediated dopamine receptor signaling

to establish whether the effects of these psychoactive drugs are
closely related to D2R/βArr2/Akt/GSK3 signaling.

It should be noted however, the implication of D2R in the
regulation of Akt and GSK3 by AA can also be explained by
other mechanisms. One alternative could involve serotonin neuro-
transmission. Indeed, most AAs are 5-HT2A receptors antagonists
(Kapur and Remington, 2001). Interestingly, the 5-HT2A agonist
2,5-dimethoxy-4-iodoamphetamine (DOI) activates GSK3 in vivo
(Li et al., 2004) while AA have the opposite effect on the activity of
this kinase (Li et al., 2007). Furthermore, enhancers of serotonin
neurotransmissions like serotonin reuptake inhibitors and fenflu-
ramine or genetic manipulations decreasing serotonin synthesis
have also been shown to affect GSK3 activity in vivo (Li et al.,
2007; Beaulieu et al., 2008b; Figure 4). Additional characteriza-
tion is therefore needed to determine the relative contribution of
dopamine and serotonin receptors in the modulation of Akt/GSK3
by AA drugs and to define the roles that they may have in psychotic
disorders.

MOLECULAR TARGETS OF DOPAMINE REGULATED BY βArr2,
Akt, AND GSK3 SIGNALING
While several lines of evidence indicate a role for βArr2, Akt,
and GSK3 in dopamine receptor signaling, there is little infor-
mation on the nature of the molecular targets of these kinases that
are affected by dopamine receptors in the basal ganglia or other
brain regions. Akt and GSK3 have various substrates involved in
numerous cellular processes linked to mental illnesses-associated
physiological functions like cytoskeleton organization, trafficking,
cell survival, apoptosis, and DNA transcription (Frame and Cohen,
2001; Woodgett, 2001). Here, we present three different molecular

systems that are regulated by GSK3 and for which there are some
evidences for direct involvement of dopamine receptor signal-
ing: the direct GSK3 substrate β-catenin, ionotropic glutamate
receptors, and the regulation of circadian rhythms.

β-CATENIN
β-catenin has multiple roles in the cell. This protein functions as a
transcription factor and a scaffolding protein, which anchors the
actin cytoskeleton as a mediator of adherent junctions. β-catenin is
a common component of the Wnt and Akt/GSK3 signaling path-
way (For review: Freyberg et al., 2010). In the absence of Wnt
stimulation, β-catenin forms a complex with GSK3 and several
other proteins. This induces the phosphorylation of β-catenin
by GSK3 and then its ubiquitination and proteasomal degra-
dation (Doble and Woodgett, 2003). Conversely, activation of
the Wnt receptor Frizzled leads to the disruption of this com-
plex by the protein Disheveld (Dvl). Free β-catenin can then
translocate to the nucleus and affect gene expression (Fuku-
moto et al., 2001). Interestingly, the regulation of the Akt/GSK3
signaling cascade by D2R and βArr2 may affect β-catenin activ-
ity. Interestingly, chronic treatment with the mood stabilizer
lithium in mice increases β-catenin levels in different brain regions
such as the amygdala, striatum, hypothalamus, and hippocam-
pus (O’Brien et al., 2004; Beaulieu et al., 2008a). It is has been
shown that increased levels of striatal β-catenin in response
to lithium is dependent upon the expression of βArr2 there-
fore suggesting that changes in β-catenin in response to lithium
may arise from a disruption of βArr2-mediated D2R signaling
(Beaulieu et al., 2008a). In addition, overexpression of β-catenin
in mice reproduces the behavioral effects of the GSK3 inhibition

FIGURE 4 | Regulation of Akt/GSK3 signaling by drugs affecting dopamine and 5-HT neurotransmitter systems. Monoamines-dependent behaviors have
been discovered in Akt1- and βArr2-KO mice and in GSK3β heterozygous mice.
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by lithium on dopamine-dependent locomotor hyperactivity and
in tests evaluating antidepressant and anxiolytic effects of drugs
in rodents (Gould et al., 2008). The functional consequences
of these drugs could be mediated by the striatum, since the β-
catenin forebrain-specific conditional knock-out mouse shows
little behavioral changes (Gould et al., 2008). However, this still
has to be established.

GLUTAMATE RECEPTORS
The modulation of GSK3 signaling by dopamine receptors also
appears to regulate some functions of NMDA ionotropic glu-
tamate receptors and associated synaptic plasticity (Chen et al.,
2007). In particular, GSK3 activity modulates the development
of long-term depression (LTD) in rat hippocampal slices, two
processes regulated by ionotropic glutamate receptors (Zhu et al.,
2007; Peineau et al., 2008). Furthermore, Akt/GSK3-mediated sig-
naling appears to be responsible for the regulation of NMDA
receptors by D2R in response to high levels of dopamine in the
rat frontal cortex (Li et al., 2009). Briefly, application of high con-
centrations of dopamine induces a reduction of NMDA current
associated with the internalization of the NMDA receptor subunit
NR2B both in cortical slice preparations and in vivo. The effect
of elevated dopamine on NMDA receptor functions is dependent
of D2R, GSK3, and PP2A and is not affected by inhibition of G
proteins, therefore suggesting an involvement of βArr2-mediated
signaling (Li et al., 2009). However, the contribution of βArr2 to
the regulation of NMDA receptor functions as a result of elevated
dopamine levels has not been confirmed. Also, it remains unclear
whether this type of regulation occurs in the striatum or if it is
restricted to cortical neurons.

REGULATION OF CLOCK GENE SIGNALING
The deregulation of circadian rhythm is thought to be an integral
part of human mental diseases like bipolar disorders and in partic-
ular seasonal affective disorders (Benedetti et al., 2004; Mansour
et al., 2005). One of the first studies associating GSK3 to the regu-
lation of circadian rhythm has been made in drosophila. Yuan et al.
(2005) have shown that the fly GSK3 ortholog, Shaggy, is regulated
by serotonin and affects the circadian cycle. Then, numerous stud-
ies have demonstrated the regulation of clock genes by GSK3 in
mammals (Iitaka et al., 2005; Lamont et al., 2007). For example, the
GSK3 inhibitor lithium affects the transcription of the clock gene
Bmal1 (Lamont et al., 2007). In line with this, GSK3β can also
regulate mammalian circadian protein functions in vitro (Iitaka
et al., 2005). Interestingly, circadian rhythm-regulated gene expres-
sion and associated-behaviors can also be modulated by the D2R,
which is known to regulate GSK3 (Doi et al., 2006; Yujnovsky et al.,
2006). D2R is highly expressed in the retina and plays an important
role in neural adaptation to light (Doi et al., 2006). Accordingly,
activation of D2R stimulates CLOCK:BMAL1 functions through
MAP Kinases pathways and could possibly regulate circadian gene
expression through βArr2/Akt/GSK3 signaling (Sahar et al., 2010).
This suggests a putative relevant link between circadian rhythm
and dopamine receptor functions.

CONCLUSION AND PERSPECTIVES
The relatively recent identification of G protein-independent
βArr-mediated signaling of GPCR has radically changed our

perception of the roles played by these molecules in dopamine
receptor functions. From simple desensitization molecules, βArr
are now seen as polyvalent GPCR-associated scaffolding pro-
teins having complex and multiple functions in regulating the
final outcome of receptor stimulation (Wei et al., 2003; Gesty-
Palmer et al., 2006). Extensive and elegant research efforts have
shown how downstream targets of dopamine receptors such as
DARPP-32 can act as integrators and coincidence detectors mod-
ulating the outcome of dopamine receptor signaling in function
of the activation of other neurotransmitter systems (Svennings-
son et al., 2004). When put in this context, the dual functions
of βArr add an extra layer of complexity to dopamine recep-
tor signaling. Indeed the co-occurrence of G protein-dependent
and βArr-mediated responses reveals that dopamine receptors also
exhibit signaling diversity. Through such diversity, a given recep-
tor may regulate several modalities of signaling under different
conditions or during different periods of its activation cycle. This
can have several important physiological consequences and raises
many pending questions that will have to be addressed further in
future research.

First, signal diversity downstream of dopamine receptors may
have a considerable impact on the development of pharmaco-
logical approaches to manipulate dopamine receptor functions.
The assumption that a receptor is engaged in exclusively one
type of signaling event regardless of its cellular composition has
been the basis of the definition of the intrinsic drug efficacy
(Galandrin et al., 2007). However, a context where dopamine
receptor can elicit different cell signaling responses involving G
protein, βArr, or other signaling molecules has led to the sug-
gestion that it may be possible to generate new biased ligands
for dopamine receptors that would modulate one or another
cell signaling mechanism preferentially (Beaulieu et al., 2007a).
It is believed that such biased agonism can have important
implications for drug development because intracellular signal-
ing events mediated by these parallel pathways may have distinct
physiological consequences. As discussed above, D2R has been
shown to be one of the best examples of this duality in recep-
tor signaling, because it is involved in the regulation of the G
protein-mediated functions and the βArr2-mediated Akt/GSK3
signaling cascade (Beaulieu et al., 2009). Although there are
no known D2R ligands affecting specifically one or the other
of these signaling modalities, it may be possible to develop
drugs to selectively target one of these pathways. In fact, the
ability of the mood stabilizer drug lithium to disrupt βArr2-
mediated Akt/GSK3 signaling and to suppress the behavioral
effects that are related to enhanced dopaminergic transmission
provides the first evidence for the activity of clinically effec-
tive compounds on βArr2 scaffolded signaling complexes down-
stream of the D2R (Beaulieu et al., 2008a, 2009; Rajagopal et al.,
2010).

Prior to develop drugs acting preferentially on one or another
cell signaling response, it would be important to decipher what
is the relative role of these different modalities of signaling in
regulating the final physiological outcome of dopamine recep-
tor activation. This can be particularly important in the context
of MAP kinase regulation. Indeed, ERK can be regulated by
both G protein/DARPP-32 and βArr2-mediated signaling events
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downstream of D1R (Valjent et al., 2006b; Urs et al., 2011). Consid-
ering the important role of this kinase in regulating both acute and
long-term consequences of dopamine receptor signaling (Beaulieu
et al., 2006; Valjent et al., 2006b), it would be important to estab-
lish what is the level of segregation (if any) between the functions
exerted by ERK when it is activated by either mechanisms. This
can be important since association with a βArr signaling com-
plex may affect the subcellular localization of activated ERK and
therefore change the nature of its substrates (Pierce and Lefkowitz,
2001). The same observations can also be made for the regulation
of Akt and GSK3 by D2R since alternative mechanisms such as the
transactivation of the BDNF receptor TrkB by dopamine receptors
(Swift et al., 2011) may also affect Akt and GSK3 activity in specific
neuronal populations.

Another pending issue is the nature of the contribution of βArr1
in mediating dopamine receptor signaling. As of today, most of
the attention has been focused on the role played by βArr2 in both
D1R- and D2R-mediated signaling. However, behavioral evidence
indicates that βArr1-KO mice also exhibit behavioral responses to
dopamine drugs that are compatible with a major role of βArr1
in mediating some signaling responses in addition to its prob-
able function in canonical homologous receptor desensitization
(Gainetdinov et al., 2004).

In conclusion, the identification of cell signaling functions asso-
ciated to βArr downstream of dopamine receptors underscores
the intricate complexity of the intertwined mechanisms regulating
and mediating neuronal communication in the basal ganglia. This
is an essential step to understand the several roles played by these
structures in the regulation of mood, cognition, affect, and move-
ment. Furthermore, understanding these mechanisms may lead
to the development of new drugs having the desired therapeutic
effect and avoiding aversive and undesired side effects.
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Striatal medium-sized spiny neurons (MSNs) receive massive glutamate inputs from the
cerebral cortex and thalamus and are a major target of dopamine projections. Interaction
between glutamate and dopamine signaling is crucial for the control of movement and
reward-driven learning, and its alterations are implicated in several neuropsychiatric dis-
orders including Parkinson’s disease and drug addiction. Long-lasting forms of synaptic
plasticity are thought to depend on transcription of gene products that alter the struc-
ture and/or function of neurons. Although multiple signal transduction pathways regulate
transcription, little is known about signal transmission between the cytoplasm and the
nucleus of striatal neurons and its regulation. Here we review the current knowledge of
the signaling cascades that target the nucleus of MSNs, most of which are activated by
cAMP and/or Ca2+. We outline the mechanisms by which signals originating at the plasma
membrane and amplified in the cytoplasm are relayed to the nucleus, through the regula-
tion of several protein kinases and phosphatases and transport through the nuclear pore.
We also summarize the identified mechanisms of transcription regulation and chromatin
remodeling in MSNs that appear to be important for behavioral adaptations, and discuss
their relationships with epigenetic regulation.

Keywords: medium-sized spiny neurons, dopamine, glutamate, protein phosphorylation, cytonuclear shuttling,

transcription, chromatin remodeling, epigenetic regulation

WHY IS CYTONUCLEAR SIGNALING IMPORTANT IN
NEURONS?
In interphasic eukaryotic cells the genetic material, the DNA, is
segregated from the rest of the cell by the double membrane of the
nuclear envelope which separates the nucleus from the cytoplasm.
Communication between the two compartments is tightly regu-
lated and essentially restricted to highly organized nuclear pores
(Hoelz et al., 2011). The cytoplasm is the site of housekeeping
functions common to all cell types, as well as highly specialized
activities, such as those characteristic of synapses. Thus, the reg-
ulation of gene expression is under two opposite constraints. On
the one hand the pattern of gene expression characteristic of the
differentiated state of the cell must be very stable. On the other
hand, fine tuning of gene expression is constantly required for the
cell to adapt to its environment and respond to new demands.

In neurons gene transcription and protein synthesis have been
known for many years to be necessary for the long-lasting changes
that underlie learning and memory (Goelet et al., 1986; Black et al.,
1987). The pattern of gene transcription depends on the dynamic
interplay of numerous transcription factors, binding to promoter,
enhancer, and silencer regions. It also depends on the organization
of the chromatin, including covalent modification of nucleotides,
such as cytidine methylation, and post-translational modifications
of histones, which form the core of nucleosomes around which
DNA is wrapped. These modifications control the accessibility

of DNA and the recruitment of transcription factors and other
proteins through their specialized targeting domains. The result-
ing chromatin remodeling may provide the basis for “epigenetic”
control of long-lasting neuronal adaptations (see Levenson and
Sweatt, 2005; Borrelli et al., 2008; Day and Sweatt, 2010; Riccio,
2010, for reviews). The use of the word epigenetic has been the
source of debates however. As originally defined, and recently
reasserted, “An epigenetic trait is a stably heritable phenotype
resulting from changes in a chromosome without alterations in the
DNA sequence” (Berger et al., 2009). According to this stringent
definition neurons, like other post-mitotic cells, could not undergo
new epigenetic alterations (except perhaps by erasing existing epi-
genetic marks. . .). The word is often used in a less strict sense to
designate long-lasting chromatin covalent modifications, a trend
that has raised some criticisms as it may have misleading implica-
tions in terms of underlying mechanisms (Ptashne, 2007). At any
rate a wealth of recent findings summarized in this review under-
lines the importance of the regulation of covalent modifications
of histones and DNA by cytonuclear signaling pathways in striatal
neurons.

A striking feature of most chromatin modifications is that they
are highly dynamic, implying efficient regulatory mechanisms and
active control mechanisms if they are to be maintained for long
periods of time (Henikoff, 2008). In addition, the chromatin is
topographically organized due to a highly complex network of
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long range interactions, which are only starting to be deciphered
in non-neuronal cells (Fraser and Bickmore, 2007). This higher
level of chromatin organization is still largely a terra incognita
in neurons. Interestingly, the patterns of heterochromatin stain-
ing, which result from the organization of the nuclear material,
differ widely between neurons and other cell types and between
different neuronal populations (Ramon y Cajal, 1899) but their
significance and regulation have received little attention so far.
In the striatum, this pattern allows to differentiate medium-sized
spiny neurons (MSNs) from other cells (Matamales et al., 2009)
and recent work suggests that the geometry and organization of the
nucleus can undergo rapid and dramatic alterations in response to
synaptic activity (Wittmann et al., 2009; Maze et al., 2011). There-
fore deciphering the control of nuclear functions and organization
in neurons represents a major challenge for understanding the
neurobiology of learning and memory and brain plasticity.

An important issue to be addressed is how synaptic activity
modifies gene transcription and chromatin remodeling. It has
been proposed that information transmitted from synapses can
alter nuclear function through at least two different pathways (see
Deisseroth and Tsien, 2002; Adams and Dudek, 2005; Cohen and
Greenberg, 2008; Jordan and Kreutz, 2009, for reviews and discus-
sion): (i) a “synapse-to-nucleus” pathway in which proteins can
move from activated synapses to the nucleus and control nuclear
events such as transcription; (ii) a “soma-to-nucleus” pathway
without direct transport of macromolecules from the synapses,
but in which action potentials and second messengers such as
Ca2+ or cAMP generated in the perikaryon control nuclear sig-
naling. In the context of learning, it has been contended that the
“soma-to-nucleus” model might be the most relevant mechanism
because it is faster and may involve a cell-type specific threshold
of activation, preventing the activation of other irrelevant genes
(Adams and Dudek, 2005). However, it is likely that the two types
of pathways act in combination over different time scales to achieve
a precise tuning of nuclear function.

In this review we focus on MSNs, which are the most prevalent
cell type of the striatum, comprising about 95% of striatal neurons
in rodents (Tepper and Bolam, 2004). Since these neurons play an
essential role in the circuits of the basal ganglia and are thought to
undergo enduring adaptations important for procedural memory
(Kreitzer, 2009), it is important to decipher the cytonuclear sig-
naling pathways that trigger long-lasting changes in MSNs. Such
changes are also likely to underlie some of the dysfunctions of
the basal ganglia, in conditions such as drug addiction, L-DOPA-
induced dyskinesia in Parkinson’s disease, and, presumably, several
other neuropsychiatric disorders.

MAJOR SIGNALING PATHWAYS IN MSNs
The striatum is the main entry station of the basal ganglia and
MSNs are its sole output neurons. MSNs utilize GABA as their
major neurotransmitter, making the striatum a large inhibitory
structure (Yoshida and Precht, 1971). MSNs receive excitatory glu-
tamatergic inputs from the cortex and the thalamus, which contact
dendritic spines and are modulated by dopamine (DA) released
from the terminals of midbrain DA neurons (Bennett and Wil-
son, 2000). They also receive various other types of afferences
including inhibitory synapses originating from other MSNs and

GABAergic interneurons, cholinergic inputs from large choliner-
gic interneurons,and several others such as serotonine,and various
neuropeptides. Most of the present knowledge of gene regulation
in the striatum results however from the study of dopamine and
glutamate signaling, for which we provide a brief overview.

DOPAMINE RECEPTORS SIGNALING
The actions of dopamine in the striatum are mediated mainly by
the D1 and D2 types of DA receptors (D1R and D2R) that are
coupled to different G proteins having opposite effects on the pro-
duction of cAMP (Kebabian and Calne, 1979). D2Rs have a high
affinity for DA and are tonically activated by low basal concentra-
tions of DA in the extracellular space, whereas D1Rs are thought
to be stimulated following burst firing of DA neurons which is
more efficient to release DA (Creese et al., 1983; Grace, 1991).
D1Rs are coupled to the striatal-enriched Gαolf that stimulates
adenylyl cyclase activity, thus increasing intracellular cAMP levels
(Herve et al., 1993; Corvol et al., 2001; Figure 1). The princi-
pal target of cAMP is the cAMP-dependent protein kinase (PKA;
Miyamoto et al., 1968) and D1R-induced PKA activation mod-
ulates multiple voltage- and ligand-gated ion channels, thereby
modifying the effectiveness of synaptic inputs (Greengard et al.,
1999; Nicola et al., 2000). In contrast to the phasic stimulation of
D1Rs, D2Rs exert a tonic inhibitory effect on membrane potential
and adenylyl cyclase, thereby opposing other receptors expressed
in the same neurons such A2a adenosine receptors. There is also
a biphasic coupling of D2R with the Akt/GSK3 pathway, which
includes an early activation (Brami-Cherrier et al., 2002) and
a delayed inhibition linked to protein phosphatase 2A (PP2A)
recruitment (Beaulieu et al., 2005). Although the Akt/GSK3 path-
way is known to exert important effects on nuclear functions in
other cell types (Hur and Zhou, 2010), little is known about such
effects in the striatum. As initially proposed more than 20 years ago
(Gerfen et al., 1990), D1Rs and D2Rs are remarkably segregated
in striatonigral and striatopallidal neurons, respectively, with little
overlap (see Valjent et al., 2009; Bertran-Gonzalez et al., 2010, for
recent reviews). Interestingly, it has been shown that D1R–D2R
heteromers can generate a specific Gq/Ca2+-mediated signaling
resulting in brain-derived neurotrophic factor (BDNF) induction
(Hasbi et al., 2009). The physiological importance of this effect,
which is expected to take place in the small proportion of MSNs
coexpressing both receptors, remains to be fully evaluated. D3Rs
are predominantly expressed in the ventral striatum (Diaz et al.,
1995).

THE ERK PATHWAY AND SYNERGISM BETWEEN D1R AND GLUTAMATE
RECEPTORS
Glutamate released by corticostriatal or corticothalamic neurons
can act on several types of ionotropic and metabotropic receptors.
One of their major effects is to induce an increase in cytoso-
lic Ca2+ which triggers the rapid activation of the extracellular
signal-regulated kinase (ERK; Sgambato et al., 1998; Vanhoutte
et al., 1999; Pascoli et al., 2011). ERK is part of a signal transduc-
tion module highly conserved among eukaryotes that is involved
in the control of many cellular processes including cell growth,
differentiation and neuronal plasticity (Thomas and Huganir,
2004). This module comprises three enzymes acting in a cascade
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FIGURE 1 | Cytonuclear signaling pathways in MSNs. The indicated
pathways have mostly been identified in D1R-expressing MSNs, although
similar cascades exist in D2-expressing cells with some differences
(Bertran-Gonzalez et al., 2009). The precise location of involved receptors (i.e.,
perikaryon vs dendrites and spines) is not indicated because it has not been
determined experimentally in most cases. Activation of ERK by glutamate
involves increases in cytosolic Ca2+ which stimulates Ras-GRF1 and possibly
other guanine nucleotide exchange factors. A major source of Ca2+ is the
activation of NMDAR by glutamate. This effect is strongly potentiated by
stimulation of D1R by dopamine through (i) a cAMP-independent pathway
involving Src-family tyrosine kinases (SFK); (ii) an amplification loop with
inhibition of PP1 by phospho-Thr-34-DARPP-32. PP1 acts both upstream of
ERK (e.g., by dephosphorylating NR1 subunits of NMDAR) and by activating
the tyrosine phosphatase STEP which dephosphorylates the regulatory
tyrosine of ERK (not shown). In striatal neurons in culture, active ERK
associates with endocytosed AMPA-R through adaptor protein 2 (AP2)
together with the transcription factor Elk1 and this complex appears to be
important for nuclear import of activated ERK and Elk1. D1R activates adenylyl

cyclase (mostly AC5 isoform) through the stimulatory heterotrimeric Golf

protein containing the αolf and γ7 subunits. The inactive PKA heterotetramer is
usually anchored through AKAPs, yet to be characterized in MSNs. cAMP
binds to the regulatory subunits (R) and releases the catalytic
subunits (C). C subunits phosphorylate numerous substrates in the
cytoplasm and diffuse to the nucleus where they can phosphorylate
proteins such as CREB or histone H3. In MSNs however, a nuclear resident
protein kinase, ERK-activated MSK1, plays a major role in CREB and H3
phosphorylation. CREB recruits CBP which has histone acetyltransferase
activity. PKA phosphorylates DARPP-32 on Thr-34, turning it into a potent
inhibitor of PP1 catalytic subunit (PP1c). DARPP-32 continuously cycles
between the cytoplasm and the nucleus and its nuclear export is facilitated by
phosphorylation of Ser-97 by CK2, which is present in the cytoplasm and
nucleus of MSNs. PKA increases nuclear DARPP-32 by inducing the
dephosphorylation of Ser-97 by PP2A. Dotted arrows indicate influences
or catalysis, solid arrows displacement. Red arrows with a round end
indicate inhibition. NPC, nuclear pore complex. See text for
references.

of sequential activatory phosphorylation: the upstream kinases
(MAPK/ERK-kinase-kinases, MEKKs) phosphorylate and acti-
vate the MAPK/ERK-kinases (MEKs). MEKs are dual specificity
kinases that trigger the activation of MAPKs by phosphorylating
a threonine (Thr) and a tyrosine (Tyr) residue in their activa-
tion loop. In the striatum, it is well documented that drugs of

abuse that share the capacity to increase extracellular DA lev-
els (Di Chiara et al., 1998), induce a robust increase in ERK
phosphorylation in MSNs (Valjent et al., 2000, 2004). Activa-
tion of the ERK pathway requires D1R (Valjent et al., 2000, 2004,
2005) and is antagonized by D3R in regions where this recep-
tor is expressed (Zhang et al., 2004). Interestingly, ERK activation
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appears to be also dependent on glutamate N -methyl-d-aspartate
receptors (NMDARs) since antagonists for these receptors block
ERK phosphorylation in MSNs (Valjent et al., 2000, 2001, 2005).
This provides the basis for coincidence detection between the DA
and glutamate pathways, which is predicted to specifically iden-
tify neurons activated in relation to rewarding stimuli (Girault
et al., 2007). Several molecular mechanisms of interaction between
D1R and NMDAR converge for this effect (Figure 1): (i) a PKA-
independent pathway involving Src-family non-receptor tyrosine
kinases (Pascoli et al., 2011); (ii) a cAMP-PKA mediated effect
through inhibition of the serine/threonine phosphatase PP1 (see
below) and of the striatal-enriched tyrosine phosphatase STEP
(Valjent et al., 2005). Activation of the ERK pathway in response to
Ca2+ influx in MSNs results to a large extent from the activation of
a Ca2+/calmodulin-regulated guanine nucleotide exchange factor
(GEF) termed Ras-guanine nucleotide releasing factor 1 (Ras-
GRF1; Fasano et al., 2009). In addition, two other GEFs, stimulated
by calcium and diacylglycerol, CalDAG-GEFI and CalDAG-GEFII
(also known as RasGRP1/2) are expressed in MSNs and likely to
be involved in the control of the ERK pathway (Toki et al., 2001).

Besides the PKA and ERK pathways, other signaling cascades
are likely to be involved in the regulation of nuclear functions but
have received comparatively less attention so far in striatal neu-
rons. They include the Ca2+/calmodulin-activated protein kinases
(CaMKs) which play a key role in the regulation of gene expres-
sion in other neuronal types (Deisseroth and Tsien, 2002; Cohen
and Greenberg, 2008). CaMKII is implicated in the activation of
ERK (see Wang et al., 2007 for a review) and CaMKIV, which is
predominantly nuclear, negatively regulates responses to cocaine
in the MSNs (Bilbao et al., 2008).

THE ROLE OF PROTEIN PHOSPHATASES IN SIGNALING IN MSNs
The phosphorylation state of PKA and ERK substrates also
depends on the activity of serine/threonine protein phosphatases.
Well-characterized protein phosphatases in the striatum include
protein phosphatase 1 (PP1 or PPP1), 2A (PP2A or PPP2) and
2B (PP2B or calcineurin or PPP3). PP1 catalytic subunit (PP1c)
is a ∼36 kDa globular protein highly conserved in eukaryotes.
Among the four PP1c isoforms (α, β/δ, γ1, and γ2) expressed
in the mammalian brain, PP1α and PP1γ1 are highly expressed
in the striatum, whereas PP1β/δ is less abundant (Da Cruz e
Silva et al., 1995). PP1c subcellular localization and substrate
specificity are controlled by multiple targeting subunits, which
regulate its activity in combination with endogenous inhibitors
(Bollen et al., 2010). DA- and cAMP-regulated phosphoprotein Mr
∼32,000 (DARPP-32 or PPP1 regulatory subunit 1B – PPP1R1B)
is an endogenous inhibitor of PP1 particularly enriched in striatal
MSNs (Walaas et al., 1983; Hemmings et al., 1984; Ouimet et al.,
1984). DARPP-32 activity is modulated by multiple neurotrans-
mitters and is involved in the response to many neurotransmitters
and psychoactive drugs (Svenningsson et al., 2004). Phosphoryla-
tion of specific Thr and serine (Ser) residues determines DARPP-
32 overall function. For instance, phosphorylation of Thr-34 by
PKA or cGMP-dependent protein kinase turns DARPP-32 into a
very potent inhibitor of PP1c (Hemmings et al., 1984). Inhibi-
tion of PP1c by DARPP-32 amplifies PKA signaling by enhancing
the phosphorylation of those of its targets that are substrates of

PP1, constituting a positive feed-forward mechanism by which the
D1R DA signal is amplified (Svenningsson et al., 2004). DARPP-
32 is also involved in cross-talks between signaling pathways and
appears to be essential for ERK activation in response to drugs of
abuse, as this activation is prevented in DARPP-32 knockout and in
knockin Thr-34-Ala point mutant mice (Valjent et al., 2005). Alto-
gether, the dopamine-dependent activation of the phosphatase
inhibitor DARPP-32, directly or indirectly amplifies both PKA and
ERK signaling cascades in MSNs.

BASIC MECHANISMS OF PROTEIN TRAFFIC BETWEEN THE
CYTOPLASM AND THE NUCLEUS
Stimuli-triggered signaling cascades can promote the relocaliza-
tion of effector molecules from the cytoplasm to the nucleus
where they exert direct or indirect effects on the expression of
specific target genes. Conversely, termination of nuclear signaling
can be facilitated by an efficient export of nuclear factors out of
the nucleus. Thus, nuclear traffic provides a means of temporal
and spatial control of signaling cascades and is tightly regulated
by numerous mechanisms and at multiple levels (see Kaffman and
O’Shea, 1999; Poon and Jans, 2005; Terry et al., 2007, for reviews).
Because it is central for understanding cytonuclear signaling, we
briefly overview the basic principles of nuclear import and export
mechanisms, although this knowledge has been acquired in other
cell types and little is known about the possible specificities of
striatal neurons in this matter.

THE NUCLEAR PORE COMPLEX
Cytonuclear traffic takes place through the nuclear pore complex
(NPC) that mediates bidirectional transport between the cyto-
plasm and the nucleus (Hoelz et al., 2011). The nuclear pore
complex is a huge macromolecular assembly (diameter ∼100 nm)
that penetrates the double lipid bilayer of the nuclear envelope
and is constructed by multiple copies of ∼30 different proteins
called nucleoporins, functionally conserved from yeast to mam-
mals. Interestingly, a point mutation of nucleoporin-62 (Nup62) is
responsible for a rare autosomal recessive infantile bilateral striatal
necrosis (Basel-Vanagaite et al.,2006),although the mechanisms of
the lesions and the basis for their striatal specificity are not known.
Diffusion channels through the NPC have a calculated diameter
of ∼9–10 nm and allow the free passage of macromolecules of
up to ∼40 kDa (Hoelz et al., 2011). A diffusion barrier is formed
by extended natively unfolded nucleoporin segments that contain
numerous Phe-Gly repeats (Patel et al.,2007). This barrier prevents
free diffusion of molecules larger than 40 kDa through the NPC.
Translocation of such molecules is an energy-dependent process
mediated by soluble transport receptors belonging to the family of
the karyopherins, which interact with the Phe-Gly repeats through
poorly understood mechanisms, and with specific sequences on
their cargoes (see Mosammaparast and Pemberton, 2004; Hoelz
et al., 2011, for reviews). Members of the karyopherin-β (Kapβ)
family, which share some sequence and structure homologies,
are also termed importins and exportins depending on whether
they mediate import into or export out of the nucleus, respec-
tively. Kapβ proteins bind to their cargoes via specific recognition
of amino acid targeting sequences termed nuclear localization
signal (NLS) for nuclear import and nuclear export signal (NES)
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for export (Xu et al., 2010; Figure 2). Both importins and exportins
interact with the small G-protein Ran, which, in its intranuclear
GTP-bound form, induces dissociation of importin complexes
and association of cargoes with exportin (Pemberton and Paschal,
2005).

NUCLEAR IMPORT AND EXPORT
The nuclear import cycle is mostly driven by a heterodimeric car-
rier composed by importin-β (Impβ) and its adaptor importin-α
(Impα, a member of karyopherin-α family). Impα interact with
their cargo through classical NLSs which contain one (monopar-
tite) or two (bipartite) clusters of basic residues separated by 10–12
variable residues (Xu et al., 2010). Impβ can also bind directly some
cargoes (Pemberton and Paschal, 2005). In the cytoplasm, Impα

binds the cargo and forms a heterodimeric complex with Impβ.
The carrier-cargo complex then docks on the near cytoplasmic
side of the NPC and exchanges sequential, low-affinity interactions
with nucleoporins that allow the complex to advance through the
NPC to the nucleoplasm by a mechanism still poorly understood.
In the nucleus, Impα/β-cargo complex dissociates when RanGTP
binds Impβ, releasing the cargo from the transport complex (Lee

et al., 2005). Multiple mechanisms for regulation of nuclear import
have been described (see Poon and Jans, 2005; Nardozzi et al., 2010,
for reviews). Interestingly, importins have been localized to distal
axons and dendrites in several types of neurons, including Aplysia
sensory motor neurons, and rodent hippocampal and sensory neu-
rons (Hanz et al., 2003; Thompson et al., 2004). Moreover, recent
work has indicated that importin-mediated transport plays a spe-
cialized role in neurons in which it not only translocates proteins
from the cell soma to the nucleus, but also carries signals from dis-
tal compartments to the nucleus during development, as well as in
the adult nervous system (Jordan and Kreutz, 2009). Several stud-
ies have shown how signals such as Impβ:cargo complexes, kinases
and transcription factors move to the nucleus upon synaptic acti-
vation (Martin et al., 1997; Meffert et al., 2003). In the striatum
the levels of Impα-1 are increased following lesion of DA neurons
(Wang et al., 2004), but the significance of this observation is not
known.

The best-characterized nuclear export pathway is mediated by
the chromosome region maintenance 1 protein (CRM1; also known
as exportin-1), although CRM1-independent pathways have been
identified for various cargoes (Lischka et al.,2001; Chen et al.,2004;

FIGURE 2 | Mechanisms for import and export of proteins to and

from the nucleus. The major identified cytonuclear traffic pathways
have been characterized in non-neuronal cells and their specifics in
MSNs are not known. Transport is mediated by karyopherins which are
also known as importins (Imp) and exportins, depending on their function.
Proteins are imported by binding to Impα through a basic nuclear localization
sequence (NLS). Some others bind directly to Impβ. For example, proteins
with nuclear translocation sequence (NTS Ser/Thr-Pro-Ser/Thr), which is
activated by phosphorylation, bind to Imp7 (Chuderland et al., 2008). The
complex moves through the nuclear pore complex (NPC) to the nucleoplasm
where its dissociation is induced by RanGTP. The best-characterized nuclear
export pathway is mediated by the exportin CRM1. Proteins containing a

hydrophobic nuclear export sequence (NES) bind to CRM1 in the presence
of RanGTP. Following translocation the complex is dissociated through
hydrolysis of GTP by Ran GTPase-activating proteins (Ran GAPs) enriched
on the cytoplasmic side of the NPC. Leptomycin B (LMB) prevents binding
of NES to CRM1. CRM1-independent export pathways are poorly
characterized. RanGDP is imported from the cytoplasm to the nucleus
where GDP is replaced by GTP by specific guanine nucleotide exchange
factors (GEFs, not shown). Following carrier-cargo dissociation, the empty
importins or exportins return to their compartment of origin through specific
pathways that are not indicated on the scheme. References can be found in
the text and in (Pemberton and Paschal, 2005; Poon and Jans, 2005; Nardozzi
et al., 2010).
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Eulalio et al., 2006; Figure 2). The majority of CRM1 export sub-
strates contain a NES that consists in a short amino acid sequence
of regularly spaced hydrophobic residues, of which leucine is the
most abundant (Xu et al., 2010). CRM1 binds cooperatively to
RanGTP and its export cargo, leading to the formation of a trimeric
transport complex in the nucleus that is translocated through
the NPC to the cytoplasm (Askjaer et al., 1998). RanGTP within
the export complex is hydrolyzed by specific nucleoporins with
GTPase-activating properties (Ran-GAPs), allowing dissociation
of the export complex on the cytoplasmic side of the NPC (Pem-
berton and Paschal, 2005). The antifungal antibiotic leptomycin B
(LMB) is a powerful tool to distinguish bona fide CRM1-exported
substrates among other leucine-rich proteins since it specifically
inhibits CRM1 nuclear export by occupation of the NES binding
site (Kudo et al., 1999). The use of LMB has thus revealed that many
proteins undergo a permanent cytonuclear trafficking and that
their apparent cytoplasmic localization results from their nuclear
export being more efficient than their import. This dynamic equi-
librium can be the target of many regulations. In the next sections
we will examine how such regulations apply to signaling proteins
important in the striatum, using mostly information obtained in
other cell types since very few studies have addressed directly these
issues in MSNs.

NUCLEAR TRANSLOCATION OF PROTEIN KINASES
IMPORTANT FOR SIGNALING IN MSNs
PKA NUCLEAR TRANSLOCATION
Inactive PKA is a tetrameric holoenzyme consisting of two regula-
tory subunits (R) that bind and inhibit two catalytic subunits (C;
Taylor et al., 1990). The interaction of R with C subunits stabilizes
both molecules against proteolysis. A family of functionally related
proteins known as A-kinase-anchoring proteins (AKAPs) plays an
essential role in the distribution of PKA in specific intracellular
domains (Wong and Scott, 2004). AKAPs are multivalent adaptor
proteins that bind the R subunit of PKA and anchor the enzyme
at distinct subcellular locations in close proximity to specific sub-
strates and other signaling enzymes. Sequential and cooperative
binding of cAMP to the two sites of each R subunit releases
monomeric C subunits (Taylor et al., 2008; Figure 1). Dissoci-
ated C subunits can then phosphorylate Ser and Thr residues in
numerous proteins containing the consensus amino acid sequence
(R/K2–x–S/T–Φ, where Φ is a hydrophobic residue). PKA can thus
exert its function via a wide range of substrates spanning multiple
neuronal compartments.

Although PKA is preferentially located in the cytoplasm in rest-
ing conditions, a significant fraction of the dissociated C subunit
of PKA localizes to the nucleus upon increase of intracellular
cAMP (Meinkoth et al., 1990). The cytoplasmic localization of
PKA holoenzyme is achieved by tethering the R subunits to cyto-
plasmic AKAPs. In addition the quaternary complex is too big
to diffuse into the nucleus and no active import mechanism
has been described for the holoenzyme. In contrast, free C sub-
units can diffuse into the nucleus since they are small enough
to pass through the NPC (Meinkoth et al., 1990; Harootun-
ian et al., 1993). A strong and delayed activation of nuclear
PKA-mediated phosphorylation is observed in neurons following

stimulation of membrane receptors that activate adenylyl cyclase
(Gervasi et al., 2007). The functional importance of nuclear
PKA was demonstrated using a specific inhibitor of this enzyme
in the nucleus, which prevented the induction of long-lasting
long-term potentiation in hippocampal slices (Matsushita et al.,
2001).

Considering the fact that specific anchoring proteins tightly
compartmentalize PKA subcellular localization, it is rather
unlikely that PKA activated at the synapse can travel from distant
processes to the nucleus. Instead, the rapid diffusion toward the
cell body of the highly hydrophilic cAMP produced at the plasma
membrane may allow the activation and translocation of PKA
located in close proximity to the nucleus (Hempel et al., 1996). In
some cell types, a pool of PKA tethered to the nuclear envelope by
specific AKAPs is able to rapidly translocate to the nucleus upon
cAMP increase (Wong and Scott, 2004). The anchoring of RIIβ to
AKAP75, two proteins abundant in specific neuronal populations,
appears to be an important factor for nuclear activation of PKA
(Paolillo et al., 1999). In addition, nuclear anchoring proteins can
retain the free C subunit of PKA and facilitate its nuclear func-
tion (Sastri et al., 2005), whereas binding to the protein kinase
inhibitor (PKI) which has a strong NES enhances its active export
by a CRM1-dependent mechanism (Fantozzi et al., 1994). How-
ever, little is known about the regulation of nuclear dynamics of
PKA in neurons, in spite of its functional importance.

ERK NUCLEAR TRANSLOCATION
In neurons as in other cell types, in the absence of stimulation,
ERK is inactive and mostly located in the cytoplasm, in dendrites
and perikarya. Following activation of the signaling cascades that
lead to MEK and ERK activation, phosphorylated ERK accumu-
lates transiently in the nucleus, where it has important targets. This
response has been well characterized in MSNs in vivo, in response
to corticostriatal stimulation and drugs of abuse (Sgambato et al.,
1998; Valjent et al., 2000). However, the molecular mechanisms
controlling ERK localization have been mostly studied in non-
neuronal cells. The association with MEK, which bears a NES is an
important factor for maintaining ERK in the cytoplasm (Adachi
et al., 2000). Passive diffusion of the two ERK isoforms (ERK1
and ERK2) that have a molecular mass of 44 and 42 kDa, respec-
tively, is sufficient for their nuclear accumulation (Adachi et al.,
1999; Burack and Shaw, 2005). In addition, it has been proposed
that homodimerization was an important step for ERK nuclear
import (Khokhlatchev et al., 1998; Adachi et al., 1999). However,
recent studies using FRET and dimerization-deficient mutants
have ruled out this hypothesis (Burack and Shaw, 2005; Lidke
et al., 2010). ERK sequence does not contain any classical NLS,
but includes a novel nuclear translocation signal (NTS) motif,
Ser/Thr-Pro-Ser/Thr, which is active when phosphorylated by a
variety of protein kinases, and mediates interaction with importin-
7 (Chuderland et al., 2008). Interestingly, in hippocampal neurons,
ERK nuclear translocation appears to require a combination of
Ca2+ and cAMP (Impey et al., 1998) or PKA and TrkB signaling
(Patterson et al., 2001). Although the mechanism of this syner-
gism is not known, it could reflect the existence of regulatory
phosphorylation, yet to be identified.
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TARGETS OF NUCLEAR SIGNALING IN MSNs
The major nuclear target of signaling pathways in post-mitotic
cells is the transcription machinery. Since the first studies
on growth factor-regulated transcription in non-neuronal cells
(Cochran et al., 1983), it is usual to differentiate immediate-early
genes (IEGs) that are rapidly transcribed in response to stimuli
and whose transcription does not require protein synthesis. The
promoters of these genes contain specific response elements that
are targeted by transcription factors regulated by various signal-
ing pathways. Many IEGs are themselves transcription factors and
their up-regulation accounts for the induction of late genes. Late
genes are transcribed after a longer delay after the onset of the
stimulus and their transcription is prevented by protein synthesis
inhibitors that prevent IEGs translation. Thus, regulation of tran-
scription includes changes in the levels, localization, and activity
of transcription factors, as well as functionally associated alter-
ations in chromatin structure and organization, which can either
facilitate or inhibit the expression of specific genes. Some chro-
matin alterations are long-lasting and may be involved in stable
neuronal adaptations. It should be emphasized that regulation of
other types of nuclear functions may also be important in neu-
rons such as RNA processing, including mRNA splicing. However,
virtually nothing is known about the regulation of these nuclear
processes in striatal neurons.

REGULATION OF TRANSCRIPTION FACTORS IN MSNs
The accumulation of active PKA and/or P-ERK in the nucleus
leads to phosphorylation of several nuclear proteins involved
in gene transcription. In neurons the most extensively studied
transcription factor substrate of PKA is the cAMP response-
element (CRE) binding protein (CREB). CREB is a member of
the leucine-zipper transcription factors family that bind to a spe-
cific DNA sequence, CRE, found in one or several copies in the
promoters of many genes (Shaywitz and Greenberg, 1999). CREB
dimer binds constitutively to CRE sites, but is inactive. Its activ-
ity increases when it is phosphorylated on Ser-133, allowing its
interaction with the co-activator CREB binding protein (CBP) or
the related p300 (Goodman and Smolik, 2000). CBP mutations
are responsible for Rubinstein–Taybi syndrome, a rare human
genetic disorder characterized by mental retardation and physi-
cal abnormalities (Petrij et al., 1995). CBP possess a histone acetyl
transferase (HAT) activity and interacts with the basic transcrip-
tional machinery. CREB also interacts with the cAMP-regulated
transcriptional co-activators (CRTC1-3, also called transducer of
regulated CREB – ToRC – in Drosophila melanogaster ; Altare-
jos and Montminy, 2011). CRTCs are important partners of
CREB, activated in response to cAMP and Ca2+, which both
promote its nuclear accumulation. Interestingly, CRTC is upreg-
ulated in rats chronically treated with cocaine, through the up-
regulation of microRNA-212 (miR-212; Hollander et al., 2010).
In addition to PKA, Ser-133 is the target of many other pro-
tein kinases, including CaMK II/IV, p90 ribosomal S6 kinases 1/2
(RSK1/2), mitogen- and stress-activated kinases 1/2 (MSK1/2),
and PKC (Johannessen and Moens, 2007). MSK1 is a nuclear
substrate of ERK (Deak et al., 1998) enriched in the striatum
(Heffron and Mandell, 2005). The role of MSK1 in CREB reg-
ulation in MSNs seems to be prominent since in mutant mice

lacking MSK1 many biochemical nuclear responses in response
to cocaine, including CREB phosphorylation, were blocked and
locomotor sensitization was decreased (Brami-Cherrier et al.,
2005). In contrast, Zif-268 induction and cocaine conditioned
place preference were not altered. Importantly, �FosB, a cocaine-
induced transcription factor that is expressed at low levels follow-
ing a single drug administration, but accumulates after repeated
treatment due to its stability, plays a major role in morpho-
logical and behavioral responses to chronic cocaine (Nestler,
2008).

The transcription factor Elk1, a member of the Ets family,
associates with two molecules of serum response factor (SRF) to
form a ternary complex which binds to serum response elements
(SRE) found in the promoter of many genes (Besnard et al., 2010;
Figure 1). In MSNs Elk-1 is located in part in the cytoplasm and
its nuclear accumulation depends on its phosphorylation by ERK
(Vanhoutte et al., 1999). Moreover, ERK and Elk1 appear to be
recruited from neurites to cell bodies and nucleus in response to
glutamate stimulation, and to undergo retrograde trafficking with
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors, following their clathrin-dependent endocytosis (Tri-
filieff et al., 2009; Figure 1). This interesting mechanism could
provide an example of synapse-to nucleus signaling, although this
remains to be directly demonstrated.

In addition to the ERK-mediated pathways, it should be
mentioned that stimulation of D1R induces gene transcription
through activation of L-type calcium channels and recruitment
of the Ca2+/calcineurin-regulated nuclear factor of activated T-
cells (NFAT; Groth et al., 2008). A different type of cytoplasmic
transcription factor which accumulates in the nucleus upon bind-
ing of its ligand, the glucocorticoid receptor (GR), also plays an
important role in responses mediated by striatal neurons. Selective
deletion of GR in neurons expressing the D1R promoter resulted
in altered gene expression and behavioral responses induced by
cocaine but not morphine (Barik et al., 2010). Many other tran-
scription factors are likely to be important for controlling gene
expression in MSNs but have so far received less attention.

REGULATION OF CHROMATIN REMODELING IN MSNs
Signaling in the nucleus not only controls the activity of tran-
scription factors that mediate gene expression, but also changes
chromatin structure thereby modifying the transcriptional rate of
specific genes. Histones can undergo multiple post-translational
modifications on their N-terminal tail, including phosphoryla-
tion, acetylation, methylation, ubiquitinylation, and sumoylation,
which alter their interaction with DNA, and thus the degree
of chromatin condensation (see Shilatifard, 2006 for a review).
Transition from condensed chromatin into a more relaxed state
is needed to accommodate the molecular elements required
for transcription. Chromatin remodeling is involved in many
processes in the nervous system, during development and differ-
entiation, but also learning and memory (Levenson and Sweatt,
2005). Recent research indicates that alterations of histone post-
translational modifications may also be implicated in psychiatric
disorders, including depression, schizophrenia, and drug addic-
tion (Tsankova et al., 2007; Borrelli et al., 2008; Brami-Cherrier
et al., 2009; Franklin and Mansuy, 2010).
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Phosphorylation of histone H3 on Ser-10 is the most exten-
sively studied chromatin post-translational modification in striatal
neurons. The functional significance of this modification is not
entirely clear however. It has been suggested that during the inter-
phase, phosphorylation of H3 Ser-10 promotes detachment of
specific regions from the heterochromatic scaffold to allow decon-
densation and gene expression (Johansen and Johansen, 2006).
Ser-10 phosphorylation in combination with H3 Lys-14 methyla-
tion is associated with increased c-Fos transcription in hippocam-
pal neurons in response to stimulation of various receptors includ-
ing D1R (Crosio et al., 2003). Phosphorylation of H3 is increased in
striatal neurons after acute treatment with cocaine, a response that
requires MSK1 (Brami-Cherrier et al., 2005) and occurs selectively
in striatonigral neurons (Bertran-Gonzalez et al., 2008). Impor-
tantly, chromatin immunoprecipitation (ChIP) demonstrated that
this phosphorylation occurred specifically at the promoter region
of IEGs (Kumar et al., 2005) through recruitment of CBP (Levine
et al., 2005). Similar responses were observed in striatonigral
neurons following L-DOPA treatment in dopamine-denervated
striatum (Santini et al., 2007, 2009). Conversely, in striatopalli-
dal neurons it is the blockade of D2 receptors which triggers H3
Ser-10 phosphorylation by unmasking the stimulation of the PKA
pathway by A2a adenosine receptors, normally inhibited by D2R
(Li et al., 2004; Bertran-Gonzalez et al., 2008, 2009). In this case,
phosphorylation of H3 Ser-10 is not mediated by MSK1, and may
depend directly on PKA and PP1 inhibition by DARPP-32. Addi-
tional modifications of H3 and H4 tails have been reported in
similar conditions (Li et al., 2004; Brami-Cherrier et al., 2005;
Kumar et al., 2005; Nicholas et al., 2008).

Recent work further supports the role of covalent modifica-
tions of histones in the long-lasting effect of cocaine and possibly
other addictive drugs (LaPlant and Nestler, 2011). Genome-wide
studies using ChIP with antibodies for polyacetylated H3 or H4,
or dimethylated H3 revealed changes in numerous genes includ-
ing a group of deacetylases, the sirtuins (Renthal et al., 2009).
This study emphasized the breadth of drug-induced gene reg-
ulation and the interest of genome-wide studies in this con-
text. Repeated cocaine administration reduced global levels of
H3 Lys-9 dimethylation in the nucleus accumbens, through the
repression of the G9a lysine dimethyltransferase in this brain
region by �FosB (Maze et al., 2010). Using conditional muta-
genesis and viral-mediated gene transfer, the authors found that
G9a down-regulation increased the dendritic spine plasticity
of nucleus accumbens MSNs and enhanced the preference for
cocaine. Interestingly, di- and trimethylation of H3 Lys-9 cre-
ate binding sites for chromodomain-containing proteins, includ-
ing those of the heterochromatin protein 1 (HP1) family which
promote transcriptional repression and genomic silencing (Ban-
nister et al., 2001; Lachner et al., 2001). Accordingly, altered
H3 Lys-9 trimethylation induced in the nucleus accumbens by
repeated cocaine administration was associated with changes in
heterochromatin (Maze et al., 2011). Overexpression in the ven-
tral striatum of Setdb1 (Set domain, bifurcated 1), a methyl-
transferase specific for H3 Lys-9, down-regulated the expression
of NR2B (Jiang et al., 2010). All these results identify regula-
tion of H3 Lys-9 methylation as functionally important in the
striatum.

DNA methylation on cytidine residues, preferentially located in
CpG islands, is classically considered to be a very stable mark. How-
ever, in brain neurons DNA methylation appears to be reversible
and to participate in memory formation and storage (Day and
Sweatt, 2010). A recent work provides a possible mechanism for
demethylation in this context, through a process that requires the
base excision repair pathway (Guo et al., 2011). This involves
a specific hydroxylase, TET1, which converts 5-methylcytosine
to 5-hydroxymethylcytosine, which exists at significant levels in
various brain regions (Kriaucionis and Heintz, 2009). The impor-
tance of DNA methylation in the striatum is indicated by the
role of the methylase Dnmt3 in cocaine-induced spine alter-
ations (LaPlant et al., 2010). Moreover the X-linked transcriptional
repressor methyl CpG binding protein 2 (MeCP2), known for its
role in a neurodevelopmental disorder, the Rett syndrome, reg-
ulates cocaine intake in rat (Im et al., 2010). This effect seems
to depend on regulation of striatal BDNF levels in interaction
with miR-212 (Im et al., 2010), which is itself upregulated by
chronic cocaine, as mentioned above (Hollander et al., 2010).
Moreover, amphetamine-induced spine plasticity and conditioned
place preference were altered in MeCP2-deficient mice (Deng et al.,
2010). Altogether these observations strongly support the impor-
tance of chromatin post-translational modifications and DNA
methylation in the chronic effects of drugs of abuse in striatal neu-
rons and suggest they may also be important for the long-lasting
adaptations of these neurons in physiological or other pathological
circumstances.

ROLE OF PROTEIN PHOSPHATASES IN THE REGULATION OF
CHROMATIN RESPONSES IN MSNs
We have discussed above several protein kinases pathways which
converge to the nucleus of MSNs where they control transcrip-
tion factors. These pathways can also directly alter the state of
phosphorylation of histones and other nuclear proteins includ-
ing enzymes regulating the modifications of histones or DNA.
The resulting changes in transcription can in turn have conse-
quences on chromatin structure, as indicated by the effects of
chronic drug treatments on the levels of several mRNAs coding for
these enzymes (LaPlant et al., 2010; Maze et al., 2010). However
much remains to be done to better understand these regulations.
Recent work has uncovered the likely importance of the regula-
tion of nuclear protein phosphatases in striatal neurons. The role
of nuclear protein phosphatases has been extensively studied in
non-neuronal tissues where these enzymes have been implicated
in the regulation of multiple processes including gene transcrip-
tion, RNA processing, cell cycle progression or signal termination
(Bollen and Beullens, 2002; Moorhead et al., 2007). For exam-
ple, PP1 is a major P-CREB phosphatase (Hagiwara et al., 1992)
and regulates the dephosphorylation of P-Ser-10 H3 in mitotic
cells (Hsu et al., 2000). Regulation of PP1 activity in the nucleus
of hippocampal neurons alters histone post-translational mod-
ifications directly (phosphorylation) and indirectly through the
control enzymes that modify acetylation and methylation, as well
as CREB expression and phosphorylation associated with learning
and memory (Koshibu et al., 2009). PP1α appears to be the pre-
dominant PP1 isoform in the nucleus of MSNs (Ouimet et al.,
1995), where it has the potential to antagonize the action of
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dopamine and glutamate by dephosphorylating PKA and ERK
targets. Recent work shows that PP1 activity can be modulated
in the nucleus of MSNs through the regulated accumulation of
phospho-Thr-34-DARPP-32 (Stipanovich et al., 2008). This study
demonstrated that psychostimulant drugs (d-amphetamine and
cocaine) and morphine, which act by different mechanisms but
share the ability to increase extracellular dopamine in the striatum,
as well as incentive learning, increased the nuclear concentration
of DARPP-32. In vitro analysis of the mechanisms of DARPP-
32 nuclear translocation showed that this protein is constantly
shuttling between the cytoplasm and the nucleus, although it is
predominantly localized in the cytoplasm as a result of an effi-
cient CRM-1-dependent nuclear export (Stipanovich et al., 2008).
This export requires phosphorylation of Ser-97 by casein kinase 2
(CK2) present in the nucleus and cytoplasm of MSNs (Figure 1).
Upon D1R stimulation, Ser-97 is dephosphorylated, presumably
through activation of a PKA-activated form of PP2A (Ahn et al.,
2007; Stipanovich et al., 2008), causing a nuclear accumulation
of DARPP-32. Ongoing work in our laboratory has revealed that
additional mechanisms are involved in the control of DARPP-32
cytonuclear localization, providing the basis for its precise but
complex regulation by multiple extracellular signals (Matamales
and Girault, unpublished observations). It should be underlined
that the control of DARPP-32 localization by regulation of Ser-97
phosphorylation is parallel to but independent from its phospho-
rylation on Thr-34, which is responsible for PP1 inhibition activity.
When P-Thr34 DARPP-32 accumulates in the nucleus, it can facil-
itate the phosphorylation of histone H3 on Ser-10 (Stipanovich
et al., 2008). In contrast, nuclear trapping of dephospho-Thr-
34-DARPP-32 by mutation of Ser-97 to Ala decreases signaling
responses including H3 phosphorylation (ibid and our unpub-
lished observations). Thus, it is possible that in some circum-
stances nuclear accumulation of inactive DARPP-32 plays a role in
down-regulating cytoplasmic responses, a hypothesis that needs
to be explored.

The nuclear accumulation of the active form of a potent PP1
inhibitor may help to tilt the kinase and phosphatase equilibrium
in favor of phosphorylation. Given the large number of potential
substrates of PP1 in the nucleus, it is likely that the regulation of
DARPP-32 trafficking has multiple consequences that have yet to
be identified. For example, it has been shown that DARPP-32 binds
directly to the splicing factor transformer 2-beta 1 (tra2-beta1)
and changes the usage of tra2-beta1 dependent alternative exons
in heterologous systems (Benderska et al., 2010). Therefore the link

between the nuclear localization of DARPP-32 and short term and
long-term adaptations, including but not restricted to changes in
gene transcription, clearly needs to be further investigated.

CONCLUSION AND PERSPECTIVES
We have provided here an overview of some mechanisms of
cytonuclear signaling and regulation of nuclear functions and
summarized the current knowledge of glutamate and dopamine
signaling to the nucleus in MSNs (Figure 1). Much of our under-
standing of the basic mechanisms of cytonuclear signaling is
inferred from work in other cellular systems since few studies
have dissected the mechanisms and regulation of these pathways
in striatal neurons so far. As a general principle the prevention
of “background noise” kinase activity in the nucleus of unstim-
ulated neurons is likely to be important to avoid meaningless
nuclear responses. This is probably achieved through the regulated
cytoplasmic sequestration of PKA, ERK, and other signaling mol-
ecules including some transcription factors, as well as by potent
phosphatase activities in the nucleus. Upon receptor stimulation,
and resulting cAMP and Ca2+ production, protein kinases are
activated and accumulate in the nucleus, where they exert their
effects directly or indirectly through resident nuclear kinases such
as MSK1. Identified targets include transcription factors and chro-
matin components such as histones that modulate the rate of
transcription. The silencing of phosphatase activity through acti-
vation and regulated nuclear translocation of the PP1 inhibiting
form of DARPP-32 plays a complementary role in MSNs. Thus,
the precise nuclear adaptations taking place in MSNs are likely to
depend on a fine balance between multiple cytonuclear signaling
pathways. Since the nuclear responses are important for long-term
changes of behavioral responses we suggest that deciphering the
rules of cytonuclear signaling in striatal neurons will be crucial to
understand the learning mechanisms that involve the basal ganglia
and their pathological alterations. This new field is only beginning
to be explored in this context.
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Dopamine plays an important modulatory role in the central nervous system, helping to
control critical aspects of motor function and reward learning. Alteration in normal dopamin-
ergic neurotransmission underlies multiple neurological diseases including schizophrenia,
Huntington’s disease, and Parkinson’s disease. Modulation of dopamine-regulated signaling
pathways is also important in the addictive actions of most drugs of abuse. Our stud-
ies over the last 30 years have focused on the molecular actions of dopamine acting on
medium spiny neurons, the predominant neurons of the neostriatum. Striatum-enriched
phosphoproteins, particularly dopamine and adenosine 3′:5′-monophosphate-regulated
phosphoprotein of 32 kDa (DARPP-32), regulator of calmodulin signaling (RCS), and ARPP-
16, mediate pleiotropic actions of dopamine. Notably, each of these proteins, either directly
or indirectly, regulates the activity of one of the three major subclasses of serine/threonine
protein phosphatases, PP1, PP2B, and PP2A, respectively. For example, phosphorylation
of DARPP-32 at Thr34 by protein kinase A results in potent inhibition of PP1, leading to
potentiation of dopaminergic signaling at multiple steps from the dopamine receptor to
the nucleus.The discovery of DARPP-32 and its emergence as a critical molecular integra-
tor of striatal signaling will be discussed, as will more recent studies that highlight novel
roles for RCS and ARPP-16 in dopamine-regulated striatal signaling pathways.

Keywords: phosphorylation, protein phosphatase, protein kinase A, calcineurin, DARPP-32, ARPP-21, ARPP-16, RCS

INTRODUCTION
The neuronal circuitry of the mammalian basal ganglia (also
referred to as caudate–putamen or neostriatum) is generally well
understood. Major inputs in the form of glutamatergic excitatory
monosynaptic inputs derive from the cerebral cortex and thala-
mus, with axospinous synapses terminating on the dendrites of
the local cells, the vast majority of which are represented by the
medium-sized spiny neurons (MSN, representing approx. 95% of
total striatal neurons), which also represent the origin of the major
efferent projections. These GABAergic inhibitory striatal neurons
have both dense populations of local collaterals as well as efferent
striatonigral and striatopallidal GABAergic fibers terminating on
local neurons in either the substantia nigra pars reticulata (the
direct efferent pathway) or on local neurons in the external globus
pallidus (the indirect pathway). Two major modulatory systems
regulate these circuits, the most important being the nigrostri-
atal dopaminergic (DA) fibers originating in the pars compacta of
the substantia nigra, and a less predominant serotonergic pathway
originating in the raphe nuclei (Anden et al., 1966; Steinbusch,
1981; Bjorklund and Lindvall, 1984). Local intrastriatal modula-
tions are most prominently mediated through giant cholinergic
cells present within the striatum itself, which represent approxi-
mately 2% of total cell number but have major axonal connections

that radiate throughout the neostriatal neuropil (Bolam et al.,
1984; Zhou et al., 2002).

In addition to the classical neostriatal circuitry and cytol-
ogy mentioned above, the nucleus accumbens, an adjacent brain
region, was determined to represent a ventral part of the neos-
triatum in the 1970s. The nucleus accumbens has generally iden-
tical cellular populations and transmitters, with major glutamate
inputs from hippocampus, amygdala, prefrontal cortex and thal-
amus, major afferent DA and serotoninergic modulatory inputs,
and efferent GABAergic outputs predominantly terminating in
the ventral pallidum and rostral substantia nigra (Walaas and
Fonnum, 1979, 1980).

Given the role of the basal ganglia in control of motor func-
tion and reward learning, and the disruption of dopaminergic
neurotransmission in diseases including schizophrenia, Hunting-
ton’s disease, and Parkinson’s disease, a major effort has been
made to identify the molecular mechanisms that mediate and
modulate neurotransmission within this brain region. Here we
review aspects of DA signaling mechanisms which operate post-
synaptically in MSNs, and how they serve to integrate striatal
inputs. A major influence on these studies has been the charac-
terization of phosphoproteins regulated by DA and protein kinase
A (PKA) in MSNs (Nairn et al., 1985; Greengard et al., 1999;
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Svenningsson et al., 2004, 2005). In particular, the discovery of
a family of substrates for PKA in MSNs has not only advanced our
knowledge of dopamine-regulated signaling in the central ner-
vous system, but has provided a framework for other signaling
pathways in the nervous system, and in non-neuronal cells. Here
we discuss the discovery of these proteins, and describe their roles
as integrators of the multiple signaling pathways that converge on
MSNs.

HISTORICAL OVERVIEW OF DA SIGNALING IN STRIATAL
MSNs
Approximately 30 years ago, the existence of a DA-containing
input to the caudate/putamen was generally accepted based
on histofluorescence, neurochemical, and immunohistochemical
studies (Bjorklund and Lindvall, 1984; Bjorklund and Dunnett,
2007; Iversen and Iversen, 2007). However, essentially nothing
was known about the neurobiological mechanisms that trans-
duced DA inputs into neurophysiological responses. Early stud-
ies demonstrated that stimulation of DA cells in the mesen-
cephalon gave monosynaptic EPSPs in the caudate nucleus (Kitai
et al., 1976), but the receptor mechanisms involved were essen-
tially unknown. It was unlikely that DA represented a primary
ionotropic neurotransmitter that directly regulated ion channel
conductances. Rather, studies performed in the superior cer-
vical ganglion (Kebabian and Greengard, 1971; Kebabian and
Calne, 1979) indicated the presence in nervous tissue of DA
receptors capable of generating cAMP, and more specific stud-
ies in rodent brain (Kebabian et al., 1972; Clement-Cormier
et al., 1974) demonstrated that this DA receptor was indeed
enriched in the neostriatum. However, the remaining cAMP cas-
cade [cAMP-dependent protein kinase (PKA), protein substrates
for this enzyme, as well as phosphoprotein phosphatases] was
essentially unknown.

DISCOVERY OF THE PHOSPHOPROTEIN SUBSTRATES FOR PKA IN MSNs
A preliminary analysis of acid-soluble phosphoprotein substrates
for PKA in different regions of rat brains, performed early in
1980, demonstrated that one set of widely distributed phospho-
proteins (subsequently designated the synapsins) were present in
all brain regions examined, but that a novel protein substrate
for PKA of apparent molecular mass of 32 kDa also was present

but only in dorsal and ventral striatal regions, and essentially
absent from the adjacent lateral septum or the more distant
hippocampus or neocortex (Walaas and Greengard, 1984). Analy-
sis of brain slices from the neostriatum containing intact local
MSNs demonstrated that incubation with DA induced a sig-
nificant increase in the state of phosphorylation of this 32 kDa
protein, which was given the name“dopamine and adenosine 3′:5′-
monophosphate-regulated phosphoprotein of 32 kDa” (DARPP-
32; Walaas et al., 1983a). Subsequently, characterization of this
phosphoprotein was pursued in a first set of neurochemical, pro-
tein purification, and immunohistochemical studies (Hemmings
Jr. et al., 1984b; Ouimet et al., 1984; Walaas and Greengard,
1984).

The success of these early studies led to a more comprehen-
sive analysis of the anatomy of brain protein phosphorylation
systems, where it became clear that the major population of
region-specific PKA substrate proteins were highly enriched in
the basal ganglia, particularly in the neostriatum (Walaas et al.,
1983b,c). Major striatal phosphoproteins present in addition to
DARPP-32 had apparent molecular masses (as determine by SDS-
polyacrylamide gel electrophoresis, SDS-PAGE) of 21 kDa (des-
ignated ARPP-21 or regulator of calmodulin signaling, RCS, see
below), 39 kDa (Walaas and Greengard, 1993), 90 kDa (Walaas
et al., 1989); now known to be Rap1GAP (McAvoy et al., 2009),
and ARPP-16 (Horiuchi et al., 1990). Further studies therefore
concentrated on striatum and DA, where anatomy, disease state,
neuro-, and psychopharmacological properties were reasonably
well known, but where the neurobiological and physiological
responses to the effects of DA mediated through protein phospho-
rylation were relatively unknown. Largely based on their physical
properties, DARPP-32, RCS, and ARPP-16 were relatively straight-
forward to purify from bovine striatum, and subsequent studies
have revealed that each of these proteins is highly enriched in
MSNs (Figure 1) and that in different ways they serve to mediate
dopamine actions through regulation of serine/threonine protein
phosphatases.

DARPP-32
BIOCHEMICAL PROPERTIES
Following its identification in rat striatum as an acid-soluble phos-
phoprotein (Walaas et al., 1983a), DARPP-32 was purified from

FIGURE 1 | Localization of DARPP-32, RCS, and ARPP-16 in rat brain.

DARPP-32 (left, sagittal section, positive immunoreactivity black), RCS
(middle, coronal section, positive immunoreactivity white; caudate/putamen
(CP), and nucleus accumbens (A); inset at right shows RCS enrichment in

nucleus accumbens (left of dashed line) in more rostral section), ARPP-16
(right, sagittal section, immunoreactivity white). Simple domain diagrams of
each protein with their amino acid number and site of PKA phosphorylation
are shown below the respective immunolocalization panels.
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bovine caudate, based on its stability in acidic extraction condi-
tions (Hemmings Jr. et al., 1984b). The bovine protein contains 202
amino acids with a predicted molecular weight of 22,614 (Williams
et al., 1986; Kurihara et al., 1988; Figure 2). Physicochemical analy-
sis indicated that the protein has little secondary structure and
exists as an elongated monomer (Hemmings Jr. et al., 1984b).
The N-terminal 40 amino acids of DARPP-32 are highly related
to a corresponding region of protein phosphatase inhibitor-1, a
protein originally described in skeletal muscle (Huang and Glins-
mann, 1976). DARPP-32 and inhibitor-1 are phosphorylated by
PKA at a conserved threonine residue (Thr34 in DARPP-32, Thr35
in inhibitor-1; note that amino acid numbering is for the mouse
protein, unless otherwise indicated), with phosphorylation con-
verting each protein into a potent inhibitor of PP1 (see further
discussion below). A notable feature of the amino acid sequence of
DARPP-32 is the presence of a highly acidic central region contain-
ing 24 glutamic or aspartic acid residues in a total of 32 residues.
The precise function of this region is not known, although it con-
tains a phosphorylation site for the CK2 protein kinase (Ser97),
and a nuclear export sequence, that are important in control of
the nucleo-cytoplasmic localization of DARPP-32 (see below).
Comparison of the DARPP-32 amino acid sequence from differ-
ent species indicates some heterogeneity at the C-terminus of the
protein, a region that may be subject to variable phosphorylation
(see below).

Fluorescence (Neyroz et al., 1993) and NMR (Lin et al.,
2004; Dancheck et al., 2008; Marsh et al., 2010) spectroscopy
have shown that, consistent with initial physicochemical stud-
ies, DARPP-32 has little secondary structure when studied in free
solution. While the protein has all the features of a so-called
“intrinsically disordered protein,” there is a propensity for some
α-helical content between residues 22 and 29 located N-terminal
to the PKA phosphorylation site, and between residues 92 and
109, the region containing Ser97 and the nuclear export signal
sequence (Dancheck et al., 2008; Marsh et al., 2010). Moreover,
either fluorescence anisotropy or NMR studies of DARPP-32 pep-
tides that contained paramagnetic spin labels in various positions
(Dancheck et al., 2008), indicated that the central region of the

protein (residues ∼80–115) can exist as a compact core, while both
the N-terminal domain including Thr34, and the C-terminus, are
much more mobile. Phosphorylation by either PKA or CK2 has
no marked effect on the secondary or tertiary structure of the
protein.

Intrinsically disordered proteins have the ability to make exten-
sive interactions with their interacting partners. Such disordered
proteins allow multiple structural states that facilitate interactions
with different binding sites at once, an important property of
network hub proteins that interact with multiple binding sites
and integrate signals from various pathways (Mittag et al., 2010).
However, upon binding to targets like PP1, elements of DARPP-
32 may assume a more stable structure as has been found for
inhibitor-2 and spinophilin, two other regulators of PP1 (Ragusa
et al., 2010; Dancheck et al., 2011). As will be discussed below, the
major target for DARPP-32 is PP1. DARPP-32 also interacts with
the multiple kinases and phosphatases that regulate its phospho-
rylation, including PKA which it can also regulate. DARPP-32 is
imported into and exported from the nucleus (see below), and a
recent study has identified DARPP-32 as being able to interact with
the tra2-beta1 splicing factor (Benderska et al., 2010). Therefore,
DARPP-32 may have other direct protein binding partners. The
intrinsically disordered feature of DARPP-32 may be critical for
these various types of interaction.

EXPRESSION PROFILE
A number of detailed immunocytochemical studies have indicated
that DARPP-32 is localized primarily in brain regions enriched in
dopaminergic nerve terminals (Ouimet et al., 1984, 1998; Foster
et al., 1987, 1988; Ouimet and Greengard, 1990). Thus, DARPP-32
is highly expressed within the caudatoputamen, nucleus accum-
bens, olfactory tubercle, bed nucleus of the stria terminalis, and
portions of the amygdaloid complex. DARPP-32 is a cytosolic pro-
tein and immunoreactivity is present throughout neuronal cell
bodies and dendrites (Ouimet et al., 1984, 1998; Ouimet and
Greengard, 1990; Glausier et al., 2010). In brain regions known to
receive projections from these nuclei, nerve terminals are strongly
immunoreactive for DARPP-32. These target areas include the

FIGURE 2 | Domain organization of DARPP-32. DARPP-32 is
phosphorylated at Thr34 by PKA (and PKG, not shown), at Thr75 by Cdk5, at
Ser97 by CK2, and at Ser130 by CK1. Thr34 is preferentially dephosphorylated
by PP2B (calcineurin); Thr75 is preferentially dephosphorylated by PP2A;
Ser97 is also preferentially dephosphorylated by PP2A (not shown); Ser130 is
dephosphorylated by PP2C. Phosphorylation of Thr34 converts DARPP-32 into
a potent inhibitor of PP1. A PP1 docking motif and phosphorylation of Thr34
are required for binding and inhibition of PP1. Phosphorylation of Thr75

converts DARPP-32 into an inhibitor of PKA, reducing its ability to
phosphorylate DARPP-32 and other substrates. Phosphorylation of Ser130
increases phosphorylation of Thr34 through inhibition of PP2B and potentiates
dopaminergic signaling via the cAMP/PKA/DARPP-32/PP-1 pathway. In
contrast, phosphorylation of Thr75 acts to inhibit dopaminergic signaling via
this pathway. Phosphorylation of Ser97 in conjunction with a nuclear export
signal (NES) act to export DARPP-32 from the nucleus and maintain the
cytoplasmic localization of the protein observed under basal conditions.
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globus pallidus, ventral pallidum, entopeduncular nucleus, and
the pars reticulata of the substantia nigra (Walaas and Ouimet,
1989). No immunoreactivity is detected in neuronal cell bodies
or dendrites of dopaminergic neurons. In a phylogenetic survey,
DARPP-32 was identified in dopaminoceptive brain regions from
representative members of the amniote vertebrate classes (birds
and reptiles), while none was identified in dopaminoceptive brain
regions from representative members of the anamniote vertebrate
classes (bony fishes and amphibians) or in nervous tissue from rep-
resentative members of several invertebrate classes (Hemmings Jr.
and Greengard, 1986).

In non-striatal regions, many neurons are weakly immunore-
active for DARPP-32 and some of these are found in areas that
apparently lack a dopaminergic input (Ouimet et al., 1984, 1992;
Glausier et al., 2010). For example, weakly labeled neuronal cell
bodies and dendrites are found throughout the neocortex, pri-
marily in layer VI, and in the Purkinje neurons of the cerebellum.
DARPP-32 immunoreactivity is also present in certain glial cells,
especially in the median eminence, arcuate nucleus, and medial
habenula.

DARPP-32 EXPRESSION IN NON-NEURONAL CELLS/TISSUES
While most work has focused on the function of DARPP-32 in neu-
rons, especially in the neostriatum, DARPP-32 is also expressed in
non-neuronal cells and tissues. DARPP-32 has been identified at
low levels in several peripheral tissues, including choroid plexus,
parathyroid cells, adrenal chromaffin cells, posterior pituitary
gland, pineal gland, and superior cervical sympathetic ganglion
(Hemmings Jr. and Greengard, 1986). Several studies have eluci-
dated a function for DARPP-32 in the kidney, where it plays a role
in regulation of the Na+/K+-ATPase by dopamine (Meister et al.,
1989; Eklof et al., 2001). DARPP-32 is expressed at high levels in
the renal medulla, specifically in the thick ascending limb of Henle.
DARPP-32 has also been found in brown adipose tissue from pigs
(Meister et al., 1988) and cow (Stralfors et al., 1989), where it likely
has the same function as inhibitor-1 which is expressed instead of
DARPP-32 in adipose tissue from other mammals. In addition to
the brain, DARPP-32 is also expressed in the ciliary epithelium of
the eye (Stone et al., 1986), neurohypophysis, parathyroid gland
(Meister et al., 1991), choroid plexus, and peripheral nervous tis-
sues such as superior cervical ganglion and adrenal gland, most of
which are associated with dopamine signaling (Hemmings Jr. and
Greengard, 1986).

Unexpectedly, DARPP-32 expression has been found to be
associated with a number of different cancers including gastric,
adenocarcinoma, esophageal, and breast (El-Rifai et al., 2002; Ebi-
hara et al., 2004; Varis et al., 2004). The precise role of DARPP-32
is unclear with some studies suggesting a causal role in cell prolif-
eration, a protective role, or a role in drug resistance (Hansen
et al., 2006, 2009; Hong et al., 2007). An interesting compo-
nent of these studies has been the discovery of the expression
of a truncated form of DARPP-32 (termed t-DARPP-32) which
is missing the amino acids encoded by exon 1 (the region that
contains Thr34 and inhibits phosphatase PP1 activity), and which
contains an alternatively spliced exon followed by amino acids
encoded by exons 2–7. t-DARPP-32 is expressed in cancer cells
where it may mediate resistance to anti-cancer drugs (Belkhiri

et al., 2008a,b; Gu et al., 2009; Hamel et al., 2010; Vangamudi et al.,
2010).

DARPP-32 PHOSPHORYLATED AT Thr34 BY PKA REGULATES PP1
Biochemical and subsequent structure–function studies have
shown that residues 5–40 of DARPP-32, in conjunction with phos-
phorylation of Thr34 by PKA, comprise a domain that binds to
and inhibits the activity of PP1, a serine/threonine protein phos-
phatase that plays a major role in dephosphorylation in eukary-
otic cells (Hemmings Jr. et al., 1984a, 1990; Huang et al., 1999).
There are at least two sub-domains within residues 5–40 that are
critical for enabling phospho-Thr34-DARPP-32 to function as a
potent “pseudosubstrate-like” inhibitor of PP1 (Figure 2). A short
basic/hydrophobic sequence between residues 7 and 11 (KKIQF)
in DARPP-32 represents a conserved PP1 docking motif. While
the exact sequence of the motif is not conserved, the basic and
hydrophobic features are found in as many as 200 proteins that
interact with PP1 at a conserved site in a mutually exclusive man-
ner (Bollen et al., 2010). X-ray crystallography studies have shown
that the PP1 docking motif interacts with the surface of PP1
at a position on the back of the enzyme (relative to the metal-
containing active site positioned at front center; Goldberg et al.,
1995; Egloff et al., 1997). Amino acids in PP1 that interact with
the basic/hydrophobic docking motif are distinct from PP2A and
PP2B (calcineurin), two related serine/threonine protein phos-
phatases that have very similar overall structure to PP1 (Watanabe
et al., 2001).

Phosphorylation of Thr34 by PKA (and also PKG) converts
the protein into a potent inhibitor of PP1 with an IC50 of
∼1 nM (Hemmings Jr. et al., 1984a; Huang et al., 1999). Phospho-
Thr34-DARPP-32 is specific for PP1, and is unable to inhibit
the closely related enzymes PP2A and PP2B, or the structurally
distinct PP2C. While dephospho-DARPP-32 exhibits virtually no
inhibitory activity (at least ∼106-fold less), the docking motif can
interact with PP1 in the absence or presence of phosphorylation of
Thr34 indicating the importance of cooperative two-site interac-
tion to the high inhibitory potency (Desdouits et al., 1995a; Huang
et al., 1999). DARPP-32 levels in MSNs have been estimated to be
∼50 μM or higher (Greengard et al., 1999), and while the striatum
also expresses high levels of the three PP1 isoforms found in mam-
malian tissues (da Cruz e Silva et al., 1995), the total concentration
is likely significantly less that that of DARPP-32. Phosphoryla-
tion of Thr34 is basally low and can be stimulated ∼3- to 5-fold
in response to activation of PKA (see below). Thus, even small
increases in DARPP-32 phosphorylation are expected to result in
substantial inhibition of PP1.

While the exact structural details of how phospho-Thr34-
DARPP-32 inhibits PP1 activity are not yet known, biochemical
and modeling studies suggest that once docked via residues 7–
11, phospho-Thr34 is positioned close to or in the active site,
but in a conformation that is not easily dephosphorylated (Gold-
berg et al., 1995; Huang et al., 1997, 1999). It is possible that four
arginine residues that precede Thr34, and are important for phos-
phorylation by PKA, interact electrostatically with residues that
contribute to the acidic groove of PP1, one of three grooves (acidic,
hydrophobic, and C-terminal) that emanate from the active site
(Goldberg et al., 1995). However, site-directed mutagenesis has
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failed to demonstrate any significant role of the acidic side-chains
within the acidic groove (Goldberg et al., 1995; Huang et al., 1997).

DARPP-32 PHOSPHORYLATED AT Thr75 BY Cdk5 REGULATES PKA
Thr75 of DARPP-32 is phosphorylated by Cdk5, a cyclin-
dependent kinase family member, which is basally active in post-
mitotic neurons through association with its non-cyclin cofactor,
p35 (Bibb et al., 1999). As a result, Thr75 is basally phosphory-
lated to a relatively high level in striatal neurons (∼0.25 mol/mol;
Bibb et al., 1999). Phosphorylation of Thr75 by Cdk5 has a
major inhibitory effect on the phosphorylation of Thr34 by PKA.
Phosphorylation of Thr75 inhibits the phosphorylation of exoge-
nous substrates such as ARPP-16 and RCS, in vitro, supporting
the hypothesis that phospho-Thr75-DARPP-32 acts generally as
a PKA inhibitor. It is also possible that some of the effects of
phospho-Thr75-DARPP-32 on PKA-mediated Thr34 phosphory-
lation result from an intramolecular effect that renders Thr34
a poorer substrate for PKA (Figure 2). As discussed in more
detail below, phosphorylation of Thr75 acts in a negative feed-
back manner to limit the phosphorylation of Thr34 by PKA.
However, this negative feedback can be relieved indirectly by PKA-
regulated dephosphorylation of Thr75 through a process that
involves activation of PP2A by PKA (Nishi et al., 2000). Thus
in many instances in intact cell preparations, there is a reciprocal
relationship between the states of phosphorylation of Thr34 and
Thr75.

PHOSPHORYLATION OF DARPP-32 BY CK1 AND CK2
Biochemical studies in vitro have shown that Ser97 of DARPP-
32 is phosphorylated by CK2, while Ser130 is phosphorylated by
CK1, and that both of these sites are phosphorylated to high sto-
ichiometry in vivo (Girault et al., 1989; Desdouits et al., 1995b,c).
Earlier studies in vitro indicated that phosphorylation of DARPP-
32 at Ser97 increased the efficiency of phosphorylation of Thr34 by
PKA (Girault et al., 1989). However, it is not clear if this is a major
mechanism in vivo, since more recent studies have shown convinc-
ingly that phosphorylation of Ser97 by CK2 is required for nuclear
export of DARPP-32, a process that ensures that under basal con-
ditions, DARPP-32 is localized to the cytoplasm (Stipanovich et al.,
2008; Figure 2; see further discussion below).

Studies both in vitro and in vivo have shown that phospho-
rylation of Ser130 by CK1 decreases the efficiency of dephos-
phorylation of Thr34 by calcineurin (PP2B), an effective phos-
phatase in dephosphorylating Thr34 (Hemmings Jr. et al., 1984a;
King et al., 1984). Thus phosphorylation of Ser130 helps to
maintain Thr34 phosphorylation levels, and thereby to potenti-
ate dopamine/D1/PKA signaling (Figure 2; see below for further
discussion).

In addition to Thr34, Thr75, Ser97, and Ser130, a mass spectro-
metric analysis has identified phosphorylation of either Ser45 or
Ser46 and Ser192 in mouse striatum in vivo (Jin et al., 2005).
Ser45/46 are probably phosphorylated by CK2 (Girault et al.,
1989), although the function is not known. Ser192 is close to
the C-terminus of mouse DARPP-32 and the serine and sur-
rounding residues are not conserved in other species. The rele-
vant kinase or the function of this phosphorylation site is also
unknown.

DEPHOSPHORYLATION OF DARPP-32
Characterization of the phosphatases involved in the dephospho-
rylation of the various sites in DARPP-32 have also been important
in revealing mechanisms that control DARPP-32 function (Sven-
ningsson et al., 2004). Thr34 is efficiently dephosphorylated by the
Ca2+-dependent phosphatase calcineurin (PP2B), which enables
glutamate to negatively regulate the inhibition of PP1, and antag-
onize the effects of dopamine (Nishi et al., 1997, 2005). Different
heterotrimeric forms of PP2A play important roles in regulation
of DARPP-32 dephosphorylation (Nishi et al., 2000, 2002). PP2A
containing the B56δ subunit can be activated by phosphoryla-
tion by PKA (Ahn et al., 2007a) leading to dephosphorylation
of both Thr75 and Ser97. Dephosphorylation of Thr75 relieves
Cdk5-mediated inhibition of PKA and acts as an important pos-
itive feedback to stimulate Thr34 phosphorylation and inhibi-
tion of PP1 (Nishi et al., 2000). Dephosphorylation of Ser97 by
PP2A plays an important role in controlling the nuclear export
of DARPP-32 (Stipanovich et al., 2008). Ca2+-dependent activa-
tion of the PR72-containing heterotrimer of PP2A also plays an
important role in controlling dephosphorylation of Thr75 (Ahn
et al., 2007b), and possibly also Thr34 (Nishi et al., 1999, 2002)
and Ser97. Finally, Ser130 dephosphorylation appears to be exclu-
sively controlled by PP2C, where it acts as part of a phosphatase
cascade whereby the level of phosphorylation of Ser130 regu-
lates the ability of calcineurin to dephosphorylate Thr34, and
hence control the level of inhibition of PP1 (Desdouits et al.,
1995b,c).

REGULATION OF DARPP-32 PHOSPHORYLATION
A major effort has been made to investigate the regulation of the
various phosphorylation sites in DARPP-32 in order to reveal
down-stream signaling pathways of DA. An important compo-
nent of these studies was the availability of phospho-specific
antibodies to the four main phosphorylation sites in DARPP-32-
Thr34, Thr75, Ser97, and Ser137. While initial focus was on the
phosphorylation of Thr34, the site that directly influences PP1
activity, a large amount of information is now known about the
phosphorylation of the other sites, especially Thr75 and Ser97.
Extensive studies have shown the regulation of DARPP-32 phos-
phorylation by neurotransmitters including dopamine, serotonin,
glutamate, and GABA, as well as antipsychotic drugs and drugs
of abuse (reviewed in detail by Svenningsson et al., 2004; Sven-
ningsson et al., 2005, and in an accompanying article, Nishi
et al.). Thus a key feature of DARPP-32 is to integrate the sig-
nals from diverse neurotransmitter inputs, ultimately to control
the activity of PP1 and thereby its diverse down-stream targets
(see below).

An important aspect of DARPP-32 regulation is the fact that
the protein is expressed in all MSNs at the same level, yet it has
become increasingly clear that direct and indirect pathway MSNs
are functionally distinct in terms of the expression patterns of large
numbers of proteins, including different DA receptor subtypes, the
latter controlling opposing types of intracellular signals (Heiman
et al., 2008; Valjent et al., 2009; Surmeier et al., 2010). Here we will
review some recent studies of functional distinctions in DARPP-32
phosphorylation in the two principal sub-populations of striatal
MSNs.
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Cell-type specific analysis of signal transduction in MSNs has
been difficult to address due to the anatomical and morphologi-
cal similarities of these cells. Traditional biochemical studies have
the limitation that they examine a mixed population of cells and
results represent only an average of signaling events. To over-
come these limitations and to study DARPP-32 phosphorylation
selectively in striatonigral (D1-MSNs) and striatopallidal (D2-
MSNs) neurons, BAC transgenic mice were generated that express
both C-terminal Flag-tagged DARPP-32 under the control of the
D1R promoter and C-terminal Myc-tagged DARPP-32 under the
control of the D2R promoter (Bateup et al., 2008). Immunoflu-
orescence studies confirmed the non-overlapping distribution of
the two forms of tagged DARPP-32 in the D1 and D2-MSNs.
Using the Flag and Myc tags, DARPP-32 from either D1R or D2R-
expressing neurons was then selectively immunoprecipitated and
phosphorylation in whole animals and brain slices analyzed in a
cell-type specific manner.

Cocaine blocks the dopamine transporter thereby increas-
ing the availability of dopamine at the synapse. Using the
tagged DARPP-32 mice, acute cocaine treatment was found
to increase Thr34-DARPP-32 phosphorylation and decrease
Thr75-DARPP-32 phosphorylation in D1-MSNs while Thr34-
DARPP-32 phosphorylation was decreased and Thr75-DARPP-
32 phosphorylation was increased in D2-MSNs. Adenosine A2A

receptors are highly expressed in the striatum and selectively local-
ized to striatopallidal D2-MSNs. Acute treatment with the A2AR
antagonist caffeine increased Thr75-DARPP-32 phosphorylation
in D2-MSNs with little effect on Thr34-DARPP-32 phospho-
rylation. Together, these results uncover important biochemical
differences between D1-MSNs and D2-MSNs and demonstrate
the significant advantages of using a cell-type targeted approach.
It is otherwise difficult to identify opposing changes in phospho-
rylation in D1- and D2-MSNs which would cancel each other out
in whole tissue homogenates.

DOWN-STREAM TARGETS FOR DARPP-32/PP1
As a result of the pleiotropic actions of PP1 on many cellu-
lar substrates, DARPP-32 is able to control diverse down-stream
targets that range from ion channels and ligand-gated neurotrans-
mitter receptors, to intracellular signaling cascades that control
gene transcription. These in turn are coupled to long-term alter-
ations in synaptic plasticity, and ultimately to control of behavior
(see detailed reviews in Svenningsson et al., 2004, 2005). Initial
studies of DARPP-32 function relied on biochemical approaches,
but the availability of DARPP-32 knockout mice (Fienberg et al.,
1998), and more recently “knockin” mice in which single phos-
phorylation sites were mutated to alanine (Svenningsson et al.,
2003; Valjent et al., 2005; Zachariou et al., 2006; Zhang et al.,
2006; Borgkvist et al., 2007; Stipanovich et al., 2008; Bertran-
Gonzalez et al., 2009), has directly established a critical role
for DARPP-32 in neuronal function. DARPP-32 is required for
normal responses to dopamine, as well as for the actions of
drugs that influence dopamine function, including antipsychotic
drugs and many drugs of abuse. DARPP-32 is also required for
the actions of other neurotransmitters such as serotonin (Sven-
ningsson et al., 2002a,b, 2003) or adenosine (Lindskog et al.,
2002).

As an example of these studies, an important role for DARPP-
32 has been found in the regulation of activity of the extracellular
signal-regulated kinase (ERK), an enzyme that is critical for long-
term synaptic plasticity in MSNs (Valjent et al., 2005). Many drugs
of abuse exert their addictive effects by increasing extracellular DA
in the nucleus accumbens, where they likely alter the plasticity of
corticostriatal glutamatergic transmission. In particular, psychos-
timulant drugs and other drugs of abuse activate ERK in D1-MSNs
in dorsal and ventral striatum, through the combined action of
glutamate NMDA and D1-dopamine receptors. Notably, activa-
tion of ERK by various drugs, including d-amphetamine, cocaine,
nicotine, morphine, or �9-tetrahydrocannabinol, was attenuated
in DARPP-32 null mice. Moreover, the effects of d-amphetamine
or cocaine on ERK activation in the striatum were prevented in
knockin mice in which Thr34 was mutated to alanine. Regulation
by DARPP-32 was found to occur at multiple levels, both upstream
of ERK and at the level of striatal-enriched tyrosine phosphatase
(STEP). Altered behavioral responses to psychostimulants were
also prevented in the DARPP-32 mutant mice. Thus, activation of
ERK, via a multi-level control of protein phosphatases, functions
to integrate the coincident action of dopamine and glutamate con-
verging on MSNs, and is critical for long-lasting effects of drugs
of abuse.

While most studies have focused on the biochemical actions of
DARPP-32 and behavioral consequences in the dorsal and ventral
striatum, DARPP-32 also plays a role in other brain regions includ-
ing cortex, hippocampus, and hypothalamus. For example, in hip-
pocampus and cortex, DARPP-32 phosphorylation is regulated by
serotonin, and biochemical and behavioral studies with DARPP-
32 knockout mice implicate DARPP-32 in the actions of serotonin
and anti-depressant drugs (Svenningsson et al., 2002a,b). In hypo-
thalamus, Thr34 of DARPP-32 is phosphorylated in response to
progesterone, and the actions of progesterone on sexual recep-
tivity were attenuated in DARPP-32 knockout mice (Mani et al.,
2000). Recent genetic studies also implicate DARPP-32 in pre-
frontal cortical processes linked to general intelligence, learn-
ing, and cognition (Frank et al., 2007, 2009; Kolata et al., 2010;
Doll et al., 2011; Frank and Fossella, 2011). Other studies have
shown a role for DARPP-32 in non-neuronal cells and tissues (see
above).

As discussed above, DARPP-32 is found in all MSNs, where its
phosphorylation is differentially controlled by the selective expres-
sion of different neurotransmitter receptors, including D1 and D2
dopamine receptors (Svenningsson et al., 2004). To address the
specific role of DARPP-32 in different sub-populations of MSNs,
studies have been carried out recently to selectively knockout
the protein in either striatonigral (D1-MSNs) or striatopallidal
(D2-MSNs) medium spiny neurons (Bateup et al., 2010). Loss
of DARPP-32 in D1-MSNs decreased both basal and cocaine-
induced locomotion and also abolished dyskinetic behaviors in
response to l-DOPA, a drug used to treat Parkinson’s disease.
Loss of DARPP-32 in D2-MSNs increased locomotor activity and
strongly reduced the cataleptic response to the antipsychotic drug
haloperidol. Interestingly, LTP was disrupted in both D1- and
D2-MSNs. These results highlight the selective contributions of
DARPP-32 in different MSN populations, and reinforce the need
for highly specific control of gene expression when carrying out
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functional analysis of proteins in the striatum or other parts of the
central nervous system.

REGULATION OF NUCLEAR TRAFFICKING OF DARPP-32
As discussed above, signaling pathways important for the tran-
scriptional effects of dopamine involve PKA and ERK, and clearly
also involve DARPP-32. However, the precise mechanisms of
the transfer of information from the cytoplasm to the nucleus
of striatal neurons are still poorly characterized. Recent studies
have found that phosphorylation/dephosphorylation of Ser97 of
DARPP-32 is crucial for control of the nucleo-cytoplasmic distri-
bution of DARPP-32 (Stipanovich et al., 2008; see also accompa-
nying article by Girault et al., for further details). As mentioned
above, previous studies of DARPP-32 had suggested it to be largely
a cytoplasmic protein, regulating the phosphorylation state of
cytoplasmic or plasma membrane-associated targets. However,
some earlier studies hinted that the protein might also be present in
the nucleus (Ouimet and Greengard, 1990). Immunohistochemi-
cal studies led to the observation that Thr34-phospho-DARPP-32
immunoreactivity was strong in the nuclei of mice treated acutely
with cocaine, d-amphetamine, or morphine, and this was con-
firmed with an antibody that recognized total DARPP-32. Subse-
quent biochemical studies of DARPP-32 in culture and using mice
bearing a Ser97Ala point mutation identified a nuclear export
motif adjacent to Ser97 that was controlled by phosphorylation
of Ser97 (Figure 2). Ser97 of DARPP-32 is phosphorylated to
high levels under typical basal conditions in vivo. Nuclear accu-
mulation was found to be mediated through a signaling cascade
involving dopamine D1 receptors and cAMP-dependent activa-
tion of a specific heterotrimeric form of protein phosphatase
PP2A that acts to dephosphorylate DARPP-32 at Ser97, leading
to inhibition of its nuclear export. Other studies have clarified the
mechanism of activation of PP2A by PKA, which involves phos-
phorylation of the B56δ subunit of the PP2A heterotrimer (Ahn
et al., 2007a).

Further studies by Stipanovich et al. (2008) showed that
translocation of the active phospho-Thr34-DARPP-32 to the
nucleus was accompanied by inhibition of nuclear PP1 and marked
stimulation of the phosphorylation level of Ser10 of histone H3,
a key component of the nucleosomal response. Notably, drugs
of abuse, as well as food reinforcement learning, promote nuclear
accumulation of DARPP-32,but this did not occur in mice express-
ing Ser97Ala-DARPP-32, which remained preferentially nuclear.
Moreover, behavioral studies in mice indicated that mutation of
Ser97 profoundly altered a number of responses to drugs of abuse,
emphasizing the functional importance of this signaling cascade.

MODELING OF DARPP-32/PP1 SIGNAL TRANSDUCTION
The extensive studies of DARPP-32-dependent signaling have
provided significant insight into modes of signal transduction
machinery used by neurons to provide a coordinated set of appro-
priate physiological responses to multiple diverse stimuli including
neurotransmitters or drugs of abuse. In a broader context, a large
proportion of studies in the biological sciences are now devoted to
elucidating such signaling pathways, which are far more complex
than had been anticipated and for which it is often impossi-
ble to intuitively gage the relative importance of the different

components involved. As a result, alternative approaches including
mathematical modeling are necessary to understand the func-
tions of these complex signaling pathways. In this regard, several
recent studies have been carried out that use the DARPP-32/PP1
signaling network as a model (Fernandez et al., 2006; Barbano
et al., 2007; Lindskog, 2008; Nakano et al., 2010). While the mod-
els employ different components and use different approaches,
a number of common features emerge. As more details emerge
of the DARPP-32 network, these approaches are likely to become
more important, and be predictive of the in vivo state of striatal
neuron signaling.

In one study, a mathematical tool was developed that can elu-
cidate biological network properties by analyzing global features
of the network dynamics without relying on detailed informa-
tion about the concentrations of signaling components or rate
constants for the reaction pathways that link these components
(Barbano et al., 2007). The conclusions from this study were that
the network topology appears to serve to stabilize the net state
of DARPP-32 phosphorylation in response to variation of the
input levels of the neurotransmitters dopamine and glutamate,
despite significant perturbation to the concentrations and levels
of activity of the intermediate chemical species. A notable compo-
nent of the stability of the DARPP-32 network was the positive-
and negative-feedback modulatory phosphorylation pathways of
DARPP-32 involving CK1, CK2, and Cdk5.

Two other studies modeled overlapping components of the
DARPP-32 network, but attempted to estimate component con-
centrations and rate constants based on experimental data (Fer-
nandez et al., 2006; Lindskog, 2008). In particular the study by
Fernandez and colleagues presented a comprehensive number
of parameters, and incorporated three of the four phosphoryla-
tion sites in DARPP-32 (Thr34, Thr75, and Ser130), whereas the
Lindskog model was more limited in the number of components
and incorporated only Thr34 and Thr75. Notably, the Fernandez
model confirmed an important role of Cdk5 and Thr75 phospho-
rylation, but suggested less of a role for PKA-dependent activation
of PP2A. The model also analyzed the pattern of inputs from cal-
cium and cAMP, and investigated the effects of mutation of the key
phosphorylation sites in silico. The Lindskog model also empha-
sized the important role of phosphorylation of Thr75 by Cdk5,
its role in inhibiting PKA and the dephosphorylation of Thr75 by
PP2A following activation of PKA.

In a more recent study, elements of the DARPP-32 network have
been incorporated into a model of synaptic plasticity in a dendritic
spine from a MSN (Nakano et al.,2010). The model includes inputs
from NMDA, AMPA and mGluR glutamate receptors, dopamine
D1 receptors, and voltage-gated Ca2+ channels, with the output
being AMPA receptor trafficking to the post-synaptic membrane.
This model included DARPP-32 phosphorylated at Thr34, Thr75,
and Ser130, and also relied largely on experimentally derived para-
meters. In contrast to the Fernandez et al. (2006) study, the study
by Nakano and colleagues demonstrated a robust bi-stable behav-
ior for the PKA/PP2A/Thr75 element of the model, and suggested
that this could play an important role in the switch between long-
term potentiation and long-term depression in striatal neurons.
Together these models provide viable hypotheses for experimental
testing.
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DARPP-32 AND SCHIZOPHRENIA/DISEASE
The critical role of DARPP-32 in integrating dopaminergic, sero-
tonergic, and glutamatergic signaling in dopaminoceptive neu-
rons has suggested the possible involvement of DARPP-32 in
the pathophysiology of neuropsychiatric diseases. A potential
role for DARPP-32 signaling in psychogenesis was demonstrated
using a mouse model of schizophrenia and mutations affect-
ing DARPP-32 signaling. Phosphorylation of DARPP-32 by and
behavioral responses to diverse psychotomimetics were strongly
attenuated in mice with genetic deletion of DARPP-32 or with spe-
cific phospho-null mutations in the phosphorylation sites Thr34,
Thr75, and Ser130 (Svenningsson et al., 2003). This study showed
that phosphorylation of DARPP-32 at multiple sites involved in
its regulation of PP1 and PKA signaling is increased by psy-
chotomimetic drugs that target dopaminergic (amphetamine),
serotonergic (LSD), and glutamatergic (ketamine) signaling, and
that phosphorylation of DARPP-32 is crucial to their behavioral
actions.

In human studies, biochemical and neuropathological evidence
has implicated altered DARPP-32 function in both the positive
(psychotic) and negative (cognitive dysfunction) symptoms of
schizophrenia. DARPP-32 protein levels were reduced in post-
mortem samples of dorsolateral prefrontal cortex obtained from
14 schizophrenic subjects compared to matched controls (Albert
et al., 2002). This brain region that has been implicated in the pre-
frontal cognitive–affective dysfunction observed in schizophrenia,
and signaling in this area is subject to dopaminergic and seroton-
ergic modulation. Control experiments showed that this effect was
specific for DARPP-32 compared to two synaptic phosphoproteins
and was not secondary to neuroleptic drug use. An indepen-
dent study reported reduction in DARPP-32 protein expression
detected by immunoblotting and immunocytochemistry in post-
mortem dorsolateral prefrontal cortex samples from schizophrenic
and bipolar patients compared to controls (Ishikawa et al., 2007).
Reduced DARPP-32-immunoreactive cell density has been found
in postmortem samples of the superior temporal gyrus from schiz-
ophrenic patients, a brain region associated with structural and
functional abnormalities in schizophrenia (Kunii et al., 2011). In a
small flow cytometric analysis of DARPP-32 expression in periph-
eral immune cells, reduced levels of DARPP-32 were detected in
CD4+ T lymphocytes and CD56+ NK cells isolated from schiz-
ophrenic patients compared to controls (Torres et al., 2009). In
contrast, analysis by real time PCR of the expression of 17 genes
associated with dopamine signaling in dorsolateral prefrontal cor-
tex samples found increased DARPP-32 expression in patients with
schizophrenia or bipolar disorder compared to matched controls
(Zhan et al., 2011).

Analysis of DARPP-32 mRNA expression by in situ hybridiza-
tion found no change in postmortem dorsolateral prefrontal or
anterior cingulate cortex (Baracskay et al., 2006) or thalamus
(Clinton et al., 2005) samples from schizophrenic patients com-
pared to controls. This suggests that changes in protein expression
are translational or post-translation rather than transcriptional.
However a small underpowered study reported preliminary evi-
dence for reduced DARPP-32 mRNA expression and differences
in single nucleotide polymorphisms (SNPs) in postmortem pre-
frontal cortex samples between schizophrenic patients who died by

suicide compared to those who died from other causes (Feldcamp
et al., 2008). Studies in rodents have confirmed that neurolep-
tic medications do not affect DARPP-32 protein or mRNA levels
(Grebb et al., 1990; Baracskay et al., 2006; Souza et al., 2008).

A systematic search for mutations in the DARPP-32 gene
(PP1R1B) in Chinese schizophrenic patients identified a number
of coding and non-coding mutations. However follow-up SNP and
haplotype studies of additional schizophrenic patients and con-
trols showed no association of any of the variants with the disease
(Li et al., 2006). An analysis of five different SNPs in the PP1R1B
gene of 520 Chinese schizophrenic patients and 320 controls (Hu
et al., 2007), as well as a similar analysis of four SNPs in 384
Japanese schizophrenic subjects and 384 controls (Yoshimi et al.,
2008), found no association of any of the variants with the disease.
However a traditional genetic approach involving sequencing of
the PP1R1B gene in postmortem human brain from white and
African American subjects identified common non-coding single
nucleotide variants, mostly within a seven SNP haplotype, that
were associated with differences in mRNA expression, and neos-
triatal volume, activation and functional connectivity with the
prefrontal cortex (Meyer-Lindenberg et al., 2007). Moreover, the
haplotype was associated with a risk for schizophrenia in a pre-
liminary family based association study. Interestingly, the PP1R1B
gene is located at 17q12, near a region implicated in the risk for
development of schizophrenia (Lewis et al., 2003).

In summary, although there are some inconsistent findings,
studies have reported reductions in DARPP-32 protein expression
in human brain regions associated with schizophrenic pathology.
This change is not correlated with reduced mRNA expression or
specific genetic mutations, and is not associated with neuroleptic
treatment. It is most likely due to effects of the disease on protein
translation or post-translational modification of DARPP-32, or to
selective neuron loss. Further studies will be required to deter-
mine the mechanisms involved, the functional implications, and
the potential for therapeutic intervention.

ARPP-21 (RCS)
BIOCHEMICAL PROPERTIES
Regulator of calmodulin signaling (RCS) is a small, heat-stable,
acidic protein of 88 residues, with a calculated molecular mass of
9561 for the bovine protein (Hemmings Jr. and Greengard, 1989;
Williams et al., 1989). RCS is phosphorylated by PKA at a single
serine residue (Ser55, Figure 1; Hemmings Jr. et al., 1989). To date
no other phosphorylation sites have been identified. Studies using
striatal slices have found that Ser55 of RCS is phosphorylated in
response to activation of PKA by D1 receptor agonists, while acti-
vation of D2 receptors leads to decreased phosphorylation (Tsou
et al., 1993; Caporaso et al., 2000). Moreover, exposure of mice to
the psychostimulants methamphetamine or cocaine also increased
Ser55 phosphorylation (Caporaso et al., 2000). In vitro, phospho-
RCS is effectively dephosphorylated by PP1 and PP2A, but not by
PP2B or PP2C (Hemmings Jr. and Greengard, 1989), but studies
using DARPP-32 knockout mice suggest little involvement of PP1
in vivo (Caporaso et al., 2000).

The protein is predicted to have little secondary or tertiary
structure, and like DARPP-32 and ARPP-16, is likely to be an
intrinsically disordered protein. The amino acid sequence gives
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no insight into its potential function, and RCS has no similarity to
any other protein except for a thymocyte-specific variant, termed
thymus-specific cyclic AMP-regulated phosphoprotein (TARPP),
that is alternatively spliced from the RCS gene (Kisielow et al.,
2001). TARPP protein is highly expressed in immature thymocytes,
where it may have a role in thymocyte development. However,
TARPP is expressed at very low levels in brain.

EXPRESSION PROFILE
Extensive immunocytochemical analysis has shown that within
the basal ganglia, DARPP-32, RCS, and ARPP-16 are all highly
expressed in the MSNs that are the targets for mesolimbic and
nigrostriatal dopamine systems (Ouimet et al., 1984, 1989; Girault
et al., 1990; Figure 1). While DARPP-32, RCS, and ARPP-16 are all
enriched in these brain regions, the precise localizations of these
proteins are not identical. Studies in rat have revealed that RCS
immunostaining is more intense in the nucleus accumbens than
in the caudatoputamen (Ouimet et al., 1989). RCS, like DARPP-
32 and ARPP-16, is a cytoplasmic protein that does not appear to
be enriched in any particular sub-cellular compartment. Within
the caudatoputamen, RCS immunoreactivity is strongest in the
medial portion of rostral sections of the nucleus accumbens. In
contrast to DARPP-32, for which most MSNs in the striatum were
immunoreactive, RCS staining was not present in all MSNs. The
distribution of DARPP-32 and RCS are also distinct in cortical
regions, including the frontal cortex where RCS is found in layers I
and II, whereas DARPP-32 is more concentrated in deeper layers.
Thus, RCS and DARPP-32 may subserve overlapping but distinct
roles in signal transduction processes that are specific to one or
another population of neurons present within different regions of
the basal ganglia.

REGULATION OF CALMODULIN BY RCS
A yeast two-hybrid system, used to study potential protein-
protein interactions, identified the ubiquitous Ca2+-binding pro-
tein calmodulin (CaM) as a binding partner for ARPP-21 (Rakhilin
et al., 2004). The interaction between ARPP-21 and CaM was con-
firmed using a variety of biochemical approaches. Notably, phos-
phorylation of ARPP-21 by PKA resulted in increased affinity of
the protein for CaM. Phosphorylated, but not dephosphorylated,
ARPP-21 effectively inhibited the activities of the CaM-dependent
protein phosphatase, calcineurin, and a CaM kinase (CaMKI). The
inhibitory activity of phospho-RCS appears to result from seques-
tration of CaM, thereby preventing CaM binding to these targets.
Although CaM is expressed in very high concentrations in most
cell types (possibly >100 μM), the level of CaM is significantly
lower than that of all of its targets. Thus the amount of free CaM
is limited and phosphorylation of RCS would be expected to influ-
ence CaM-dependent signaling by regulating its availability. Based
on these properties, ARPP-21 was renamed RCS.

As mentioned above, in MSNs, calcineurin plays a critical role in
dephosphorylation of Thr34 of DARPP-32. For example, in striatal
slices D2-receptor agonists activate calcineurin leading to dephos-
phorylation of Thr34 of DARPP-32 (Nishi et al., 1999). Consistent
with the role of RCS to suppress calcineurin activity, the effect of
the D2-receptor agonist, quinpirole, on Thr34 dephosphorylation,

was greater in striatal neurons from RCS knockout mice (Rakhilin
et al., 2004).

Previous studies had found that calcineurin is a potent regulator
of L-type Ca2+ channels in MSNs (Hernandez-Lopez et al., 2000).
Mobilization of intracellular Ca2+ stores by activation of either D2
dopaminergic or M1 muscarinic receptors leads to activation of
calcineurin and suppression of L-type Ca2+ channel currents. Fol-
lowing on from this earlier work, studies using neurons from RCS
knockout mice showed that the protein plays an important role
in modulation of L-type Ca2+ current by D2 dopaminergic or by
M1 muscarinic receptors through its PKA-mediated suppression
of calcineurin (Rakhilin et al., 2004).

ROLE OF RCS IN TRANSCRIPTIONAL CONTROL BY MEF2
The myocyte enhancer factor 2 (MEF2) transcription factor has
been found to play an important role in the behavioral responses
to repeated cocaine administration, and to be also involved in
the effects of this psychostimulant on the dendritic spine mor-
phology of MSNs in nucleus accumbens and dorsal striatum
(Flavell et al., 2006; Shalizi et al., 2006). MEF2 activity is stim-
ulated by glutamatergic synaptic activity, which increases Ca2+
influx via L-type voltage-sensitive Ca2+ channels (LT-VSCCs) and
activation of Ca2+/calmodulin (Ca2+/CaM)-dependent signaling
pathways. Ca2+/CaM then stimulates calcineurin to dephospho-
rylate MEF2, including two inhibitory Cdk5 sites, to promote
MEF2 activation. Recent studies showed that cocaine suppresses
striatal MEF2 activity in part through a mechanism involving
cAMP, RCS, and calcineurin (Pulipparacharuvil et al., 2008).
Reduced MEF2 activity in the nucleus accumbens in vivo was
found to be required for the cocaine-induced increases in den-
dritic spine density. Surprisingly, increased MEF2 activity in the
accumbens, which blocked the cocaine-induced increase in den-
dritic spine density, enhanced sensitized behavioral responses to
cocaine. Together, these findings implicate MEF2 as a key regu-
lator of structural synapse plasticity and sensitized responses to
cocaine and suggest that reducing MEF2 activity (and increasing
spine density) in the nucleus accumbens may be a compensatory
mechanism to limit long-lasting maladaptive behavioral responses
to cocaine. The fact that RCS plays a role in the regulation of
MEF2 dephosphorylation suggests that it likely is involved in the
processes whereby psychostimulants can increase spine density in
MSNs.

FUNCTIONAL ROLE OF RCS IN ANXIETY AND MOTIVATION
Regulator of calmodulin signaling expression is high in the dor-
sal striatum, nucleus accumbens, and amygdala, suggesting that
the protein is involved in limbic–striatal function. RCS knock-
out mice have been recently created and examined in terms of
behavioral models dependent on these brain areas (Davis et al.,
in revision). While RCS knockout mice showed normal acquisi-
tion of a food-motivated instrumental response, they exhibited
a lower breakpoint when tested on responding on a progressive
ratio schedule of reinforcement. Moreover, RCS knockout mice
displayed decreased exploration in both the open arms of an
elevated plus maze and in the center region of an open field,
suggesting an enhanced anxiety response. Notably, biochemical
studies revealed a reduction in the levels of DARPP-32 and of the
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GluR1 glutamate receptor in the striatum of the knockout mice.
As DARPP-32 and GluR1 are important in the acquisition and
maintenance of reward-mediated behavior, the altered expression
of these proteins might be involved in the behavioral deficits found
in RCS knockout mice.

ROLE OF RCS IN STRIATAL SIGNALING
By binding CaM and inhibiting calcineurin, phospho-RCS has the
ability to amplify signaling mediated by D1-dopamine receptors
and other PKA-mediated GPCRs, and to attenuate signaling medi-
ated by competing D2 dopamine receptors, M1 muscarinic recep-
tors and other PLC-activating GPCRs. The ability of phospho-RCS
to inhibit calcineurin is analogous to that of phospho-DARPP-32
to inhibit PP1. Working in concert, these two signal transduction
mechanisms serve to amplify the cellular consequences of PKA
activation in MSNs (Figure 3). Notably, through its ability to con-
trol the dephosphorylation of Thr34 of DARPP-32 by calcineurin,
the actions of RCS may in part be mediated through its ability
to regulate DARPP-32 signaling (Figure 3). The observation that
DARPP-32 expression is reduced in striatum in RCS knockout
mice, further supports the view that RCS function may in part be
dependent on DARPP-32. Altogether the various results indicate
that RCS plays an important role in integration of key neurotrans-
mitter inputs into MSNs, placing it in a potentially pivotal position
to regulate striatal function in health and disease through bind-
ing to CaM and affecting the activation of multiple CaM targets,
particularly calcineurin.

FIGURE 3 | Interactive roles of DARPP-32, RCS, and ARPP-16 in

regulation of signal transduction in striatal MSNs. The efficacy of
phosphorylation by PKA of numerous PKA/PP1 substrates is increased by
PKA phosphorylation of DARPP-32, which inhibits PP1. In an analogous
manner, the efficacy of phosphorylation by PKA of numerous PKA/PP2B
substrates is increased by PKA phosphorylation of RCS, which inhibits
PP2B. In contrast, ARPP-16 appears to be basally phosphorylated by
MAST3 kinase, leading to inhibition of the action of PP2A on selective
substrates including Thr75 of DARPP-32 (a site that acts basally to attenuate
PKA’s ability to phosphorylate Thr34 of DARPP-32; not shown, see
Figure 2). PKA may modulate the ability of MAST to phosphorylate
ARPP-16 or influence the effect of ARPP-16 on PP2A. RCS and ARPP-16 in
different ways may act to control DARPP-32’s ability to inhibit PP1.

ARPP-16
BIOCHEMICAL PROPERTIES
Initial biochemical studies indicated that ARPP-16 and a related
protein, ARPP-19, are very basic, heat- and acid-stable monomers
without known enzymatic activity (Horiuchi et al., 1990). The
molecular weights predicted from cDNA cloning (10,653 and
12,353 Da, respectively for the bovine proteins) are significantly
lower than their respective SDS-PAGE mobility (16 and 19 kDa).
Thus like DARPP-32 and RCS, this is indicative of elongated asym-
metric structure, although notably ARPP-16 migrates with an
apparent molecular weight that is smaller than RCS, yet the pro-
tein is slightly longer in terms of amino acid content (Figure 1).
As with DARPP-32 and RCS, this combination of biochemical
properties is common for small non-enzymatic intracellular regu-
latory proteins. NMR studies have confirmed that ARPP-19 (and
by implication ARPP-16) are intrinsically unstructured proteins
(Huang et al., 2001).

Based on comparison of amino acid sequences, ARPP-16 and
ARPP-19 are members of an evolutionarily conserved protein
family with multiple isoforms (Dulubova et al., 2001; Figure 4).
ARPP-16 and ARPP-19 are derived from the same gene by alterna-
tive splicing, with ARPP-19 having an additional 16 amino acids at
its N-terminus. The amino acid sequences of ARPP-16 and ARPP-
19 are remarkably conserved in various species including human,
bovine, and rodents, although frog and chicken ARPP-19 contain
a few differences. ARPP-19 is closely related to alpha-endosulfine
(or ENSA), a protein originally identified as a putative endogenous
ligand of the sulfonylurea receptor (Heron et al., 1998; see below).
In addition, open reading frames predicted from genomic or EST
sequences suggest the existence of other ARPP-16/19 homologs.
One of these is more closely related to ENSA, and may be a splice
variant of the ENSA gene.

ARPP-16 and ARPP-19 are encoded by three exons. Exon 1
(13.4 kb upstream) encodes the N-terminal extension found in
ARPP-19, while the other two exons encode ARPP-16. The ARPP-
16/19 gene is located on Chr15 (in human). There is a sequence
related to that of ARPP-16/19 on Chr5 but this may be a pseudo-
gene since it is not spliced, and though very similar in DNA
sequence, is not identical to the Chr15 sequences, and encodes

FIGURE 4 | Domain organization of ARPP-16/19/ENSA family

members. ARPP-16 and ARPP-19 are generated by alternative splicing with
ARPP-19 containing an additional 16 amino acids at the N-terminus. ENSA is
generated from a distinct gene, and contains a 20-amino acid N-terminal
region distinct from ARPP-19. Within the conserved domains of the three
proteins (blue), ARPP-16 and ARPP-19 are identical and ENSA is highly
homologous. MAST kinases (or Gwl in non-mammalian systems)
phosphorylate a common serine residue in a conserved central domain,
while PKA phosphorylates a conserved site at the C-terminus.
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a slightly different amino acid sequence. With respect to ENSA, a
similar situation occurs. The correct spliced gene is found on Chr1
and a likely pseudogene is found on Chr14 (in human).

Comparison of the various related amino acid sequences reveals
that ARPP-16 represents the core structure, with the other iso-
forms containing additional and distinct N- or C-termini. ENSA
differs slightly from ARPP-16 within the core structure (16 out
of 96 amino acids are changed; Dulubova et al., 2001). In addi-
tion, homologs of ARPP-16/19 have been identified in Drosophila,
Schistosoma mansoni, Caenorhabditis elegans, and yeast genomes.
Two regions are conserved in all species, the first of which contains
a motif of eight residues, KYFDSGDY, that includes a novel phos-
phorylation site (see further discussion below) and the second of
which encompasses the site phosphorylated by PKA in mammalian
species and presumably in other organisms. PKA phosphorylates
ARPP-16 at Ser88 (Ser104 in ARPP-19). In mouse striatal slices,
the phosphorylation of both ARPP-16 and ENSA isoforms was
found to be increased following stimulation of adenylyl cyclase
by forskolin (Dulubova et al., 2001). Treatment of striatal slices
with a specific D1-agonist (SKF81297) also increased phospho-
rylation of ARPP-16 and ENSA. In contrast, treatment with a
specific D2-agonist (quinpirole) decreased both the basal level
and the D1-stimulated phosphorylation of both ARPP-16 and
ENSA.

EXPRESSION PROFILE
Given the criteria for the protein screen that led to its discov-
ery, enrichment of ARPP-16 in the basal ganglia was already
known. Subsequent work by immunoblotting of specific brain
regions and peripheral organs in addition to immunocytochem-
istry and in situ hybridization studies confirmed that ARPP-16 is
found mainly in the striatonigral neurons in the dorsal striatum,
as well as the nucleus accumbens, amygdala, and frontal cortex
(Girault et al., 1990; Brene et al., 1994). Isoform-specific anti-
bodies have been used to show that both ARPP-19 and ENSA
isoforms are present in rat brain cytosol, and comigrate within
the 19-kDa region. However, ENSA is much more abundant in
rodent striatum compared to ARPP-19. In contrast, ARPP-19 was
found to be the major isoform in all cell lines analyzed. Since the
core ARPP-16 sequence is common to all the related isoforms,
there is not an antibody available that only recognizes ARPP-16.
However, as expected from earlier work, ARPP-16 was detected
by immunoblotting only in brain with high enrichment in the
striatum. The phylogenic distribution of ARPP-16 has also been
described (Girault et al., 1990). Interestingly, by immunoblot-
ting, ARPP-16 was found in the striatum (or paleostriatum in
non-mammalian eukaryotes) and frontal cortex of monkey, rat,
mouse, cow, rabbit, and canary; whereas, it was not present in
pigeon, amphibians, fish, or Aplysia. Immunoblotting from mouse
tissue samples taken at various points in development revealed
that ARPP-16 is present at its highest levels from 3 to 8 postna-
tal weeks when expression plateaus, whereas ARPP-19/ENSA are
found at their highest level at embryonic day 16 and decline with
development (Girault et al., 1990).

The molecular mechanism involved in the alternative splicing
of ARPP-16 in striatal neurons is not presently known. Hyman
and colleagues found that ania-6, a novel cyclin that associates

with RNA polymerase II, is induced by dopamine or cocaine in
the striatum (Berke et al., 2001; Nairn and Greengard, 2001). Two
splice forms of ania-6 are differentially regulated in striatal neu-
rons in response to glutamate, dopamine, and BDNF (Sgambato
et al., 2003). The regulatory pathways included both ERK and
CaM kinase(s). Therefore, it is possible that regulation of expres-
sion of ARPP-16, as well as other alternatively spliced genes in
striatal neurons, may be sensitive to modulation of these different
intracellular pathways.

POTENTIAL FUNCTIONS OF ARPP-16
As with DARPP-32 and RCS, the initial analysis of the amino acid
sequence of ARPP-16 did not reveal any obvious function. One
study showed a reduction in total protein level of ARPP-19 in
the temporal lobe from postmortem samples of individuals with
Down’s syndrome as well as reduced ARPP-19 in the cerebellum
of patients with Alzheimer’s disease (Kim et al., 2001). Several
studies have identified possible functions for both ARPP-19 and
ENSA. A role for ARPP-19 in nerve growth factor-dependent stabi-
lization of the mRNA for growth-associated protein-43 (GAP-43)
was suggested (Irwin et al., 2002). However, the specific interac-
tion of ARPP-16 or ARPP-19 with GAP-43 mRNA has not been
confirmed by follow-up studies (Andrade and Nairn, unpublished
results). A role for ARPP-19, as well as ENSA, in interacting with
α-synuclein has also been suggested (Woods et al., 2007; Boettcher
et al., 2008). While this interaction appears to be possible in vitro,
its physiological relevance remains to be established.

ENSA was originally named after studies that identified it as a
possible endogenous regulator of the KATP-coupled sulfonylurea
receptor, which is targeted by the class of antidiabetic drugs, the
sulfonylureas (Virsolvy-Vergine et al., 1992, 1996; Peyrollier et al.,
1996). Further studies found that recombinant ENSA was able
to compete with [3H]-glibenclamide (a sulfonylurea) in receptor
binding assays as well as to increase insulin release in MIN6 cells,
a pancreatic β-cell line (Heron et al., 1998). However, it is unlikely
that ENSA, a cytosolic protein, could fulfill such a role in vivo
(Gros et al., 2002).

REGULATION OF THE SERINE/THREONINE PROTEIN PHOSPHATASE
PP2A BY ARPP-16 FAMILY MEMBERS
The homolog of ARPP-19 in S. cerevisiae, YNL157W, has an
unknown function, although reduced fitness in minimal media
has been shown in null strains (Giaever et al., 2002). No significant
phenotype was observed with deletion of the ARPP-19 homolog,
K10C3.2, in C. elegans (Rogers et al., 2008). However, mutant
ENSA in Drosophila oocytes exhibit marked meiotic maturation
(Von Stetina et al., 2008). Moreover, mice null for ARPP-16/19
exhibit embryonic lethality (Horiuchi and Nairn, unpublished),
suggestive of a critical function for the protein(s).

Two recent studies of mitosis in Xenopus oocytes have unex-
pectedly revealed a critical functional role for ARPP-19 and ENSA
in control of the G2/M phase of the cell cycle (Gharbi-Ayachi
et al., 2010; Mochida et al., 2010). Both of these studies were
focused on indentifying substrates for a kinase, termed Great-
wall (Gwl), that was known to provide a link between Cdk1, the
cyclin-dependent controller of mitosis, and the inhibition of pro-
tein phosphatase 2A (PP2A; Virshup and Kaldis, 2010). Through
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activation by Cdk1, Gwl was thought to regulate PP2A as part of a
positive feed-back mechanism designed to increase the phospho-
rylation of mitotic substrates for Cdk1. Using proteomic screens
for Gwl substrates, one study identified ARPP-19 (Gharbi-Ayachi
et al., 2010), while the other identified ENSA (Mochida et al.,
2010), as the major targets for Gwl in oocytes. Gwl phosphorylates
the serine residue in the conserved KYFDSGDY domain (Ser62 in
ARPP-19, Ser67 in ENSA, Ser46 in ARPP-16), resulting in the bind-
ing of ARPP-19 or ENSA to PP2A, and subsequent inhibition of
PP2A activity.

A similar role for ARPP-19 or ENSA in regulation of mito-
sis in mammalian cells is implicated by preliminary studies in
HeLa cells (Gharbi-Ayachi et al., 2010), and by other studies which
have revealed a critical role for the mammalian homolog of Gwl,
termed microtubule-associated serine/threonine kinase-like (for
MASTL) in cell cycle control (Voets and Wolthuis, 2010). Notably,
biochemical studies of ARPP-16 have found that it can interact
directly with the core AC dimer of PP2A (the A scaffolding and
C catalytic subunits; Andrade et al., in preparation). Additional
studies have found that Ser46 of ARPP-16 is phosphorylated to
very high levels under basal conditions in striatal tissue. It is
likely that the MAST3 isoform, which is related to MASTL and
Gwl, phosphorylates ARPP-19 at Ser46 since this isoform is highly
expressed in striatum (Garland et al., 2008). Moreover, in vitro,
ARPP-16 phosphorylated by MAST kinase inhibits a number of
different PP2A heterotrimeric complexes. Finally, phosphoryla-
tion of several PP2A substrates is increased in striatal tissue from
conditional knockout mice in which ARPP-16 has been deleted
in forebrain, including Thr75 of DARPP-32 (see Figure 3). These
studies suggest that while MAST/Gwl/ARPP-16/19/ENSA signal-
ing serves to regulate PP2A in post-mitotic neurons as well as
at mitosis, the way this process is used is distinct, with PP2A
being basally inhibited in MSNs, while PP2A is transiently inhib-
ited by ARPP-19/ENSA during mitosis. MAST/ARPP-16 signaling
in MSNs is also distinct from the directionality of regulation of
DARPP-32 and RCS, where stimulation of PKA converts them
from inactive proteins, into inhibitors of PP1, or PP2B (via CaM
sequestration), respectively. The precise role of phosphorylation
of ARPP-16 by PKA in terms of regulation of PP2A remains to be
determined.

SUMMARY AND FUTURE DIRECTIONS
The studies of DARPP-32, RCS, and ARPP-16 over the last three
decades has provided a wealth of understanding of the intracel-
lular signaling pathways that mediate the effects of dopamine in
striatal neurons. Perhaps the most striking feature of the func-
tion of these proteins is that they all act in one way or another
to control the activity of three of the four major subclasses of
serine/threonine protein phosphatases. Presumably, in MSNs this
is a reflection of the temporal and possibly spatial requirements
for intracellular signaling responding to dopamine and other neu-
rotransmitter inputs that coordinate with dopamine action. As
perhaps best exemplified by the ability of DARPP-32 to control
the activation of ERK-dependent signaling at multiple levels first
in the cytosol and then in the nucleus, the DARPP-32/PP1 pathway
seems designed to be able to couple weak or strong inputs to spe-
cific cellular responses. In this respect, DARPP-32/PP1 may be an

important component of a logical “AND gate” that serves to cou-
ple the actions of drugs abuse to coincident activation of DA and
glutamate receptors and subsequently to regulation of adaptive
changes in ERK signaling in the nucleus (Girault et al., 2007).

It is of interest that while DARPP-32, RCS, and ARPP-16 all
act to control protein phosphatase activity they work in different
ways. Both DARPP-32 and RCS are inactive until phosphory-
lated by PKA. DARPP-32 is a very potent direct pseudosubstrate
inhibitor of PP1, while RCS works indirectly to regulate cal-
cineurin. Phospho-ARPP-16 appears to act basally as an inhibitor
of PP2A, and PKA likely modulates this action. Common to all
three proteins are that they are intrinsically disordered proteins, a
property that allows for great flexibility in terms of how they can
interact with their targets. At least in the case of DARPP-32 and
ARPP-16, they are regulated by multiple protein kinases, and thus
act as regulatory hubs to integrate the actions of various neuro-
transmitters, and to allow for both positive and negative feedback
processes to act on the regulation of the phosphatase targets.

While extensive immunocytochemical analysis has shown that
all three proteins are highly expressed in MSNs, their precise
localizations are not identical. For example, RCS is more highly
expressed in nucleus accumbens in more rostral regions. Thus,
while these three PKA targets likely function in an integrated
manner in MSNs to coordinate dopaminergic signaling, they
may also contribute to distinct actions of dopamine in sub-
populations MSNs. While detailed studies have only been carried
out for DARPP-32, it appears that all three proteins are expressed
in both D1- and D2-MSNs. As a consequence, their regulation
by cAMP/PKA signaling is likely to be distinct in these two
major populations of striatal neurons. In D1-MSNs, increased
cAMP would act to increase phosphorylation by PKA, while
in D2-MSNs activation of D2 receptors would act to decrease
phosphorylation by PKA. Extensive studies of DARPP-32 have
identified a complex network of both positive and negative feed-
back processes that involve regulation of multiple sites by var-
ious kinases and phosphatases. The flexibility of these complex
signaling processes may be required to allow the divergent reg-
ulation of DARPP-32 in D1- and D2-MSNs. It is also likely that
DARPP-32, RCS, and ARPP-16 are themselves part of a more com-
plex interacting signaling system, since both RCS and ARPP-16
can influence DARPP-32 phosphorylation at different sites (see
Figure 3).

Despite the wealth of information concerning the regulation
and function of DARPP-32, RCS, and ARPP-16, there are still out-
standing questions. There is no detailed structural information
about how the proteins interact with their targets, and additional
X-ray crystallography and NMR studies are required. While there
is some knowledge concerning the function of PP1 in the nucleus,
the precise targets for nuclear DARPP-32 remain to be identified.
To date most of the functional analysis of DARPP-32, RCS, and
ARPP-16 has been restricted to their actions in MSNs of striatum,
but it is likely that even at lower levels of expression in other brain
regions, they play important roles in neuronal signaling.
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Striatal-enriched protein tyrosine phosphatase (STEP) has recently been implicated
in several neuropsychiatric disorders with significant cognitive impairments, including
Alzheimer’s disease, schizophrenia, and fragile X syndrome. A model has emerged by
which STEP normally opposes the development of synaptic strengthening and that dis-
ruption in STEP activity leads to aberrant synaptic function. We review the mechanisms
by which STEP contributes to the etiology of these and other neuropsychiatric disorders.
These findings suggest that disruptions in STEP activity may be a common mechanism for
cognitive impairments in diverse illnesses.
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INTRODUCTION
Although the genetic basis of cognition is poorly understood, there
is a general agreement that normal cognitive function relies on
environmental, genetic, and molecular interactions (Heyes and
Huber, 2000). These interactions mediate the association between
specific behaviors, rewards, and punishments, enabling individuals
to respond effectively to their environment. Cognitive impair-
ments present in numerous neuropsychiatric disorders, including
Alzheimer’s disease (AD; Folstein and Whitehouse, 1983), schiz-
ophrenia (SZ; Gold and Harvey, 1993), fragile X syndrome (FXS;
Smith, 1993), Huntington’s disease (HD; Bourne et al., 2006),
hypoxic–ischemic brain injury (Anderson and Arciniegas, 2010),
and alcohol use disorders (Bates et al., 2002).

Striatal-enriched protein tyrosine phosphatase (STEP) has
emerged as a critical enzyme in the signaling pathways that appear
to contribute to the cognitive impairments in each of these neu-
ropsychiatric disorders. STEP is a brain-specific phosphatase that
is highly expressed within the striatum (Lombroso et al., 1991) as
well as the cortex, hippocampus, and amygdala (Lombroso et al.,
1993; Boulanger et al., 1995). After transcription of the Ptpn5 gene,
alternative splicing produces mRNAs that encode four isoforms
(STEP20, STEP38, STEP46, and STEP61); however, only STEP46

and STEP61 contain an active phosphatase domain (Sharma et al.,
1995; Bult et al., 1996, 1997; Figure 1). STEP46 is expressed primar-
ily in the cytoplasm whereas STEP61 is targeted to the postsynaptic
density, extrasynaptic sites, and the endoplasmic reticulum (Lom-
broso et al., 1993; Boulanger et al., 1995; Goebel-Goody et al.,
2009).

STEP46 and STEP61 activity are regulated by the phosphoryla-
tion of a serine (Ser) residue (Ser49 and Ser221, respectively) within
a kinase-interacting motif (KIM), a binding site for all STEP sub-
strates. Phosphorylation at this site sterically prevents STEP from
associating with all of its substrates. Stimulation of glutamate

N -methyl-d-aspartate receptors (NMDARs) dephosphorylates
and activates STEP through a calcineurin/PP1 pathway (Paul et al.,
2003; Valjent et al., 2005). When activated, STEP dephosphorylates
tyrosine (Tyr) residues on its substrates, causing their inactivation,
or in the case of glutamate receptors, promoting their internal-
ization from synaptosomal surface membranes (Figure 2; only
NMDAR internalization shown for clarity).

Substrates of STEP include the GluN2B (previously called
NR2B) subunit of the NMDAR (Braithwaite et al., 2006), the
GluA2 (previously called GluR2) subunit of the α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR;
Zhang et al., 2008), as well as the kinases Fyn (Nguyen et al.,
2002) and Pyk2 (Xu et al., 2010),and the mitogen-activated protein
kinases (MAPKs) extracellular-regulated kinase 1/2 (ERK1/2) and
p38 (Munoz et al., 2003; Paul et al., 2003; Chen et al., 2009). Stimu-
lation of dopamine D1 receptors (D1Rs), or blockade of dopamine
D2 receptors (D2Rs), activates cyclic adenosine monophosphate
(cAMP)-dependent protein kinase A (PKA; Stoof and Kebabian,
1981), which phosphorylates and prevents STEP46 and STEP61

from interacting with their substrates (Paul et al., 2000). D1R stim-
ulation can also activate a cAMP-independent cascade in which
Fyn phosphorylates GluN2B, potentiates NMDAR activity, and
activates ERK (Pascoli et al., 2011). These actions compliment
the actions of cAMP-dependent STEP inactivation, because inac-
tivation of STEP activates Fyn and ERK, and leads to NMDAR
internalization.

Synaptic plasticity refers to a change in synaptic efficacy
between neurons, which is fundamental to learning, memory, and
cognition (Silva, 2003). This dynamic process requires synaptic
efficacy to strengthen (long-term potentiation; LTP) or weaken
(long-term depression; LTD) in response to developmental and
environmental signals. Long-term potentiation is the most widely
supported molecular model of memory (Bliss and Collingridge,
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1993). It has recently become clear that LTP and LTD are not dis-
crete phenomena, but rather complimentary processes with com-
plex modulation that allow experiences to continuously reshape
neural function (Malenka and Bear, 2004). As is discussed fur-
ther below, STEP is currently believed to modulate both LTP and
LTD through its ability to regulate internalization of NMDARs
and AMPARs.

Glutamatergic transmission is essential for both LTP and LTD.
While LTP is facilitated by the coordinated actions of NMDARs
and AMPARs, metabotropic glutamate receptor (mGluR) activity

is important to the development of LTD. Moreover, glutamatergic
signaling is often modulated by dopaminergic (Centonze et al.,
2001; Calabresi et al., 2007), β-adrenergic (Vanhoose and Winder,
2003), and nicotinic cholinergic stimulation (Dajas-Bailador and
Wonnacott, 2004), as well as by other neuromodulators (Jin et al.,
2005; Mony et al., 2009).

Striatal-enriched protein tyrosine phosphatase has recently
been implicated in the pathophysiology of AD, schizophrenia,
FXS, HD, hypoxic–ischemic brain injury, and other neuropsy-
chiatric disorders. This important discovery suggests that several

FIGURE 1 | Structure of STEP. Both STEP46 and STEP61 contain a
kinase-interacting motif (KIM) domain, necessary for binding to all substrates,
and a protein tyrosine phosphatase (PTP) domain with a catalytic site (ˆ). In
addition, STEP61 has two polyproline (PP) domains, the first of which interacts
with Fyn, and two transmembrane (TM) domains that target STEP61 to the

endoplasmic reticulum or postsynaptic density. Whereas STEP61 has two
serine (Ser) phosphorylation sites, STEP46 contains only one within the KIM
domain. The additional phosphorylation site on STEP61 may facilitate
proteolytic cleavage of STEP61 to produce an inactive STEP33 fragment that is
unable to bind substrates due to cleavage within the KIM domain.

FIGURE 2 | Regulation of STEP phosphorylation. D1R stimulation
phosphorylates and inactivates STEP through a cAMP/PKA pathway.
Glutamatergic stimulation of NMDARs reverses this process by
dephosphorylation and activation of STEP through a calcineurin/PP1 pathway.
Active STEP dephosphorylates regulatory tyrosines within STEP substrates.

STEP dephosphorylation of Fyn, Pyk2, ERK1/2, and p38 leads to their
inactivation; however, STEP dephosphorylation of GluN2B and GluA2 subunits
results in internalization of NMDARs and AMPARs, respectively, from
synaptosomal surface membranes. Only NMDARs are shown in the figure for
clarity.
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cognitive disorders that were previously regarded as distinct ill-
nesses may share a common molecular pathway. Other proteins
and STEP-independent mechanisms surely contribute to cogni-
tive impairments, but this review focuses on the role of STEP in
the pathogenesis of these neuropsychiatric disorders.

ALZHEIMER’S DISEASE: AMYLOID BETA LEADS TO
INCREASED STEP61 ACTIVITY
Alzheimer’s disease is a common form of dementia that causes
progressive cognitive impairment, most notably in memory and
semantic–lexical language (Huff et al., 1987). Cognitive impair-
ments are accompanied by behavioral alterations such as agitation,
dysphoria, and apathy (Mega et al., 1996). The German psychiatrist
Alois Alzheimer was the first to describe the hallmark patho-
genic signs of the disease in brain autopsies: neurofibrillary tangles
and plaques. This observation promoted the hypothesis that AD
progression is mediated by these neuroanatomical abnormalities
(Hardy and Higgins, 1992). In the 1980s, tau was identified as the
main constituent of neurofibrillary tangles (Goedert et al., 1989)
and amyloid β (Aβ) proteins as the main constituent of plaques
(Tanzi et al., 1987). These findings led to the hypothesis that
hyperphosphorylated tau protein (Alonso et al., 1996) and insol-
uble aggregates of Aβ peptide formed from mutated amyloid
precursor protein (Cai et al., 1993; Suzuki et al., 1994) were a
possible mechanism underlying the pathology of AD.

The focus shifted in 1991 from extracellular deposits to a dis-
ruption in synaptic function when Terry et al. (1991) showed
that cortical synaptic density correlated more strongly with cogni-
tive impairments than plaque density. In support of the synaptic
hypothesis of AD, tau has been shown to reduce anterograde

transport even before it aggregates in neurofibrillary tangles (Man-
delkow et al., 2003). Moreover, soluble Aβ oligomers impair synap-
tic function before neuronal loss occurs (Lue et al., 1999). These
oligomers directly bind to and chronically activate nicotinic acetyl-
choline receptors (nAChRs), causing sustained increases in intra-
cellular Ca2+ concentrations (Dougherty et al., 2003). In addition,
these oligomers reduce NMDAR-dependent synaptic transmission
and Ca2+ influx, resulting in the loss of synapses in rat hippocam-
pal neurons (Cullen et al., 1996; Shankar et al., 2007). Finally,
exogenous application of Aβ to neuronal cell cultures and tissue
slices alters spine architecture and blocks LTP, and in vivo infu-
sions impair cognitive function in rodents (Walsh et al., 2002;
Lacor et al., 2007; Shankar et al., 2007, 2008).

The underlying mechanisms of Aβ-induced reductions in
synaptic function remain a focus of intense research. Snyder et al.
(2005) directly tested whether Aβ disrupts surface expression of
NMDARs. They demonstrated that Aβ binds α7 nAChRs, lead-
ing to Ca2+ influx and activation of a calcineurin/PP1 pathway.
PP1 dephosphorylates and activates STEP, which inhibits Fyn
and promotes internalization of NMDARs and AMPARs from
synaptosomal membrane surfaces (Figure 3). Chin et al. (2005)
also found increased levels of STEP protein and decreased Fyn
activity in the dentate gyrus of a transgenic mouse model of AD
(the J20 mouse line).

Recently, Kurup et al. (2010) demonstrated that a second path-
way increases STEP61 activity in AD brains. This is due to a
disruption in the normal degradation of STEP61 as a result of
an Aβ-mediated inhibition of the proteasome. Because STEP61

is normally ubiquitinated and degraded by the ubiquitin protea-
some pathway, inhibition of the proteasome results in substantial

FIGURE 3 | Striatal-enriched protein tyrosine phosphatase and

Alzheimer’s disease. Cognitive impairments in AD appear before the
formation of Aβ plaques, suggesting that soluble Aβ may affect synaptic
function. Soluble Aβ increases both STEP levels and phosphorylation. First,
soluble Aβ inhibits STEP degradation by an Aβ-mediated inhibition of the
ubiquitin proteasome pathway. Second, soluble Aβ directly binds and activates

α7 nAChRs, leading to Ca2+ influx and activation of calcineurin. Calcineurin/PP1
then dephosphorylates and activates STEP. Active STEP promotes the
dephosphorylation of Fyn, GluA2, and GluN2B (and other substrates not
depicted). Dephosphorylation of Fyn inactivates it whereas dephosphorylation
of GluN2B and GluA2 leads to NMDAR and AMPAR internalization from
synaptosomal surface membranes and disruption of synaptic function.
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increases in STEP61 in brain samples from both human AD and
mouse models.

If increased STEP61 levels contribute to the pathophysiology
of AD, then reducing them might reverse its biochemical and
cognitive deficits. Zhang et al. (2010) tested this hypothesis in
a mouse model of the disease by genetically decreasing STEP
levels and demonstrating restored cognitive function in 6-month-
old AD mice null for STEP. Importantly, cognitive impairments
improved despite a continued elevation of Aβ and phosphory-
lated tau. It remains to be determined whether older AD mice
(i.e., 12-months old) with a similar genetic reduction in STEP also
have improved cognitive functioning. It should be emphasized that
STEP is one of over 400 proteins within neuronal spines, and that
STEP-independent pathways certainly contribute to the pathogen-
esis of AD as well as the other disorders discussed in subsequent
sections.

SCHIZOPHRENIA: STEP CONTRIBUTES TO THE BENEFICIAL
EFFECTS OF NEUROLEPTICS
Schizophrenia is characterized by cognitive and emotional
deterioration, with symptoms typically emerging during
young adulthood. Positive symptoms include delusions,
disordered thought and speech, and hallucinations. Negative
symptoms, which are deficits in emotional and mental processes,
include blunted affect, poverty of speech, anhedonia, and aso-
ciality. In addition to positive and negative symptoms, cognitive
impairments including deficits in executive functioning predate
the onset of the above symptoms and persist when these subside.

Schizophrenia was considered untreatable until the introduc-
tion of the first neuroleptic, chlorpromazine, in 1952. The mech-
anism of action of these “typical” antipsychotics is unknown,
despite their efficacy in the treatment of SZ. The dopamine
hypothesis of SZ emerged from the discovery that typical antipsy-
chotics, such as chlorpromazine, block D2Rs, and their clinical
potency is related to the affinity of antipsychotic medications for
this receptor (Seeman et al., 1975; Creese et al., 1976).

Although dopamine levels are increased in the striatum (Breier
et al., 1997) and decreased in the frontal cortex (Dolan et al., 1995),
recent evidence suggests that the pathophysiology of SZ includes
deficits in other neurotransmitter systems, in particular gluta-
matergic hypofunction (Jentsch and Roth, 1999). This is due in
part to the fact that the dopamine hypothesis of SZ does not appear
to explain the SZ-like symptoms induced by non-competitive
NMDAR antagonists, such as phencyclidine and ketamine. Fur-
ther support for the glutamate hypothesis comes from research in
animal models and human subjects. Mice expressing 5% of the
normal levels of GluN1 display SZ-like behaviors, which are atten-
uated by treatment with the antipsychotics haloperidol and cloza-
pine (Mohn et al., 1999). In human patients, Pilowsky et al. (2006)
used in vivo positron emission tomography to demonstrate reduc-
tions in hippocampal NMDAR binding in medication-free but
not antipsychotic-treated schizophrenics. Moreover, postmortem
investigation of schizophrenic brains reveals that GluN1 mRNA
levels are reduced by 30% in the superior temporal cortex of cog-
nitively impaired schizophrenics, a deficit that is correlated with
antemortem severity of cognitive impairment (Humphries et al.,

1996). Finally, the administration of glycine and d-serine, poten-
tiators of NMDAR function, improves symptoms in medicated
schizophrenics (Heresco-Levy et al., 1999; Kantrowitz et al., 2010).

Recent studies suggest that STEP plays a role in mediating the
beneficial effects of neuroleptics. Both typical and atypical antipsy-
chotics regulate cAMP-dependent PKA activity in the striatum and
medial prefrontal cortex (Turalba et al., 2004). Recently, Carty et al.
(2010) showed that both acute and subchronic administration of
haloperidol, clozapine, and risperidone result in a PKA-mediated
phosphorylation of STEP (Figure 4). As discussed above, this
prevents STEP from interacting with its substrates. In addition,
neuroleptic-mediated activation of PKA results in the phospho-
rylation and activation of DARPP-32. DARPP-32 is an indirect
inhibitor of STEP through its inhibition of PP1, which dephospho-
rylates and inactivates STEP. Consequently, both PKA activation
and PP1 inactivation contribute to decreased STEP activity.

DARPP-32 also activates STEP substrates through STEP-
independent pathways. For example, ERK is activated by DARPP-
32 through the inhibition of PP1, leading to activation of upstream
modulators of ERK activity, such as mitogen-activated protein
kinase kinase (MEK; Valjent et al., 2005). These results suggest that
neuroleptics exert their beneficial effects at least in part through
D2R/PKA-mediated phosphorylation and inactivation of STEP,
promoting Tyr phosphorylation of STEP substrates that include
GluN2B-containing NMDARs, which now traffic to synaptosomal
surface membranes.

FIGURE 4 | Striatal-enriched protein tyrosine phosphatase and

schizophrenia. Deficits in glutamatergic neurotransmission are believed to
underlie the pathophysiology of SZ. Administration of typical and atypical
antipsychotics, which are D2R antagonists (ant), increase PKA-mediated
phosphorylation of STEP. Inactivation of STEP results in increased trafficking
of NMDARs to synaptosomal surface membranes. This suggests that the
beneficial effects of neuroleptics are mediated, at least in part, through
restoration of NMDAR levels at synaptic sites.
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FRAGILE X SYNDROME: THE FMRP PROTEIN NEGATIVELY
REPRESSES STEP
Fragile X syndrome is an X-linked, monogenic neurological dis-
order and the leading cause of inherited mental retardation. It
is characterized by hyperactivity, auditory hypersensitivity and
audiogenic seizures, developmental delays, emotional dysfunc-
tion, and cognitive impairment (Visootsak et al., 2005; Koukoui
and Chaudhuri, 2007). Common cognitive impairments in FXS
include impaired quantitative skills, short-term memory, spatial
visualization, and visual–motor coordination (Freund and Reiss,
1991).

Fragile X syndrome results from an expanded 5′-CCG repeat
region in the first exon of the fragile X mental retardation 1 (Fmr1)
gene (Xq27.3). The increased number of cytosines are methy-
lated and interfere with the transcription of Fmr1 mRNA once the
expansion exceeds 200 repeats (Oberle et al., 1991). The protein
encoded by Fmr1, fragile X mental retardation protein (FMRP),
is a cytosolic RNA-binding protein that associates with polyribo-
somes and the RNA-silencing complex, functioning as a negative
repressor of translation (Laggerbauer et al., 2001; Li et al., 2001;
Garber et al., 2006). Because FMRP and polyribosomes are present
in dendritic spines, it was suggested that FMRP modulates synaptic
activity through its ability to repress local translation of mRNAs
(Weiler and Greenough, 1999). Synaptic activity was proposed
to remove FMRP inhibitory effects, resulting in local translation
of mRNAs (Bear et al., 2004). In this way, RNA-binding proteins,
such as FMRP, influence synaptic plasticity by controlling activity-
dependent regulation of mRNA localization and translation (Ule
and Darnell, 2006).

In support of this hypothesis, FMRP is quickly synthesized and
localized to dendrites after stimulation of group I mGluRs (Todd
et al., 2003; Antar et al., 2004). Activation of mGluRs stimulates
protein synthesis-dependent LTD in dendrites (Huber et al., 2000,
2001) and results in a rapid loss of synaptic NMDARs and AMPARs
(Snyder et al., 2001). Fmr1 KO mice display increased protein
synthesis (Qin et al., 2005), enhanced hippocampal LTD (Huber
et al., 2002), as well as abnormal synaptic morphology, includ-
ing immature development of dendritic spines (Irwin et al., 2000),
delayed spine turnover and stabilization (Cruz-Martin et al., 2010),
increased spine density (Comery et al., 1997), and a decreased
number of functional synapses (Pfeiffer and Huber, 2007).

It is believed that FMRP regulates mGluR-dependent LTD by
tightly controlling protein synthesis and that decreased FMRP
expression elevates synaptic protein levels, which exaggerate
mGluR-dependent LTD and disrupt synaptic morphology (Bear
et al., 2004; Ronesi and Huber, 2008). In Fmr1 KO mice, mGluR-
dependent LTD no longer requires new protein synthesis, sug-
gesting that elevated levels of synaptic proteins, which would
normally be inhibited by FMRP, enable LTD to persist without de
novo protein synthesis (Nosyreva and Huber, 2006). For example,
Fmr1 KO mice exhibit decreased surface expression of NMDARs
(Eadie et al., 2010) and GluA1-containing AMPARs (Li et al., 2002;
Suvrathan et al., 2010), which is most likely a consequence of
uninhibited mGluR signaling (Nakamoto et al., 2007). Although
it is known that Fmr1 KO exaggerates mGluR-dependent LTD by
decreasing synaptic glutamate receptor expression, it is not known
how this occurs.

Zhang et al. (2008) demonstrated that STEP translation is
increased in the mouse hippocampus upon mGluR5 stimulation,
resulting in AMPAR internalization through Tyr dephosphoryla-
tion of the GluA2 subunit, although the exact Tyr residue is not yet
known (Figure 5). More recently, it was shown that STEP mRNA
associates with FMRP and that STEP protein levels are elevated in
Fmr1 KO mice (Goebel-Goody et al., 2010). In addition, progeny
were generated by crossing Fmr1 and STEP KO mice to produce
mice with lowered STEP levels despite the continued presence of
the Fmr1 mutation. These mice display fewer audiogenic seizures
and less spatial anxiety than Fmr1 KO mice. These results sug-
gest that some of the deficits in animal models of FXS result from
the failure of FMRP to suppress STEP translation upon mGluR
stimulation, allowing increased STEP levels to inappropriately
internalize NMDARs and AMPARs.

THE ROLE OF STEP IN OTHER NEUROPSYCHIATRIC
DISORDERS
HUNTINGTON’S DISEASE
Huntington’s disease is an autosomal dominant neurodegener-
ative disease caused by abnormal expansion of a CAG codon
in exon 1 of the huntingtin (HTT ) gene (4p16.3). The expan-
sion results in a mutant HTT (mHTT) protein that contains
excessive polyglutamine residues (The Huntington’s Disease Col-
laborative Research Group, 1993). Projection neurons, which are
the majority of striatal neurons, are specifically affected in HD
(Reiner et al., 1988). HD symptoms such as chorea, a movement
disorder, and cognitive impairments have been attributed to pro-
gressive excitotoxicity of these projection neurons resulting from
NMDAR activation, which destroys striatal innervation of other
brain regions (DiFiglia, 1990; Fan and Raymond, 2007). Cogni-
tive impairments common to HD patients are loss of initiative,
poor perseverance, impaired judgment, and emotional blunting

FIGURE 5 | Striatal-enriched protein tyrosine phosphatase and fragile

X syndrome. FMRP is an RNA-binding protein that represses mRNA
translation in dendrites. FMRP is absent in FXS, and as a result there is a
disruption in mRNA translation. STEP mRNA associates with FMRP, and
STEP protein levels are increased in Fmr1 KO mice. The higher levels of
active STEP protein are thought to disrupt synaptic function by
dephosphorylation of STEP substrates.
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(Craufurd et al., 2001). In addition, attention, executive function,
language comprehension, and visuospatial immediate memory are
impaired as the disease progresses (Bachoud-Levi et al., 2001).

Although mHTT is present at birth in affected individuals,
symptoms typically begin in middle age. Transgenic lines of mice
expressing mHTT are resistant to striatal toxicity induced by
quinolinic acid, an NMDAR agonist, suggesting that compen-
satory mechanisms in the brain protect against the toxic effect
of mHTT (Hansson et al., 1999). Similar mechanisms in humans
might explain why HD is a late-onset disorder.

Several lines of evidence suggest that in animal models of HD,
mHTT disrupts PKA and calcineurin activity, both important reg-
ulators of STEP activity. Dopamine D1-like receptor binding in
R6/2 mice is significantly reduced at 8 weeks whereas D1R mRNA
is reduced by 4 weeks, well before the onset of symptoms (Cha
et al., 1998). Moreover, cAMP synthesis declines in HdhQ111 mice
at an early age (10 weeks) and results in decreased PKA activ-
ity and cAMP-responsive element-mediated gene transcription
(Gines et al., 2003). In support of decreased D1R and PKA activ-
ity, proteins in the D1R/PKA pathway, such as DARPP-32, are
also downregulated in medium spiny neurons of the striatum of
transgenic HD mice (Bibb et al., 2000). In addition, calcineurin
activity is decreased in R6/1 and Tet/HD94 mice (Xifro et al.,
2009), which may be the result of an abnormal protein interac-
tion between mHTT and calmodulin (Bao et al., 1996), which is
required to activate calcineurin.

Saavedra et al. (2011) recently demonstrated reduced STEP lev-
els in the striatum and cortex and increased phosphorylated STEP
in the striatum, cortex, and hippocampus of several animal models
of HD, including R6/1, R6/2, and Tet/HD94. Both of these events
would decrease the ability of STEP to dephosphorylate its sub-
strates. Intrastriatal injections of quinolic acid resulted in elevated
phosphorylated STEP levels in R6/1 mice and sustained ERK2 sig-
naling, suggesting that mHTT downregulates STEP, thereby inac-
tivating it and promoting a compensatory activation of ERK2 and
resistance to mHTT-induced excitotoxicity. Furthermore, intras-
triatal injection of TAT–STEP, a substrate-trapping form of STEP,
increases quinolinic acid-induced cell death in R6/1 mice whereas
mHTT transgene shutdown reestablishes STEP expression in
Tet/HD94 mice. Moreover, mHTT activates ERK1/2, promotes
cell survival, and protects against mHTT-induced excitotoxicity
in PC12 and striatal cultures (Apostol et al., 2006).

Resistance to NMDA toxicity, however, is correlated with the
appearance of nuclear inclusions and behavioral deficits in mice
transgenic for exon 1 of HTT (Hansson et al., 2001). In the
YAC128 mouse model of HD, cognitive dysfunction precedes
both neuropathological alterations and motor dysfunction (Van
Raamsdonk et al., 2005). Moreover, impaired spatial cognition and
synaptic plasticity in CA1 and the dentate gyrus occurs before the
manifestation of an overt phenotype in R6/2 mice (Murphy et al.,
2000). Therefore, while resistance to excitotoxicity delays neuronal
loss in the early stages of HD, it also contributes to the development
of synaptic dysfunction that likely contributes to the observed cog-
nitive impairment in HD. In summary, STEP is downregulated
in HD and promotes resistance to mHTT-induced excitotoxicity,
most likely due in part to STEP inactivation and more sustained
ERK2 activation.

ALCOHOL-INDUCED COGNITIVE IMPAIRMENT
Alcohol-induced cognitive impairment is well-documented in
alcohol use disorders, and it is believed that inhibition of NMDAR
function, especially in the hippocampus, partly contributes to
the ability of alcohol to disrupt memory and learning (White
et al., 2000). Numerous kinases (PKA, protein kinase C, calcium-
/calmodulin-dependent protein kinase II, cyclin-dependent pro-
tein kinase 5) and phosphatases (calcineurin) regulate the phos-
phorylation state of Ser and Tyr residues on NMDARs and con-
tribute to the behavioral effects of alcohol (Ron, 2004). Previously,
it was demonstrated that ethanol reduces Tyr phosphorylation of
GluN2A/GluN2B subunits of NMDARs (Alvestad et al., 2003) and
treatment with tyrosine phosphatase inhibitors reduces the abil-
ity of ethanol to inhibit Tyr phosphorylation of GluN2, suggesting
that tyrosine phosphatases have an important role in mediating the
effects of alcohol on NMDAR function (Ferrani-Kile et al., 2003).

Recently, it was suggested that STEP mediates aspects of the
effects of alcohol on neurons. Hicklin et al. (2011) demon-
strated that ethanol’s inhibition of NMDAR function (as
measured by electrophysiology) was lost in STEP KO mice.
The functional consequence of ethanol in inhibiting
fear-conditioned responses was also attenuated in STEP KO
mice. Moreover, restoring STEP in neuronal cultures and slices
derived from STEP KO mice restored ethanol-induced biochem-
ical and electrophysiological deficits. These results suggest that
STEP may be required for the amnesiac effects of ethanol by
dephosphorylating GluN2B subunits.

These experiments were conducted using hippocampal neu-
rons, but acute ethanol administration in the dorsomedial
striatum similarly impairs NMDAR-dependent LTP and dose-
dependently promotes LTD (Yin et al., 2007). Wang et al.
(2007, 2010) demonstrated that chronic administration of ethanol
increases GluN2B phosphorylation and Fyn activation in the
dorsomedial striatum. These results are unsurprising, how-
ever, considering the differential effects of acute and chronic
ethanol treatments on NMDAR function. For example, in cor-
tical neurons, chronic ethanol treatment has the opposite effect
as acute ethanol treatment, enhancing NMDAR binding (Hu and
Ticku, 1995) and potentiating NMDAR-mediated excitotoxicity
(Chandler et al., 1993). Future studies should determine whether
STEP mediates the effects of ethanol in the striatum as it does in the
hippocampus. In addition, chronic ethanol treatments should be
utilized to determine the potential role of STEP in the development
of NMDAR upregulation and sensitization.

HYPOXIC–ISCHEMIC BRAIN INJURY
Hypoxia is the reduction of blood oxygenation to the brain
whereas ischemia is the reduction of blood perfusion to the brain.
Hypoxic–ischemic brain injury caused by perinatal complications
during childbirth or stroke is a leading cause of mental retardation
and cognitive impairment. In addition, hypoxic–ischemic brain
injury caused by stroke increases the risk for dementia; it is esti-
mated that up to a third of stroke patients develop dementia within
3 months (Pohjasvaara et al., 1998). Hypoxia–ischemia results in
neuronal loss from glutamate excitotoxicity and increased intra-
cellular Ca2+ levels (Benveniste, 1991). Excessive stimulation of
NMDARs leads to a massive and rapid influx of Ca2+, which
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generates nitric oxide and free radicals (Iadecola, 1997). In addi-
tion, intracellular changes in NMDAR subunit phosphorylation
as well as MAPK activation following ischemia further exacerbate
glutamate excitotoxicity and neuronal loss (Nozaki et al., 2001;
Matsumoto et al., 2002). Hippocampal regions, such as CA1, are
especially vulnerable to glutamate excitotoxicity (Kirino and Sano,
1984; Nitatori et al., 1995). Damage to the hippocampus is com-
monly observed in both vascular and senile dementia, and it is
associated with cognitive impairment (Ball et al., 1985; Kril et al.,
2002).

Gurd et al. (1999) were the first to report that cerebral hypoxia–
ischemia results in the calpain-mediated proteolysis of STEP61 to
STEP33, which is released into the cytoplasm. Soon after, Nguyen
et al. (1999) demonstrated that STEP61 cleavage requires NMDAR-
mediated Ca2+ influx. The cleavage site is in the middle of the
substrate-binding KIM domain (Xu et al., 2009), and it was later
determined that although STEP33 is catalytically active, it is unable
to bind or dephosphorylate its substrates (Braithwaite et al., 2008;
Xu et al., 2009). Extrasynaptic NMDAR stimulation results in
the cleavage of STEP61 by calpain and the activation of p38 and
cell death (Xu et al., 2009). Thus, cleavage of STEP61 to STEP33

contributes to glutamate excitotoxicity by inhibiting NMDAR
internalization from synaptosomal surface membranes and pro-
moting cell death pathways.

FUTURE DIRECTIONS
Homeostasis, a cornerstone of biological organisms, regulates
physiological states to promote stability despite fluctuating condi-
tions. Neural activity is subject to homeostatic control, optimizing
activity-dependent synaptic plasticity to avoid over- or under-
excitation (Turrigiano and Nelson, 2004). STEP may contribute to
this homeostatic control of synaptic plasticity by providing a tonic
brake on the induction of LTP (Pelkey et al., 2002). In other words,
NMDAR-mediated STEP activation modulates LTP by removing
glutamate receptors from synaptic membranes. Conversely, STEP
may be inactivated during periods of synaptic quiescence, result-
ing in increased surface expression of glutamate receptors. Finally,
note that in the absence of STEP,glutamate receptors would rapidly
accumulate on synaptic membranes and neurons would no longer
be responsive to synaptic or modulatory inputs.

Striatal-enriched protein tyrosine phosphatase is uniquely
positioned to modulate LTP by internalizing NMDARs and
AMPARs from the plasma membrane and curtailing the enhance-
ment of LTP by the MAPK pathway. Because the removal of
NMDARs and AMPARs is believed to be one mechanism involved
in LTD, STEP can balance the degree to which synapses strengthen
and weaken during learning and memory, maintaining neural
homeostasis (Xiao et al., 1994). The involvement of STEP in
homeoplastic synaptic regulation requires further investigation.

Elevated STEP levels and excessive internalization of NMDARs
or AMPARs in AD, SZ, and FXS would result in a homeostatic
imbalance, shifting synaptic plasticity toward LTD and synaptic
weakening. As a result, systems critical for learning, memory, and
cognition, such as those involving the hippocampus, would settle
into a quiescent state, resulting in cognitive impairment. Con-
versely, the absence of STEP might facilitate learning. Indeed,
Venkitaramani et al. (2011) demonstrated that STEP KO mice
display enhanced hippocampal-dependent learning and cognitive

performance. This effect parallels increased phosphorylation of
STEP substrates (ERK1/2, GluN2B, Pyk2) and increased synap-
tosomal expression of GluN1/GluN2B-containing NMDARs and
GluA1/GluA2-containing AMPARs.

Striatal-enriched protein tyrosine phosphatase levels are
decreased in HD, yet HD also results in cognitive impairment.
Before the onset of neuropathological abnormalities, mHTT
impairs axonal transport and vesicular trafficking (Trushina et al.,
2004) and represses nuclear transcription (Kegel et al., 2002).
Inadequate neurotransmitter release or protein synthesis in the
synapse could result in dysfunctional synaptic plasticity. For exam-
ple, mHTT results in decreased glutamate neurotransmission
(Usdin et al., 1999) and decreased transcription of brain-derived
neurotrophic factor (Zuccato et al., 2001), a crucial modulator
of synaptic plasticity (Bramham and Messaoudi, 2005). Although
STEP is initially neuroprotective in preventing immediate, mHTT-
induced excitotoxicity, it is unable to prevent the mHTT-induced
synaptic dysfunction and eventual neurite dystrophy caused by
aberrant axonal transport and nuclear transcription.

On the other hand, cognitive impairments observed after
hypoxic–ischemic brain injury are caused by excitotoxicity and
synaptic destruction rather than altered synaptic function. In
rodents, neurotoxic lesions of the hippocampus with NMDA
result in cognitive deficits, especially in spatial learning and
memory (Hicks et al., 1993; Deacon et al., 2002). As previously
mentioned, hypoxia–ischemia results in excitotoxicity through
NMDAR-mediated cleavage of STEP61 into STEP33, which is no
longer able to dephosphorylate and internalize NMDARs on the
plasma membrane. Rather than decreasing STEP levels or activ-
ity, hypoxic–ischemic brain injury could be attenuated by elevating
STEP levels (Braithwaite et al., 2008) or blocking the calpain cleav-
age site (Xu et al., 2009), thereby enhancing the ability of STEP to
dephosphorylate p38 and protect neurons against excitotoxicity.

In conclusion, STEP contributes to cognitive deficits in sev-
eral disorders by regulating the activity of key signaling proteins
and the trafficking NMDARs and AMPARs to synaptic mem-
branes. Although the mechanisms of impaired synaptic plasticity
vary, alterations in NMDAR and AMPAR trafficking contribute to
the disruption of synaptic function in each disorder. In AD, SZ,
and FXS, elevated STEP activity causes excessive glutamate recep-
tor internalization from synaptosomal surface membranes and
decreased synaptic plasticity. In HD, STEP downregulation is ini-
tially neuroprotective to mHTT-induced glutamate excitotoxicity,
but at the cost of disrupting synaptic plasticity and causing cogni-
tive impairment. In hypoxic–ischemic brain injury, STEP cleavage
and the loss of substrate-binding facilitates NMDAR-mediated
glutamate excitotoxicity, resulting in neuronal loss, especially in
the hippocampus. Although specific inhibitors are being devel-
oped, such as glutamate antagonists for schizophrenia and calpain
inhibitors for ischemia–hypoxia, STEP may prove to be a novel
therapeutic target for multiple disorders that impair cognitive
function.
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Drug addiction is a severe neuropsychiatric disorder characterized by loss of control over
motivated behavior. The need for effective treatments mandates a greater understanding
of the causes and identification of new therapeutic targets for drug development. Drugs of
abuse subjugate normal reward-related behavior to uncontrollable drug-seeking and -taking.
Contributions of brain reward circuitry are being mapped with increasing precision.The role
of synaptic plasticity in addiction and underlying molecular mechanisms contributing to the
formation of the addicted state are being delineated. Thus we may now consider the role
of striatal signal transduction in addiction from a more integrative neurobiological perspec-
tive. Drugs of abuse alter dopaminergic and glutamatergic neurotransmission in medium
spiny neurons of the striatum. Dopamine receptors important for reward serve as principle
targets of drugs abuse, which interact with glutamate receptor signaling critical for reward
learning. Complex networks of intracellular signal transduction mechanisms underlying
these receptors are strongly stimulated by addictive drugs. Through these mechanisms,
repeated drug exposure alters functional and structural neuroplasticity, resulting in transi-
tion to the addicted biological state and behavioral outcomes that typify addiction. Ca2+ and
cAMP represent key second messengers that initiate signaling cascades, which regulate
synaptic strength and neuronal excitability. Protein phosphorylation and dephosphoryla-
tion are fundamental mechanisms underlying synaptic plasticity that are dysregulated by
drugs of abuse. Increased understanding of the regulatory mechanisms by which protein
kinases and phosphatases exert their effects during normal reward learning and the addic-
tion process may lead to novel targets and pharmacotherapeutics with increased efficacy
in promoting abstinence and decreased side effects, such as interference with natural
reward, for drug addiction.

Keywords: addiction, signaling, plasticity, spines, dopamine, glutamate, phosphorylation

INTRODUCTION
Drug addiction is a behavioral disorder influenced by a complex
interaction of genetic, environmental, and developmental factors
(Crabbe, 2002; Volkow, 2005). Addictive substances include illicit
drugs like the psychostimulant cocaine and the opiate heroin, as
well as legally available tobacco/nicotine and alcohol (ethanol;
EtOH). Prescription drugs, such as opioids, stimulants, or depres-
sants are also increasingly being used for non-medical reasons
(Compton and Volkow, 2006). Drug addiction affects not only the
individual, but also society as a whole evidenced by severed inter-
personal relations, failure in school or job performance, outbreaks
of domestic violence and child abuse, and even the degradation
of entire communities. There are few pharmacotherapeutics that
exist to treat drug addiction and risk of relapse remains substan-
tial despite sincere efforts to remain abstinent. Therefore, it is
important to understand the neurobiological basis of behaviors
characteristic of addiction in order to identify novel mechanisms
that lead to better treatments.

Chronic drug addiction is associated with the development of
pharmacological tolerance, sensitization, and dependence, and the
impact of these processes is manifested in drug intake, craving,
and relapse. The transition from impulsive to compulsive drug

use corresponds to enhanced euphoric drug experiences, and an
overshadowing of adverse consequences (Robbins et al., 2008;
Torregrossa et al., 2011). These adaptations are seen clinically
as reduced responding to natural rewards and a loss of control
over drug intake in response to drug-associated cues (Kalivas and
Volkow, 2005). Motivation to alleviate drug withdrawal-induced
negative affect (i.e., stress, anxiety, depression, dysphoria) may
also contribute to relapse via their negative reinforcing properties
(Koob and Le Moal, 2001; Koob and Volkow, 2010).

Drugs of abuse target neural processes that normally mediate
adaptive reward-based learning, but with overriding and repeated
stimulation that appears to seize these neural processes (Hyman
et al., 2006; Kalivas and O’brien, 2008; Milton and Everitt, 2010;
Torregrossa et al., 2011). Once brain reward circuitry is activated
by convergent neuronal inputs, synapses undergo functional, and
structural plasticity important for learning associated with the
conditioned stimulus effects of drugs of abuse (Figure 1). What
drives a drug addict to uncontrollable self-destructive behavior?
Pioneering behavioral psychologists emphasized the formation of
stimulus–response associations as important mediators of learned
behaviors. Drugs of abuse can serve as powerful rewarding, dis-
criminative, and reinforcing stimuli. Motoric actions leading to
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FIGURE 1 |The pharmacological effects of drugs of abuse potently

stimulate neural pathways normally mediating reward-based learning

resulting in a powerful learning process and enduring changes in

motivated behavior.

obtaining drug are processed in tandem with environmental cues
that also come to drive drug-seeking and -taking behavior. Trig-
gers of relapse during abstinence include re-exposure to the drug
itself, environmental drug-associated cues, stress, or some combi-
nation of these factors (Schmidt et al., 2005; Milton and Everitt,
2010; Weiss, 2010).

The striatum is a subcortical brain structure that is major target
for drugs of abuse. It is comprised of ventral and dorsal subregions.
The ventral striatum consists of the nucleus accumbens (NAc),
olfactory tubercle, and islands of Calleja. The NAc includes shell
and core subregions and plays an integral role in three dissociable
aspects of psychological reward associated with addiction: “lik-
ing”(hedonic impact),“wanting”(incentive salience), and learning
(predictive associations and cognition; Berridge et al., 2009). While
both natural and drug rewards increase extracellular dopamine
in the NAc, dopamine activity in the NAc shell does not adapt
or habituate to repeated drug exposure by decreasing dopamine
activity as it does with natural rewards (Wise et al., 1995a,b; Hemby
et al., 1997) and repeated drug exposure induces sensitization of
dopamine transmission in the NAc core (Cadoni and Di Chiara,
1999, 2000; Cadoni et al., 2000). Dopamine in the NAc shell is
activated in response to primary, unconditioned, and unantici-
pated stimuli, for example, to an appetitive unfamiliar taste (sweet
chocolate) infused intra-orally (Bassareo et al., 2002). Interest-
ingly, food-conditioned stimuli increase dopamine in the NAc
shell whereas drug-conditioned stimuli increase dopamine in the
NAc core (Bassareo et al., 2011). Repeated and sustained levels of
drug-induced dopamine stimulation in the shell could patholog-
ically strengthen the acquisition (learning) of incentive stimuli
predictive of drug availability through Pavlovian conditioning,
while sensitization of dopamine transmission in the core might
be more directly related to the initiation of behavioral activity to

obtain drug reward (instrumental action). Thus, incentive learning
of drug-associated cues through Pavlovian conditioning is critical
for the reinforcing effects of drugs that increase the probability of
future occurrences of drug-seeking and -taking behaviors (Bower
and Grusec, 1964) and has been denoted as Pavlovian instrumental
transfer (PIT; Ettenberg, 1990).

While reward processed in the NAc is critical for acquisi-
tion of goal-directed behaviors, these behaviors repeated over
time develop into more automatic repertoires characteristic of
stimulus–response learning, largely understood to involve dorsal
striatal circuits (Mitchell et al., 1985; Mitchell and Hall, 1988).
The dorsal striatum includes the caudate and putamen in pri-
mates, analogous to the dorsomedial and dorsolateral striatum in
rodents, respectively. The transition to the addicted state appears to
correspond to a recruitment of neurocircuitry from ventral to dor-
sal striatum (Gerdeman et al., 2003; Porrino et al., 2007; Pierce and
Vanderschuren, 2010). The dorsal striatum is critical for formation
of rigid or inflexible behaviors characterizing drug-seeking and -
taking habits (Gerdeman et al., 2003; Pierce and Vanderschuren,
2010). This ventral to dorsal progression does not, however, negate
involvement of the NAc over time. In fact, a functionally linked
progression of activity from ventral to dorsal striatum in response
to chronic drug exposure may invoke widespread neuroplasticity
underlying cognitive and behavioral perturbations associated with
drug addiction (Koob and Volkow, 2010).

Dorsal and ventral striatum are composed of medium spiny
neurons (MSNs) that are predominantly γ-aminobutyric acid
(GABA) projection neurons (Tepper et al., 2007). These MSNs
receive dopaminergic input from afferent projections of the sub-
stantia nigra and ventral tegmental areas of the midbrain. MSNs
also receive glutamatergic input from afferent projections of the
prefrontal cortex, predominantly in layer 5 of the cortex.

EFFECTS OF DRUGS OF ABUSE ON SIGNAL TRANSDUCTION
Addictive substances can be generally classified into drugs that
target monoamine transporters, G protein-coupled receptors
(GPCRs), or ion channels and ionotropic receptors (Luscher and
Ungless, 2006). Drugs of abuse mimic and surpass endogenous
dopamine activation subsequent to phasic dopamine cell firing
coding for salience and reward (Schultz et al., 2000). Human
brain imaging studies show that drug-induced increases in stri-
atal dopamine are associated with subjective reward (Volkow et al.,
1996; Drevets et al., 2001).

All dopamine receptors are GPCRs (Neve et al., 2004).
Dopamine receptors fall into two major classes: D1-like recep-
tors (D1 and D5) and D2-like receptors (D2, D3, and D4). They are
primarily distinguished via their opposing actions on adenylate
cyclase (AC). D1-like receptors stimulate AC through coupling
to stimulatory (Gαs) G proteins that increase cyclic adenosine
3′,5′-monophosphate (cAMP) levels, whereas D2-like receptors
inhibit AC through coupling to inhibitory (Gαi) G proteins that
decrease cAMP levels. Both D1 and D2 receptors contribute to
aspects addiction, despite the fact that their opposing G protein-
coupled functions might suggest that the two classes would interact
antagonistically. One level at which this paradox resolves is the
neuroanatomical circuitry. Specifically, D1 mediated effects on
midbrain GABA release are direct, while D2 mediated effects are
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indirect. Beyond this discrepancy, interactions between D1 and D2

receptors and their circuitry during reward learning, motivated
behavior, and addiction are quite complex.

While the mechanisms for the synergism between D1 and D2

receptors in mediating behavioral effects are not yet completely
understood, the roles of D1- and D2-like receptors in reward can
be dissociated. Either selective D1- or D2-like receptor agonists
maintain intravenous drug self-administration in rats (Yokel and
Wise, 1978; Self and Stein, 1992), monkeys (Woolverton et al.,
1984; Weed et al., 1993), and mice (Caine et al., 2007). However,
self-administration of D2-like receptor agonists requires an exten-
sive history of self-administration with non-selective dopamine
agonists like cocaine. Converse to systemic studies, intracranial
self-administration studies show a requirement for concomitant
D1- and D2-like receptor activation in the NAc shell but not the
core subregion (Ikemoto et al., 1997). Interestingly, infusion of
cocaine into the more ventral olfactory tubercle regions is even
more efficacious in maintaining self-administration than in the
NAc shell, and this effect is blocked by co-administration of D1-
or D2-like antagonists (Ikemoto, 2003).

In contrast to voluntary drug intake modeled in self-
administration procedures, compulsive drug-seeking modeled in
extinction/reinstatement procedures show a predominant role for
D2- but not D1-like receptors. Extinction/reinstatement proce-
dures typically measure the level of effort an animal with prior
history of drug self-administration will exert to obtain drug, as an
index of craving that would precipitate relapse in humans (Wise
and Rompre, 1989; Berridge and Robinson, 1998). D2-like recep-
tor activation triggers cocaine-seeking during or after extinction of
behavioral responses (Koeltzow and Vezina, 2005; Edwards et al.,
2007). Conversely, D1-like receptor activation essentially has no
effect, even at doses that stimulate locomotor activity comparable
to D2-like receptor activation (Dias et al., 2004; Koeltzow and Vez-
ina, 2005). However, pretreatment with a D1-like agonist blocks
the ability of cocaine priming or cocaine-associated cues to induce
reinstatement (Alleweireldt et al., 2003; Edwards et al., 2007),
whereas, D2-like agonist pretreatment facilitates cocaine-primed
reinstatement (Self et al., 1996). Thus, D2-like receptors are criti-
cal for relapse to cocaine-seeking induced by environmental cues
such as cocaine-related stimuli or stress that activates the mesolim-
bic dopamine system (Phillips et al., 2003) and D1-like receptor
tone may provide an inhibitory mechanism over cocaine-seeking
via saturation of primary reward processes. However, differences
between systemic and intracranial studies of D1- versus D2-like
effects on drug-seeking also exist. In contrast to systemic pretreat-
ment of a D1-like agonist, direct infusion of a D1-like agonist
intra-NAc triggers cocaine-seeking (Bachtell et al., 2005; Schmidt
et al., 2006). Similarly, intra-NAc infusions of D2-like agonists
reinstate cocaine-seeking (Bachtell et al., 2005; Schmidt et al.,
2006). Thus, dopamine effects critical for reward-related behavior
can vary according to receptor subtype and systemic versus direct
infusion into the NAc and either D1- or D2-like receptors have the
ability to modulate the effects of the other.

MODULATION OF GPCR SIGNALING
The effects of GPCRs is modulated via transmembrane signal-
ing pathways consisting of metabotropic cell surface receptors, G

proteins, and effectors (Engelhardt and Rochais, 2007; Figure 2).
In addition to G protein coupling, GPCR activation triggers a neg-
ative feedback mechanism known as desensitization (Hausdorff
et al., 1990). Desensitization may be mediated via agonist-induced
receptor phosphorylation by a GPCR kinase (GRK; Krupnick and
Benovic,1998). GRK-dependent GPCR phosphorylation increases
receptor affinity for cytosolic arrestin protein family members. For
example, the resulting phosphorylated receptor/arrestin complex
prevents further coupling of the D1 receptor to its G protein, pro-
gressively reducing second messenger synthesis of cAMP. Resen-
sitization is triggered by internalization of an uncoupled recep-
tor to endosomal compartments, allowing protein phosphatase-
dependent dephosphorylation of the receptor and recycling back
to the cell surface, or degradation. Modulation of GRKs occurs via
mechanisms involving Ca2+-binding proteins, phosphorylation,
targeting proteins, or mechanisms governing their localizations
and expressions (Penela et al., 2003). In addition to GRKs that
regulate GPCR activity, several families of accessory proteins have
also been discovered that control G protein signaling (Blumer and
Lanier, 2003). The regulators of G protein signaling (RGS) and
activators of G protein signaling (AGS) G protein modulators both
are implicated in addiction.

FIGURE 2 | Signal transduction mediating reward learning and drug

addiction. Dopamine and glutamate receptors are activated during
rewarding experiences and exposure to addictive drugs. Both situations
invoke heterotrimeric G protein-coupled receptors (GPCRs) and ionotropic
glutamate receptors. In addition to G protein coupling, GRK, arrestin, RGS
and AGS proteins also regulate GPCR activity to influence intracellular
cAMP levels. Ionotropic receptor activation by glutamate increase
intracellular Ca2+ levels. cAMP and Ca2+, in turn, affect protein kinase and
phosphatase activities and the phosphorylation states of downstream
effectors that modulate synaptic remodeling cognition and motivated
behaviors.
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RGS proteins are a large family that function as GTPase-
accelerating proteins (GAP). GAP action at GTP-bound Gαi/o-
or Gαq-coupled receptors increases inactivation of the Gα–GDP
state and expedites recombination of the Gα and βγ signaling
molecules. This allows RGS proteins to restrict G protein sig-
nal strength at steady state and negatively modulate G protein
signaling, controlling potency, and efficacy of agonist effects (Gar-
zon et al., 2008; Hooks et al., 2008; Traynor, 2010). Some RGS
family members are highly enriched in striatal subregions. RGS2
is expressed in caudate putamen (Grafstein-Dunn et al., 2001;
Taymans et al., 2002). RGS4 is expressed in the caudate puta-
men and NAc (Gold et al., 1997; Nomoto et al., 1997). The
long form of RGS9 (RGS9-2) is expressed predominantly in
caudate putamen, NAc, islands of Calleja, and olfactory tuber-
cle (Thomas et al., 1998; Rahman et al., 1999). Based on stri-
atal regional distributions, RGS2, RGS4, and especially RGS9-2
have potential in negatively regulating the effects of drugs of
abuse. Correspondingly, administration of various drugs of abuse
induces an up-regulation of RGS family members in striatum.
RGS2, 4, and 9 have all been implicated in addiction (Burchett
et al., 1998; Zachariou et al., 2003; Psifogeorgou et al., 2007;
Hooks et al., 2008; Traynor, 2010). By acting at a relatively early
stage of the signaling pathway, RGS promoters can affect mul-
tiple branches of D1- as well as D2-like receptor signaling to
AC and its effectors and RGS proteins can function to dampen
dopamine signaling in the striatum in response to various drugs
of abuse.

AGS proteins constitute another family of negative G protein
modulators. The AGS family contains three functionally distinct
members (Blumer et al., 2005). AGS3 is the only one currently
associated with addictive drug-induced neuroadaptations (Kel-
ley and Schiltz, 2004; Bowers, 2010). AGS3 binds to and sta-
bilizes the inactive GDP–bound Gαi conformation, preventing
GDP release and, inhibiting Gαi-mediated signaling (Natochin
et al., 2000). AGS3 expression increases in NAc core during pro-
tracted withdrawal (three or more weeks) from either repeated
experimenter-administered injections of cocaine or 3 weeks of
extinction training in rats that had self-administered cocaine
(Bowers et al., 2004). Furthermore, cocaine-induced reinstate-
ment of drug-seeking behavior was attenuated by AGS3 knock-
down, but then restored by antisense washout and return of
AGS3 protein. These studies suggest that AGS3 up-regulation
requires protracted withdrawal from chronic drug exposure and
that decreased Gαi signaling may support addiction pathogene-
sis.

In addition to dopamine receptors (Surmeier et al., 2007),
group II metabotropic glutamate (mGlu) receptors (mGlu2/3)
also modulate striatal MSNs function (Richards et al., 2005), and
through these receptors cortical glutamatergic input into striatum
may counter balance and potentially reverse drug-induced neu-
roadaptations. These receptors are Gi-coupled and are also subject
to negative regulation via AGS3. Gi coupling to mGlu2/3 receptors
can modulate neurotransmitter release via activation of presy-
naptic K+ channels, inhibition of presynaptic Ca2+ channels, or
direct interference with vesicular release. Dopamine release in NAc
is regulated by mGlu2/3 receptors (Karasawa et al., 2006; Xi et al.,
2010). NAc mGlu2/3 receptor-G protein coupling is reduced after

chronic cocaine (Xi et al., 2002; Bowers et al., 2004; Ghasemzadeh
et al., 2009) or EtOH (Bowers et al., 2008). Furthermore it has
been suggested that mGlu2/3 auto receptors may mediate enhanced
glutamate release in NAc during protracted drug withdrawal in
response to the drug itself or associated cues (Madayag et al.,
2007; Lalumiere and Kalivas, 2008). Therefore, mGlu2/3 receptors
are emerging as a therapeutic target to possibly reduce drug abuse
relapse (Moussawi and Kalivas, 2010).

IONOTROPIC MECHANISMS OF SYNAPTIC PLASTICITY
G protein-coupled receptors signaling via dopamine receptors
and metabotropic glutamate receptors mediates important aspects
of reward and reinstatement through regulation of excitability,
which is dependent upon glutamatergic activation of ionotropic
receptors. The two classes of ionotropic glutamate receptors are N -
methyl-d-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-
4-propionate (AMPA) receptors and they contribute in important
ways to addiction. For example, cocaine administration increases
the NR1 NMDA and GluA1 AMPA (Figure 3) receptor subunit in
the NAc (Lu et al., 2003; Hemby et al., 2005b; Schumann and Yaka,
2009) and NMDA and AMPA receptors are involved in the abil-
ity of addictive drugs to produce long-term plasticity in learning
and memory circuits associated with cue–reward associations and
habit formation.

Drugs of abuse evoke an NMDA receptor-dependent long-
term potentiation (LTP) of AMPA receptor current in dopamine
neurons, possibly reflecting an early memory trace in the acqui-
sition of drug addiction (Ungless et al., 2001; Saal et al., 2003;
Borgland et al., 2004; Liu et al., 2005). LTP is induced when a

FIGURE 3 | Simplified schematic of signaling pathways involving

major effectors of cAMP and Ca2+implicated in aspects of addiction.

Increased cAMP levels activate PKA, which influences multiple effectors,
such as other kinases, phosphatases, transcription factors, phosphatase
inhibitors, and neurotransmitter receptor subunits. Increased Ca2+ levels
also affect kinases, and phosphatases.
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brief high frequency train of stimuli (a tetanus) is applied to a
synaptic pathway that increases the amplitude of the excitatory
postsynaptic potentials in target neurons. Long-term depression
(LTD) is induced when tetanus application decreases the ampli-
tude of the excitatory postsynaptic potentials in target neurons.
Induction of LTP is associated with the formation of spines de novo
and enlargement of existing spines, whereas induction of LTD is
associated with contraction and retraction of spines (Nagerl et al.,
2004; Okamoto et al., 2004).

Subsequent to induction of LTP, synaptic strengthening can
manifest through insertion of GluA2-lacking AMPA receptors
(Kauer and Malenka, 2007). The synaptic insertion of AMPA
receptors may create a temporal opportunity when the acquisition
of cocaine-related cues corresponds to increased synaptic plasticity
(Wolf, 2010). Restricting AMPA receptor activation could reverse
LTP associated with continued cocaine-seeking. AMPA recep-
tor antagonists attenuate reinstatement of drug-seeking behavior
induced by drug, cue-, or stress (Mcfarland et al., 2004; Backstrom
and Hyytia, 2007; Ping et al., 2008). However, it has also been
shown that degrading basal AMPA receptor function in NAc neu-
rons is sufficient to facilitate relapse and elevating basal AMPA
receptor function attenuates this behavioral effect (Bachtell et al.,
2008). The role of glutamatergic mechanisms in the modula-
tion of drug self-administration and risk of relapse is complex.
Nonetheless, several non-specific glutamatergic agents have dis-
played potential as pharmacotherapeutics for addiction (Bowers
et al., 2010).

Converse to LTP, LTD corresponds to removal of AMPA recep-
tors from synapses (Malinow and Malenka, 2002). Persistent
impairment in LTD has been associated with rigid drug-seeking
behaviors resistant to modulation by environmental contingen-
cies (Kasanetz et al., 2010). Moreover, operant cocaine self-
administration attenuates LTD in both the NAc core and shell;
however, LTD was abolished only in the NAc core after pro-
tracted withdrawal, suggesting long-term plasticity in the core
could underlie drug-seeking behavior and relapse (Martin et al.,
2006). Also, animals sensitized to repeated cocaine administration,
displayed a ratio of AMPA to NMDA receptor-mediated excitatory
postsynaptic currents (EPSCs) that was reduced in MSNs of the
NAc shell that corresponded to decreased amplitude of miniature
EPSCs and magnitude of LTD (Thomas et al., 2001). Thus aspects
of both LTP and LTD in NAc subregions appear to be involved in
drug-taking and -seeking behaviors.

Drug-seeking and -taking induced by exposure to cues associ-
ated with drug use imply the involvement of long-term memories,
such as those induced via strong glutamatergic stimulation. At the
same time, protein kinase A (PKA; see below) activation in the
NAc has been shown to be necessary for reward learning in which
properties of drugs become associated with environmental cues
(Sutton et al., 2000; Beninger et al., 2003). These two converging
observations, that glutamatergic input is elevated and necessary for
drug-seeking and reward learning, and that PKA signaling invoked
via activation of D1 dopamine receptors is also critical for reward
associated learning, suggest that any comprehensive explanation
for the biochemical mechanisms of addiction would require oblig-
atory integration of both NMDA/AMPA receptor-dependent Ca2+
and dopamine receptor-dependent cAMP signaling cascades.

PROTEIN KINASES, PHOSPHATASES, AND DOWNSTREAM
EFFECTORS
Drugs of abuse induce dopaminergic D1 receptor activation that
increases intracellular cAMP. Glutamatergic input that activates
NMDA and AMPA receptors increases intracellular Ca2+ concen-
tration. Intracellular signaling cascades involving specific kinases
and phosphatases affected by cAMP and Ca2+, in turn, influence
phospho- and dephospho-effectors that modulate neuroplasticity
to affect behavioral outcome (Figure 2).

CYCLIC AMP-DEPENDENT KINASE (PROTEIN KINASE A)
Under basal conditions, PKA exists as a heterotetramer composed
of two regulatory and two catalytic subunits. Activation of AC
through Gαs-coupled receptors causes rapid increase in intracel-
lular cAMP. PKA is subsequently activated as cAMP binds the
regulatory subunits triggering dissociation of the holoenzyme,
releasing the active catalytic subunits from inhibition by the reg-
ulatory subunits (Pearce et al., 2010). There are four regulatory
subunit isoforms classified as type I (RIα, RIβ) and type II (RIIα,
RIIβ) and three catalytic isoforms (Cα, Cβ, Cγ). Any change
in cAMP directly affects function of PKA, the most important
effector for cAMP.

For example, cAMP-induced activation of PKA activates cAMP
response element-binding protein (CREB; Figure 3). Induction
of cAMP liberates the PKA Cα subunit that then passively dif-
fuses into the nucleus and induces cellular gene expression by
phosphorylation of CREB on Ser133 (Gonzalez and Montminy,
1989). CREB then signals transcription of genes containing a
cAMP response element (CRE) in their promoter regions to regu-
late gene transcription (Mayr and Montminy, 2001). Both opiates
and stimulants activate CREB-mediated transcription within the
NAc (Cole et al., 1995; Turgeon et al., 1997; Shaw-Lutchman et al.,
2002). Increased CREB in the NAc attenuates rewarding effects
of cocaine (Carlezon et al., 1998) and morphine (Barrot et al.,
2002) and these effects are also seen in transgenic mice with
increased (Mcclung and Nestler, 2003) or decreased (Walters and
Blendy, 2001) CREB. Although the CREB-regulated target genes
contributing to these effects are unknown, one candidate gene in
the NAc encodes preprodynorphin (Carlezon et al., 1998), the pre-
cursor gene product of the endogenous opioid peptide dynorphin,
which activates the κ opioid receptor. Dynorphin is upregulated in
the striatum subsequent to cocaine exposure (Cole et al., 1995) and
is largely understood to contribute to the inhibition of dopamine
transmission that leads to the downregulation of reward mecha-
nisms (Shippenberg and Rea, 1997). For example, microinjection
of a κ opioid receptor antagonist into the NAc of CREB overex-
pressing mice attenuates the inhibition of the rewarding effects
of cocaine (Carlezon et al., 1998). Thus, CREB activation in the
NAc may function as negative feedback to reduce sensitivity to the
behavioral effects of repeated drug administration (Carlezon et al.,
2005).

Another transcription factor induced in striatum by chronic
drugs of abuse is ΔFosB (Figure 3). In contrast to CREB, ΔFosB
appears to mediate the development of drug sensitization. ΔFosB
shares homology with other Fos family transcription factors that
include c-Fos, FosB, Fra1, and Fra2 (Morgan and Curran, 1995).
Heterodimerization of Fos family proteins with Jun family proteins
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(c-Jun, JunB, or JunD) form activator protein-1 (AP-1) tran-
scription factors. AP-1 transcription factors bind to AP-1 sites
in the promoters of specific genes to regulate their transcription.
Fos family proteins are highly unstable and induced rapidly and
transiently in the striatum after acute drug administration. Con-
versely, chronic drug administration induces persistent increases
inΔFosB (M r 35–37 kD) in striatal subregions unlike other Fos
family members (Chen et al., 1995, 1997; Hiroi et al., 1997).
Similar to CREB, some drugs of abuse appear to induce ΔFosB
selectively in dynorphin-containing MSNs of the striatum (Nye
et al., 1995; Moratalla et al., 1996; Muller and Unterwald, 2005; Lee
et al., 2006). ΔFosB-overexpressing mice have augmented locomo-
tor response to acute and chronic cocaine (Kelz et al., 1999) and
exhibit enhanced conditioned place preference (CPP), a Pavlov-
ian, or classical conditioned behavior used as an indirect measure
of the rewarding (or aversive) effects of drugs (Prus et al., 2009)
with either cocaine (Kelz et al., 1999) or morphine (Zachariou
et al., 2006). Further, ΔFosB-overexpressing mice self-administer
lower doses of cocaine than do their wild-type littermates, indicat-
ing increased sensitivity to drug reinforcing effects (Colby et al.,
2003). Interestingly, persistent increases in ΔFosB vary accord-
ing to different striatal subregions, such as the NAc core, shell
and dorsal striatum and do not differ between contingent and
non-contingent drug administration procedures (Perrotti et al.,
2008).

It is important to note here that volition is a critical factor in
understanding the signaling mechanisms of addiction. Different
outcomes between contingent versus non-contingent drug admin-
istration studies exist (Hemby et al., 2005a; Jacobs et al., 2005).
While experimenter-administered drug paradigms, such as CPP
and locomotor sensitization, have greatly increased understand-
ing of neuroplasticity induced by repeated drug exposure, it has
been proposed that molecular mechanisms of drug relapse may
be probed with greater clinical relevance using operant drug self-
administration procedures (Shaham et al., 2003; Epstein et al.,
2006).

Another major substrate of the dopamine D1/cAMP/PKA path-
way implicated in the mechanisms of various drugs of abuse
is Dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa
(DARPP-32; Svenningsson et al., 2005; Figure 3). DARPP-32 is
highly enriched in striatal MSNs (Ouimet et al., 1998). DARPP-32
can serve a dual function as a protein kinase inhibitor or a protein
phosphatase inhibitor, depending on the site of DARPP-32 phos-
phorylation. Changes in the phosphorylation state of DARPP-32,
through activation of its phosphatase- or kinase-inhibitory activ-
ity, indirectly influence the phosphorylation state of other proteins
and thereby mediate some of the diverse physiological effects of
first messengers on cellular function. For example, activation of
DARPP-32 by dopamine and cAMP can act as a positive feed-
back signal by inhibiting dephosphorylation of other substrates for
PKA. DARPP-32 can also attenuate dephosphorylation of other
substrates for other protein kinases and thereby mediate effects
of first- and second-messenger systems on one another. Further-
more, DARPP-32, via phosphorylation by PKA and dephosphory-
lation by the Ca2+-/calmodulin-dependent phosphatase, protein
phosphatase 2B (PP2B; calcineurin) can integrate physiologi-
cal effects of first messengers that influence cAMP and Ca2+

systems (Figure 3). For example, dopamine activation of D1 recep-
tors that activate the cAMP pathway phosphorylates DARPP-32,
whereas NMDA or AMPA signals that activate the Ca2+pathway
dephosphorylates DARPP-32.

PKA phosphorylates DARPP-32 at Thr34, rendering DARPP-
32 a potent inhibitor of the multifunctional protein phosphatase
1 (PP1; Hemmings et al., 1984). Altered activity of PP1 leads to
altered dephosphorylation of one of its prominent substrates: Na+,
K+-ATPase. Changes in the phosphorylation state of Na+, K+-
ATPase results in altered Na+transport across the cell membrane
and altered membrane potential in excitable cells (Li et al., 1995).
Analogous mechanisms appear to underlie modulation of Ca2+
channel activity (Surmeier et al., 1995).

CYCLIN-DEPENDENT KINASE 5
Cyclin-dependent kinase 5 (Cdk5) is another important kinase
implicated in drug addiction. Cdk5 inhibition, whether by phar-
macological or genetic means, potentiates both natural and
cocaine reward-related behaviors. Repeated intra-NAc infusions
of the Cdk5 pharmacological inhibitor roscovitine prior to cocaine
injections alter both the development and expression of cocaine-
induced locomotor sensitization (Taylor et al., 2007). Repeated
intra-NAc infusion of roscovitine also enhances the incentive-
motivational effects of cocaine as measured by responding for
drug-associated cues and this effect persisted for at least 2 weeks
after the last exposure of roscovitine (Taylor et al., 2007). NAc
infusions of another Cdk5 inhibitor, olomoucine, produces acute,
and persistent increases in “breakpoints” on a progressive ratio
schedule for cocaine reinforcement (Taylor et al., 2007), an index
of the degree of effort an animal will exert to obtain drug.

Cre/loxP conditional knockout systems permit temporal and
spatial control of Cdk5 expression in the adult brain (Benavides
et al., 2007). Mice lacking Cdk5 in adult forebrain exhibit increased
locomotor-activating effects of cocaine, increased breakpoints on
a progressive ratio schedule of food reinforcement and enhanced
cocaine CPP corresponding to increased excitability of MSNs in
the NAc, a form of functional plasticity (Benavides et al., 2007).
These combined results suggest that Cdk5 acts as a homeostatic
mechanism of neuronal excitability in the NAc and that Cdk5 may
govern behaviors driven to obtain drug, drug-associated cues, and
natural reward.

The AP-1 site in the Cdk5 gene promoter is a downstream
target ofΔFosB. Chronic cocaine administration as well as over-
expression of ΔFosB raises striatal Cdk5 mRNA, protein, and
activity (Bibb et al., 2001). Unlike protein kinases that are acti-
vated by second messengers, Cdk5 is constitutively activated
through its interactions with its cofactor p35. In this con-
stitutively active basal state, Cdk5 appears to provide a neg-
ative tonus toward D1 dopamine receptor/cAMP/PKA signal-
ing, through its phosphorylation of DARPP-32, for example.
Cdk5 phosphorylates DARPP-32 at Thr75, rendering DARPP-32
a potent inhibitor of PKA that effectively antagonizes effects of
chronic cocaine on striatal dopamine levels (Bibb et al., 1999).
These data suggest that chronic cocaine induces up-regulation
of Cdk5 mediated by ΔFosB that alters dopamine D1 recep-
tor signaling. While up-regulation of Cdk5 may functionally
repress hyper stimulated cAMP/PKA signaling pathways, it may
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also alter neuroplasticity in other ways that may contribute to
addiction.

PP2A is a predominant mechanism for dephosphorylation of
DARPP-32 at Thr75. Dephosphorylation of DARPP-32 at Thr34
involves primarily the Ca2+-dependent protein phosphatase cal-
cineurin. Dephosphorylation of Thr75 primarily involves PP2A.
Dephosphorylation of Thr75 is subject to control by both cAMP-
and Ca2+-dependent regulatory mechanisms. The PR72 (or B′′
or PPP2R3A; Figure 3) regulatory subunit of PP2A is enriched
in striatum and contains two Ca2+ binding sites formed by
E and F helices (EF-hands 1 and 2), of which EF-hands 1 is
required for the ability of PP2A activity to be regulated by Ca2+
in vitro and in vivo (Ahn et al., 2007b). These data demon-
strate that the PR72-containing form of PP2A is required for
glutamate acting at AMPA and NMDA receptors to regulate
Thr75 dephosphorylation. In addition, PP2A may be activated
through cAMP-dependent signaling through the B56δ regula-
tory subunit (Figure 3), rendering it responsive to D1 receptor
activation and subject to dysregulation by drugs of abuse. It
has been suggested that the B56δ/AC/PP2A complex also regu-
lates the dephosphorylation of DARPP-32 at Thr75 (Ahn et al.,
2007a). As either Ca2+ or cAMP through these two regulatory
subunits may activate it, PP2A represents a particularly interest-
ing signaling molecule that may contribute to reward learning and
addiction.

Ongoing studies in our laboratory suggest that Cdk5 may reg-
ulate PKA signaling through additional mechanisms. While the
activation of Cdk5 is dependent upon associating with p35, this
may also serve as an important regulatory target. Specifically,
NMDAR-dependent Ca2+influx causes calpain to convert p35 to
p25 (Wei et al., 2005; Meyer et al., 2008; Figure 4). The Cdk5/p25
holoenzyme is more soluble than Cdk5/p35 and its specificity
may shift away from substrates by which it mediates attenuation
of cAMP/PKA signaling. Thus, while Cdk5/p25 has been broadly
implicated in neuronal injury and disease (Barnett and Bibb, 2010;
Hisanaga and Endo, 2010), it may play an important role in inte-
grating Ca2+ and cAMP signaling in localized domains within
synapses invoked during reward learning. While there is growing
evidence for this concept, it remains to be proven.

Cyclin-dependent kinase 5 also modulates cocaine-induced
plasticity in dendritic spine morphology, a form of structural

FIGURE 4 | Possible mechanism for the integration of Ca2+ and cAMP

signaling involving Cdk5 and release of its inhibition of PKA signaling

by the conversion of its cofactor p35 to p25 by calpain.

plasticity. Rats received intra-NAc infusions of roscovitine or
saline during chronic cocaine administration and Cdk5 inhibition
attenuated cocaine-induced dendritic spine outgrowth in NAc
core and shell 24–48 h after cocaine exposure (Norrholm et al.,
2003). Cdk5 phosphorylates and inhibits myocyte enhancing fac-
tor 2 (MEF2) that increases dendritic spines in MSNs of the NAc
(Pulipparacharuvil et al., 2008). Inhibition of MEF2 activity in
response to cocaine can permit transcription of the cytoskeleton-
associated genes, Wiskott–Aldrich syndrome protein (WASP), N-
WASP, and WASP-family verprolin homologs (WAVEs) that have
putative MEF binding sites in their proximal promoter regions.
WAVE1 also appears to modulate spine morphogenesis in a Cdk5-
dependent manner (Kim et al., 2006; Sung et al., 2008). Thus,
increased activation of Cdk5 by repeated cocaine exposure via
ΔFosB potentially results in modulation of WAVE activity, whereas
MEF2 can modulate its expression level to mediate persistent
alterations that could underlie aspects of cocaine-induced plas-
ticity and addiction. Thus, Cdk5 could modulate functional and
structural plasticity underlying cognitive inflexibility and mal-
adaptive behaviors characteristic of addiction. The role of Cdk5 in
cytoskeletal dynamics, synaptic function, and cell survival (Lopes
and Agostinho, 2011) and cognition and plasticity (Angelo et al.,
2006; Barnett and Bibb, 2010; Bibb et al., 2010) suggest targeting
Cdk5 signaling may be a viable approach to attenuating drug-
induced changes in synaptic plasticity that influence addiction
behaviors.

EXTRACELLULAR SIGNAL-REGULATED KINASES
Extracellular signal-regulated kinases (ERK) is also involved in
the D1/cAMP/PKA signaling cascade (Figure 3; Greengard et al.,
1999; Svenningsson et al., 2004). The MAPK kinases responsi-
ble for phosphorylating ERK are the ERK kinases II (MEKs).
The MAPK kinase responsible for MEK activation include kinases
termed Raf. Raf is activated by one of three forms of Ras that is,
in turn, activated in response to many types of growth factors to
their receptors, such as brain-derived neurotrophic factor (BDNF).
ERKs are implicated in long-term neuroplasticity induced by var-
ious drugs of abuse (Lu et al., 2006; Girault et al., 2007; Thomas
et al., 2008).

Acute cocaine injections rapidly increase ERK phosphory-
lation in NAc MSNs and dorsal striatum that are blocked
by MEK pharmacological inhibition (Valjent et al., 2000) and
cocaine-induced ERK phosphorylation is attenuated in the NAc
and dorsal striatum in DARPP-32 mutant mice (Valjent et al.,
2005). Increased ERK phosphorylation in the NAc has been
shown with Δ9-tetrahydrocannabinol (THC; Valjent et al., 2001,
2004), d-amphetamine (Choe et al., 2002), 3,4-methylene-dioxy-
methamphetamine (MDMA; Salzmann et al., 2003), morphine
(Valjent et al., 2004), and nicotine (Valjent et al., 2004). Morphine-
dependent mice undergoing naloxone-precipitated withdrawal
show increased ERK activity in NAc but not dorsal striatum com-
pared to controls (Li et al., 2010). Pharmacological inhibition of
ERK, abolishes, or attenuates LTP induced by high frequency stim-
ulation of population spikes in the dorsomedial striatum in rat
and this effect is, in part, mediated by the ERK pathway coupling
to NMDA receptors (Xie et al., 2009). Blockade of ERK phos-
phorylation in the NAc by direct infusion of a MEK inhibitor
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attenuates cocaine-induced activation of CREB (Mattson et al.,
2005). Furthermore, the blockade of ERK activity corresponds
to the blockade of CREB and activity of the intermediary kinase
MSK1 (that directly activates CREB) in the NAc and dorsal stria-
tum (Brami-Cherrier et al., 2005). MEK pharmacological inhibi-
tion also blocked cocaine-induced activation of the transcription
factor Elk-1 and expression of Fos in the NAc and dorsal striatum
(Valjent et al., 2000; Zhang et al., 2004).

Cocaine-induced CPP corresponds to increased ERK phospho-
rylation in the NAc and dorsal striatum (Valjent et al., 2006) and
exposure to the cocaine-paired context increases ERK phosphory-
lation in the NAc core but not shell (Miller and Marshall, 2005).
CPP corresponding to increased ERK activity in striatum has also
been obtained with methamphetamine (Mizoguchi et al., 2004).
Effects of MEK inhibitors in ERK1 knockout mice suggest it is
the ERK2 isoform that is critical for morphine CPP (Mazzucchelli
et al., 2002), cocaine CPP, and locomotor sensitization (Ferguson
et al., 2006). ERK2 can inhibit ERK1 signaling, possibly by com-
petition for phosphorylation by MEK, suggesting ERK2 is more
potent than ERK1 (Valjent et al., 2005). Indeed, ERK1 and ERK2
appear to have opposing roles in drug-induced synaptic plastic-
ity and behavior (Girault et al., 2007), thus ERK2 but not ERK1
appears to be the isoform most critical for modulating behavioral
effects of drugs of abuse.

It has also been suggested that processes of memory disruption
may underlie the effects of ERK blockade during CPP training
on subsequent drug CPP expression (Gerdjikov et al., 2004). The
modulation of ERK by drugs of abuse via dopamine and glu-
tamate receptor interactions integrates many second messengers
suggesting ERK may function in learned associations between
reward and contextual cues (Girault et al., 2007). In addition to
a role in classical conditioning, ERK activation is implicated in
learning and performance of instrumental responding via regula-
tion of transcription factors affecting intrinsic cellular excitabil-
ity (Shiflett and Balleine, 2011a,b). ERK signaling cascades and
BDNF growth factors influence glutamate transmission modulat-
ing LTP and LTD in MSNs of the striatum (Mcginty et al., 2010).
Chronic EtOH intake attenuates ERK phosphorylation and LTD
induction, whereas withdrawal for 1 day potentiates ERK phos-
phorylation and LTD induction (Cui et al., 2011). Direct infusions
of BDNF into the prefrontal cortex decreases responding dur-
ing extinction training and prevents cocaine-induced decreases
in ERK phosphorylation in the NAc but not the dorsal stria-
tum 1 day after drug exposure (Mcginty et al., 2010) and prevents
cocaine-induced aberrations in extracellular glutamate in the NAc
(Berglind et al., 2007, 2009). Thus, the ERK signaling cascade
appears to mediate drug-induced synaptic plasticity linked to
reward.

CA2+/CALMODULIN-DEPENDENT KINASE II
The most prominent example of a Ca2+/calmodulin-dependent
kinases (CaMK) with neuronal involvement in addiction and plas-
ticity is CaMKII (Wayman et al., 2008). CaMKII can mediate many
of the second messenger actions of Ca2+ in neurons (Figure 3).
The CaMKII family consists of four subunits termed α, β, γ,
and δ isoforms that are encoded by four different genes. CaMKII

contains a catalytic, regulatory, and self-association domain. The
regulatory domain contains (1) the autoinhibitory site that binds
to and inhibits the catalytic domain while in the resting state, (2)
the Ca2+/calmodulin-binding site and (3) several regulatory phos-
phorylation sites. Disinhibition of the autoinhibitory site occurs
upon binding of Ca2+/calmodulin to the regulatory domain.
CaMKIIα at Thr286 and CaMKIIβ at Thr287 undergo autophos-
phorylation independent of Ca2+ that switches the kinase into an
autonomous activity mode (Lisman et al., 2002; Wayman et al.,
2008). Due to the stimulation-sensor capability of this autophos-
phorylation switch, CaMKII has been proposed to act as a memory
storage mechanism (Lisman et al., 2002).

The effects of psychostimulants on CaMKII activity can vary
according to striatal region, drug, and dosing regimen. Acute
cocaine increases CaMKII activity in the NAc (Mattson et al.,
2005). Acute amphetamine increases CaMKII activity in dor-
sal striatum and alters the CaMKII substrates, ERK1/2, CREB,
and Elk-1 (Choe and Wang, 2002) that is dependent on group
I mGlu receptors (Choe and Wang, 2001). Acute methamphet-
amine actually reduces CaMKII in the NAc and dorsal striatum
(Akiyama and Suemaru, 2000). Chronic amphetamine adminis-
tration increases CaMKII phosphorylation in the striatum but not
protein levels (Iwata et al., 1997). Chronic intermittent ampheta-
mine increases striatal levels of CaMKII mRNA (Greenstein et al.,
2007). Pharmacological inhibition of CaMKII activity blunts acute
amphetamine-induced dopamine efflux via the dopamine trans-
porter (DAT) in mouse midbrain dopamine cultured neurons,
striatal brain slices, and in vivo (Fog et al., 2006). Acute adminis-
tration of a D1-like agonist (Das et al., 1997; Dudman et al., 2003)
or NMDA agonist (Das et al., 1997) increases phosphorylation of
CREB that is attenuated by CaMKII pharmacological inhibitors in
rat striatal neurons.

There is also cross talk between CaMKII and PKA signaling
pathways. PKA may promote LTP by stabilizing and/or recycling
pools of GluA1 AMPA receptors that are subsequently recruited
to the synaptic membrane by Ca2+ stimulation of CaMKII (or
protein kinase C PKC; see below)-driven trafficking events and
GluA1 phosphorylation at Ser818 and Ser831 (Boehm et al., 2006;
Guire et al., 2008). Single channel AMPA receptor activity may
also be increased during LTP via PKA phosphorylation of Ser845
to increase probability of open channels and CaMKII/PKC phos-
phorylation of Ser831 to increase single channel conductance
(Derkach et al., 2007).

Intriguingly, CaMKII has been implicated as an important
negative regulator of the dopamine D3 receptor subtype that
relieves the dopamine receptor-mediated inhibition on sensi-
tized behavior (Liu et al., 2009). It was shown that D3 recep-
tor activation inhibits AC in acute NAc slices and that NMDA
receptor-mediated Ca2+ influx restores this inhibition through
stimulating CaMKII-binding to the D3 receptor. Importantly, a
peptide derived from the CaMKII-binding site on the D3 receptor
prevented this disinhibition induced by Ca2+ influx.

PROTEIN KINASE C
PKC comprises more than 14 isoforms subdivided into cate-
gories according to their structure, Ca2+ dependence, and lipid
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activators (Pearce et al., 2010). All PKC isoforms contain a catalytic
domain harboring an ATP binding site and a substrate-binding
site. Ca2+ in conjunction with the lipid signaling intermediate
diacylglycerol (DAG) activate the classical PKCs (α, βI, βII, and
γ; Figure 3). DAG but not Ca2+ activate novel PKCs (δ, ε, η,
and θ). Lipids such as phosphatidic and arachidonic acid activate
atypical PKCs (ζ, and ι/λ) that are considered to be constitutively
active as they require neither DAG nor Ca2+. Ca2+ and/or DAG or
lipids bind to the R domain to disinhibit the C domain. PKC,
similar to CaMKII, mediates multiple second messenger func-
tions of Ca2+ to influence substrates such as receptors and ion
channels.

There are numerous downstream substrates of PKCs involved
in mechanisms of drugs of abuse that include neurotransmitter
receptor subtypes such as α4 subunit of the nicotinic acetyl-
choline receptor (nAChR) phosphorylated at Ser550 (Pollock et al.,
2007), dopamine D2 receptors phosphorylated at Ser229, Ser228,
Thr352, Thr354, and Ser355 (Namkung and Sibley, 2004), the
γ2 subunit of the GABAA receptor phosphorylated at Ser327 of
the γ2 subunit of the GABAA receptor (Qi et al., 2007), and
cannabinoid CB1 receptors phosphorylated at Ser317 (Garcia
et al., 1998). Other PKC substrate proteins are involved in exo-
cytosis (e.g., Ser187 of SNAP-25; Nagy et al., 2002) and synaptic
plasticity (e.g., Ser36 of neurogranin and Ser41 of neuromod-
ulin; Huang et al., 1993; Oehrlein et al., 1996) are also targeted
by PKC.

PKC also phosphorylates Ser818 of the AMPA glutamate recep-
tor subunit GluA1 that facilitates AMPA receptor externalization
and LTP (Boehm et al., 2006). PKC and MAPK signaling pathways
appear to be involved in AMPA receptor trafficking underlying an
in vitro model of classical conditioning in pond turtles, Pseudemys
scripta elegans (Zheng and Keifer, 2008). PKC activation facili-
tates autophosphorylated CaMKII and increased association with
NMDA receptors in conjunction with NMDA postsynaptic recep-
tor insertion that was, along with PKC-induced LTP of the AMPA
receptor-mediated response, abolished by a CaMKII antagonist or
by disruption of CaMKII interaction with NR2A or NR2B (Yan
et al., 2011).

Due to the lack of selectivity of pharmacological inhibitors for
specific PKC isoforms, targeted gene disruption in mouse mod-
els is increasingly being used to explore the precise role of PKC
isoforms in behaviors related to addiction (Olive and Newton,
2010). PKCβ knockout mice have a reduced locomotor-activating
effect of acute amphetamine and this isozyme is critical for effects
on DAT (Chen et al., 2009). PKCγ knockout mice fail to exhibit
morphine CPP (Narita et al., 2001) and show increased EtOH con-
sumption in a two-bottle choice procedure (Bowers and Wehner,
2001). PKCε knockout mice show enhanced locomotor stimu-
lant effects of lower doses of EtOH (Hodge et al., 1999, 2002)
and potentiated rewarding and reinforcing effects of morphine
(Newton et al., 2007). However, PKCε knockout mice consumed
approximately 75% less EtOH and exhibit weaker EtOH prefer-
ence in a two-bottle choice task compared to wildtype controls
(Hodge et al., 1999). Another study showed that PKCε knockout
mice exhibit reduced EtOH self-administration and attenuated
alcohol deprivation effect (Olive et al., 2000). PKCε knockout mice

are more sensitive to the aversive and less sensitive to the reward-
ing effects of EtOH in CPP (Newton and Messing, 2007). PKCε

knockout mice acquire morphine intravenous self-administration
at doses that do not maintain self-administration in wild-type
controls (Newton et al., 2007).

These pharmacological and genetic techniques suggest a mean-
ingful role for PKC in neuroadaptations and behavioral alter-
ations pertinent to addiction. Indeed, the wealth of data espe-
cially on PKCε obtained in drug self-administration has led to
its inclusion on a panel of markers for haplotype analysis of
addiction-related genes (Hodgkinson et al., 2008). Thus, the oper-
ation of PKC isozymes and their signaling pathways provide
another route to the development of pharmacotherapeutics for
addiction.

FUTURE DIRECTIONS
Here we have made attempt to integrate different aspects of
addiction including behavioral considerations and animal mod-
els, considerations of circuitry and its mediation of both reward
and addiction learning, and have cataloged a small portion of
the underlying signaling mechanism that mediate normal and
addiction-related motivated behaviors. Focus on the cellular and
molecular neurobiology of signal transduction has allowed the
elucidation of mechanisms beyond the synaptic level that mod-
ulate addictive drug-induced functional and structural plasticity.
Behavioral assays related to drug addiction that dissociates mea-
sures of relapse from reinforcement and dependence provides
powerful tools to evaluate the effects of targeting specific intracel-
lular signaling pathways. However,understanding of the molecular
mechanism involved and relating them complex pathophysiolog-
ical and behavioral basis of adduction is incomplete and remains
a challenge. Current and future research on addiction driven
toward reversing drug-induced pathology that impairs synaptic
plasticity will undoubtedly include the systematic manipulation
of mechanisms of protein phosphorylation.

The transition to the addicted state may initiate with a cascade
of neuroadaptations from the ventral striatum to dorsal striatum.
However, the delineation of drug-induced plasticity in neurocir-
cuitry corresponding to stages of binge intoxication, withdrawal-
induced negative affect and preoccupation/anticipation involves
other critical brain regions that include but are not limited to
the ventral tegmental area, extended amygdala, prefrontal cor-
tex, cingulated gyrus, and hippocampus. A better understanding
of the neurocircuitry altered by drugs of abuse will help form a
heuristic basis in the search for genetic, molecular, and pharmaco-
logical neuroadaptations conferring risk for or protection against
addiction and aid in the identification of novel targets for pharma-
cotherapeutics with increased therapeutic efficacy and decreased
side effect liability.
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NEUROANATOMY

multiple protein kinases and phosphatases control phosphorylation 
levels of glutamate receptors. Recent work identifies fatty acylation, 
such as palmitoylation, as another important type of modification 
at cysteine residues. Lysine residues may also be modified by the 
enzymatic cascades known as ubiquitination and sumoylation. All 
these modifications are noticeably physiological events and sen-
sitive to changing synaptic inputs. They are labile, dynamic and 
reversible in nature, unlike other modifications, such as prenyla-
tion, farnesylation, and geranylation, which are semi-permanent 
and serve to anchor proteins to membranes. Thus, these reversible 
modifications are believed to activity-dependently regulate and 
assure normal expression and function of glutamate receptors. As 
such, malfunction of these modifications is frequently associated 
with the pathogenesis of various neuropsychiatric disorders.

The striatum, i.e., the dorsal caudate putamen and ventral 
nucleus accumbens (NAc), is a central structure in reward circuits 
implicated in drug addiction. This region is enriched with gluta-
matergic innervation and glutamate receptors. The accumulated 
data support the role of striatal glutamatergic transmission in drug 
addiction (Tzschentke and Schmidt, 2003; Hyman et al., 2006). 
Recently, emerging evidence links post-translational modifica-
tions of glutamate receptors to excitatory synaptic plasticity and 
drug-seeking behavior. Generally, modification processes of striatal 
glutamate receptors are sensitive to addictive drugs such as the psy-
chostimulants (cocaine and amphetamine). Altered  modifications 

IntroductIon
The neurotransmitter l-glutamate (glutamate) interacts with spe-
cific ionotropic glutamate receptors (iGluR) or metabotropic gluta-
mate receptors (mGluR; Dingledine et al., 1999; Cull-Candy et al., 
2001). The former are the ligand-gated ion channel and are classi-
fied into N-methyl-d-aspartate receptors (NMDAR), α-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPAR), 
and kainate receptors. The latter are the G protein-coupled recep-
tor. Through various G proteins, they connect to multiple second 
messenger systems. There are three functional groups of mGluRs 
(group I–III) classified from eight subtypes (mGluR1–8; Conn and 
Pin, 1997). Group I mGluRs (mGluR1/5 subtypes) are positively 
coupled to phospholipase Cβ1 through Gαq proteins. Activation 
of mGluR1/5 increases phosphoinositol hydrolysis, resulting in 
intracellular Ca2+ release and protein kinase C (PKC) activation 
(Conn and Pin, 1997). Both group II (mGluR2/3) and group III 
(mGluR4/6/7/8) receptors are negatively coupled to adenylyl cyclase 
through Gαi/o proteins. Their activation reduces cAMP formation 
and inhibits protein kinase A (PKA).

Diverse post-translational modifications occur at intracellular 
domains of glutamate receptors and represent regulatory mecha-
nisms for controlling many properties of modified receptors. Early 
extensive studies have established a phosphorylation modification 
of both iGluRs and mGluRs (Swope et al., 1999; Wang et al., 2006). 
By targeting specific amino acids (serine, threonine, and tyrosine), 
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contribute to enduring receptor plasticity and the addictive proper-
ties of drugs. This review will primarily discuss post-translational 
modifications of glutamate receptor and their associations with 
drug action, while roles of individual glutamate receptors in drug 
addiction have been thoroughly reviewed elsewhere (Bird and 
Lawrence, 2009; Kalivas, 2009; Bowers et al., 2010; Moussawi and 
Kalivas, 2010; Schmidt and Pierce, 2010). We will focus on sev-
eral major types of modifications appreciated recently, including 
phosphorylation, palmitoylation, ubiquitination, and sumoylation, 
based on the available data linking them to drug addiction. Of 
note, in addition to addiction, abnormalities in the modifications of 
glutamate receptors can be observed in many other disease models, 
such as schizophrenia (Li et al., 2009), anxiety (Delawary et al., 
2010), and Parkinson’s disease (Ba et al., 2006).

PhosPhorylatIon of glutamate recePtors at serIne/
threonIne
α-amIno-3-hydroxy-5-methylIsoxazole-4-ProPIonIc acId 
recePtors
Phosphorylation of AMPARs at serine/threonine has been well 
established (Wang et al., 2006). Most AMPARs become functional 
upon a heteromeric assembly of four subunits (GluA1–4 or GluR1–
4). A tetrameric structure seems to be prototypic and is assembled 
by dimer-of-dimers of GluA2 and either GluA1, GluA3, or GluA4. 
As a membrane-bound receptor, four subunit proteins share the 
same conformation in the plasma membrane: four transmembrane 
domains (TMD; M1-4) with an extracellular N-terminus and an 
intracellular C-terminus. C-termini are variable in length among 
subunits and are intracellular domains for protein–protein interac-
tions and serine/threonine phosphorylation (Carvalho et al., 2000). 
To date, the GluA1 C-terminus has four identified phosphoryla-
tion sites at serine 818 (S818), S831, threonine 840 (T840), and 
S845 (Roche et al., 1996; Barria et al., 1997; Mammen et al., 1997; 
Table 1). Other subunits are also similarly phosphorylated at their 
C-terminal serine and/or threonine residues (Chung et al., 2000; 
Wang et al., 2006). S818 is phosphorylated by PKC (Boehm et al., 
2006) and S831 by both PKC and Ca2+/calmodulin-dependent 
protein kinase II (CaMKII; Roche et al., 1996; Barria et al., 1997; 
Mammen et al., 1997). T840 is not a substrate of the common 
kinases such as PKA, PKC, or CaMKII, but it appears to be a sub-
strate of p70S6 kinase (Delgado et al., 2007). Finally, S845 is specific 
for PKA-mediated phosphorylation (Roche et al., 1996).

Phosphorylation is one of the post-translational modifications 
that are labile and reversible. In fact, AMPAR phosphorylation is 
subject to the vigorous regulation by synaptic signals. Regulated 
phosphorylation in turn adjusts expression, distribution (synap-
tic delivery) and function of the receptor usually in a site-specific 
fashion. Acute phosphorylation of GluA1 S818 by PKC pro-
moted GluA1 synaptic incorporation and an activity-dependent 
form of synaptic plasticity, long-term potentiation (LTP; Boehm 
et al., 2006). PKC/CaMKII-sensitive S831 and PKA-sensitive S845 
phosphorylation potentiated AMPAR currents and augmented 
LTP (Roche et al., 1996; Derkach et al., 1999; Banke et al., 2000). 
Activity-driven PKA phosphorylation of S845 also drove AMPARs 
to synapses, which was necessary for LTP (Estaban et al., 2003). 
T840 is dephosphorylated by NMDAR signals, which is implicated 
in long-term depression (LTD; Delgado et al., 2007).

AMPARs are densely expressed in striatal medium spiny output 
neurons and certain types of interneurons (Martin et al., 1993; 
Bernard et al., 1997). These postsynaptic receptors are present 
in the perikarya, dendrites, and spines with a significant amount 
of extrasynaptic receptors on these subcellular specializations. 
The site-specific phosphorylation of striatal GluA1 subunits in 
response to drug exposure has been extensively studied. It is appar-
ent that dopamine is a strong regulator of their phosphorylation. 
By stimulating D1 dopamine receptors and associated cAMP/
PKA pathways, the D1 agonist and psychostimulants (cocaine and 
amphetamines) increased GluA1 phosphorylation preferentially at 
S845 in striatal neurons (Price et al., 1999; Snyder et al., 2000; Chao 
et al., 2002). This facilitated surface/synaptic delivery of AMPARs 
and potentiated efficacy and strength of excitatory synapses (Price 
et al., 1999; Mangiavacchi and Wolf, 2004; Swayze et al., 2004). In 
contrast to D1 signals, the D2 receptor inhibits S845 phosphoryla-
tion (Hakansson et al., 2006).

Plastic changes in AMPAR phosphorylation may constitute an 
important layer of underlying mechanisms for receptor plasticity 
and drug addiction. Several studies in chronic drug administra-
tion models (passive repeated administration or operant self-
administration) have established an association (correlation) 
between AMPAR phosphorylation and enduring behavioral 
plasticity (behavioral sensitization and more significantly drug-
seeking behavior), although a causal link between them remains 
to be proven experimentally. For instance, cocaine-sensitized or 
heroin self-administering rodents were associated with increased 
phosphorylation at S845 in the NAc (Zhang et al., 2007; Edwards 
et al., 2009; Chen et al., 2010; but Mattson et al., 2005; Chen and 
Manev, 2010) and at S831 in the CPu (Kim et al., 2009). Increased 
accumbens shell S831 phosphorylation was seen in animals show-
ing reinstatement of cocaine-seeking (Anderson et al., 2008). In 
addition to GluA1, elevated GluA2 S880 phosphorylation in the 
NAc was related to reinstatement of cocaine-seeking (Famous 
et al., 2008). These results imply a phosphorylation-dependent 
mechanism for AMPAR plasticity and drug-seeking. S845/S831 
phosphorylation is likely to be upregulated to increase surface 
AMPAR expression and thereby enhance AMPAR transmission 
related to behavioral plasticity (Boudreau and Wolf, 2005; Conrad 
et al., 2008). However, self-administration of cocaine induced 
lesser S845 phosphorylation in the striatum as compared to acute 
cocaine injection, establishing a tolerance of S845 phosphorylation 
in response to chronic cocaine (Edwards et al., 2007). This toler-
ance may reflect a downregulated GluA1 function in accumbens 
neurons and may contribute to cocaine sensitization and cocaine-
seeking behavior (Sutton et al., 2003; Bachtell et al., 2008). These 
results underscore the complexity of AMPARs’ roles in drug action. 
Distinct roles of the receptor may derive from differences in sub-
sets of synapses, subpopulations of projection and interneurons, 
subdivisions of the NAc (core versus shell), early or late withdrawal 
times and addiction stages, different administration/test regimens, 
and types of behavior surveyed.

N-methyl-D-asPartate recePtors
Like AMPARs, NMDARs are tetrameric assemblies of two oblig-
atory GluN1 subunits and two modulatory GluN2 subunits 
(Dingledine et al., 1999; Cull-Candy et al., 2001). The difference 
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Table 1 | Post-translational modifications of glutamate receptors.

Modification Receptor Subtype Site Enzyme Physiological/

pathophysiological impact

References

Phosphorylation AMPAR GluA1 S818 (CT) PKC Promote synaptic 

incorporation and critical for 

LTP

Boehm et al. (2006)

S831 (CT) PKC/CaMKII Increase currents and channel 

conductance

Roche et al. (1996), Barria et al. 

(1997), Mammen et al. (1997)

T840 (CT) p70S6 Dephosphorylation links to 

LTD

Delgado et al. (2007)

S845 (CT) PKA Increase synaptic delivery/peak 

currents and critical for LTP

Roche et al. (1996), Estaban 

et al. (2003)

GluA2 S880 (CT) PKC Disrupt GRIP1/2 binding and 

promote endocytosis and LTD

Chung et al. (2000)

GluA2 Y876 (CT) Src Disrupt GRIP1/2 binding and 

promote endocytosis and LTD

Hayashi and Huganir (2004), 

Ahmadian et al. (2004), Fox 

et al. (2007)

NMDAR GluN1 S890 (CT) PKC Disperse surface clustering Tingley et al. (1997)

S896 (CT) PKC ND Tingley et al. (1997)

S897 (CT) PKA ND Tingley et al. (1997)

GluN2A Y1325 (CT) Src Increase NMDAR activity and 

contribute to depression

Taniguchi et al. (2009)

GluN2B S1303 (CT) PKC/CaMKII Enhance NMDAR function Omkumar et al. (1996), Liao 

et al. (2001)

S1323 (CT) PKC Enhance NMDAR function Liao et al. (2001)

S1480 (CT) CK2 Increase endocytosis Sanz-Clemente et al. (2010)

Y1336 (CT) Fyn Increase calpain cleavage Wu et al. (2007)

Y1472 (CT) Fyn Link to LTP Nakazawa et al. (2001)

GluNC S1244 (CT) PKA/PKC Regulate channel kinetics Chen et al. (2006)

S1096 (CT) PKB/Akt Increase surface expression Chen and Roche (2009)

mGluR mGluR1a T695 (IL2) PKC Desensitization Medler and Bruch (1999), 

Francesconi and Duvoisin 

(2000)

mGluR5 T840/S839 (CT) PKC Generate oscillatory Ca2+ 

responses

Kawabata et al. (1996), Kim 

et al. (2005)

mGluR5 T606/S613 

(IL1), T665/

T681 (IL2), 

S881/S890 (CT)

PKC Desensitization Gereau and Heinemann 

(1998)

mGluR5 T1164/S1167 

(CT)

CDK5 Increase Homer binding Orlando et al. (2009)

mGluR2 S843 (CT) PKA Inhibit function Schaffhauser et al. (2000)

mGluR3 S845 (CT) PKA Inhibit function Cai et al. (2001)

mGluR4a/7a/8a S859/S862/

S855 (CT)

PKA Inhibit function Cai et al. (2001)

mGluR7 S862 (CT) PKC Inhibit calmodulin binding and 

increase surface expression

Airas et al. (2001), Suh et al. 

(2008)

Palmitoylation AMPAR GluA1/2/3/4 C585/C610/

C615/C611 

(TMD2)

GODZ/

DHHC3

Golgi retention Hayashi et al. (2005)

GluA1/2/3/4 C811/C836/

C841/C817 (CT)

ND Disrupt 4.1N binding and 

promote endocytosis

Hayashi et al. (2005)

(Continued)
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the receptor. PKC phosphorylation of S890 dispersed the surface 
clusters of GluN1 (Tingley et al., 1997). PKC-sensitive phosphoryla-
tion of GluN1 and GluN2B (S1303 and S1323) enhanced NMDAR 
function (Hisatsune et al., 1997; Liao et al., 2001). CK2 phosphor-
ylation of GluN2B S1480 drove GluN2B endocytosis and facilitated 
developmental switch from GluN2B to GluN2A at synapses (Sanz-
Clemente et al., 2010). PKB phosphorylation of GluN2C S1096 
enhanced surface expression of GluN2C-containing NMDARs and 
supported neuronal survival (Chen and Roche, 2009).

GluN2A and GluN2B are the predominant GluN2 subunits in 
the striatum. Major tetrameric subtypes of NMDARs in this region 
are therefore thought to be 2GluN1/2GluN2A, 2GluN1/2GluN2B, 
or 2GluN1/1GluN2A/1GluN2B, in addition to some binary sub-
types containing one GluN1 and one GluN2A or GluN2B subunit 
(Dunah et al., 2000; Dunah and Standaert, 2003). Both striatonigral 
and striatopallidal projection neurons and cholinergic interneu-
rons express a high level of NMDARs (Landwehrmeyer et al., 1995; 
Chen et al., 1996). Most GluN1/GluN2A receptors are incorporated 
into synapses, while GluN1/GluN2B receptors are present at both 
synaptic and extrasynaptic sites (Tovar and Westbrook, 1999). 

in GluN2 subunit compositions (GluN2A–D) largely determines 
the distinct gating and pharmacology of the channel. As a trans-
membrane receptor, each NMDAR subunit shares an extracellu-
lar N-terminus and an intracellular C-terminus. The C-terminal 
region is large especially for GluN2A and GluN2B, which provides 
a spacious area for protein kinase interactions and serine/threo-
nine phosphorylation. Indeed, three NMDAR subunits (GluN1, 
GluN2B, and GluN2C) have been found to undergo active phos-
phorylation at distinct serine/threonine sites. Within the GluN1 
C-terminal domain, PKC phosphorylates S890 and S896 (Tingley 
et al., 1997). An S896-neighboring site, S897, is a substrate of PKA 
(Tingley et al., 1997). GluN2B S1303 is subject to phosphorylation 
by CaMKII (Omkumar et al., 1996). PKC may be another kinase for 
this site as well as S1323 (Liao et al., 2001). A more recently identi-
fied site on the GluN2B C-terminus, S1480, is within a PDZ-binding 
domain and is sensitive to casein kinase (CK2; Sanz-Clemente et al., 
2010). The GluN2C C-terminus is phosphorylated at S1244 by both 
PKA and PKC (Chen et al., 2006) and at S1096 by protein kinase 
B (PKB)/Akt (Chen and Roche, 2009). The phosphorylation level 
at these sites has a significant impact on some key properties of 

NMDAR GluN2A C848/C853/

C870 (CT, 1st 

cluster)

GODZ/

DHHC3

Increase tyrosine 

phosphorylation and surface 

expression

Hayashi et al. (2009)

GluN2A C1214/C1217/

C1236/C1239 

(CT, 2nd cluster)

GODZ/

DHHC3

Golgi retention Hayashi et al. (2009)

GluN2B C848/C854/

C871 (CT, 1st 

cluster)

GODZ/

DHHC3

Increase tyrosine 

phosphorylation and surface 

expression

Hayashi et al. (2009)

GluN2B C1215/C1218/

C1239/C1242/

C1245 (CT, 2nd 

cluster)

GODZ/

DHHC3

Golgi retention Hayashi et al. (2009)

Kainate GluK6 C827/C840 (CT) ND Regulate PKC phosphorylation 

of GluK6

Pickering et al. (1995)

mGluR mGluR4 ND ND ND Alaluf et al. (1995)

Ubiquitination NMDAR GluN1 ND ND Decrease expression Ratnam and Teichberg (2005), 

Kato et al. (2005)

GluN2B ND Mind 

bomb-2

Decrease NMDAR activity Jurd et al. (2008)

Kainate GluK6 ND (I884 is 

critical for 

binding 

enzyme)

ND Decrease surface expression Salinas et al. (2006)

mGluR mGluR1a/5 ND Siah1A Decrease expression Moriyoshi et al. (2004)

Sumoylation Kainate GluK6 K886 (CT) PIAS3 Agonist-induced endocytosis Martin et al. (2007)

Kainate GluK7 ND SUMO-1 ND Wilkinson et al. (2008)

mGluR mGluR8 K882 (CT) PIAS1 ND Tang et al. (2005)

mGluR mGluR4/6/7 ND SUMO-1 ND Wilkinson et al. (2008

ND, not determined; IL1, intracellular loop 1; IL2, intracellular loop 2; CT, C-terminus. See text for other abbreviations. 

Table 1 | Continued

Modification Receptor Subtype Site Enzyme Physiological/

pathophysiological impact

References
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Group II/III mGluRs are also phosphorylated at serine/threo-
nine. PKA phosphorylates mGluR2 S843, mGluR3 S845, mGluR4a 
S859, mGluR7a S862, and mGluR8a S855 on the C-terminal tail to 
inhibit their function as presynaptic receptors (Schaffhauser et al., 
2000; Cai et al., 2001). PKC phosphorylates a conserved site (S862) 
on mGluR7 C-termini to inhibit calmodulin binding in vitro (Airas 
et al., 2001). In addition, mGluR7 S862 phosphorylation, in com-
bination with the binding of the PDZ domain-containing protein 
PICK1, stabilized surface mGluR7 expression in vivo (Suh et al., 
2008). At present, studies on the regulation of mGluR phosphoryla-
tion by addictive drugs are limited, partially due to the lack of phos-
pho- and site-specific antibodies. One study revealed that relative 
serine phosphorylation of the mGluR2/3 monomer was elevated in 
both the NAc and prefrontal cortex after repeated cocaine, which 
was associated with an enduring reduction of mGluR2/3 function 
in inhibiting glutamate release (Xi et al., 2002). How phosphoryla-
tion modifications of mGluRs precisely contribute to drug-induced 
mGluR plasticity and drug-seeking behavior remains an interesting 
topic in future studies.

PhosPhorylatIon of glutamate recePtors at 
tyrosIne
In addition to serine and threonine, tyrosine is another phos-
phorylation site on glutamate receptors. GluA1 and GluA2 
intracellular domains are tyrosine-phosporylated (Hayashi and 
Huganir, 2004; Wu et al., 2004). The distal region of the GluA2 
C-terminus possesses multiple tyrosine residues. Non-receptor 
Src family tyrosine kinases phosphorylate tyrosine 876 (Y876; 
Hayashi and Huganir, 2004), the last tyrosine residue near the 
end of C-terminus that lies within the PDZ ligand motif. Y876 
phosphorylation disrupted the association of GluA2 with the 
PDZ domain-containing proteins, such as glutamate receptor 
interacting proteins 1 and 2 (GRIP1/2), and thereby promoted 
endocytosis of GluA2 (Hayashi and Huganir, 2004) and LTD 
(Ahmadian et al., 2004; Fox et al., 2007). GluN2, although not 
GluN1, subunits are also tyrosine-phosphorylated in their 
C-termini (Lau and Huganir, 1995; Menegoz et al., 1995; Dunah 
et al., 2000). Both Src-family tyrosine kinases (Src and Fyn) and 
Src-independent tyrosine kinases can carry out the phosphor-
ylation (Suzuki and Okumura-Noji, 1995; Zheng et al., 1998; 
Xu et al., 2009). Multiple tyrosine residues (7 of 25, includ-
ing 1252, 1336, and 1472) within the GluN2B C-terminus are 
responsive to phosphorylation. Y1472 seems to be a major site 
(Nakazawa et al., 2001) comparable to a major site (Y1325) on 
GluN2A (Taniguchi et al., 2009). GluN2 phosphorylation usually 
enhances NMDAR-mediated currents and NMDAR-dependent 
LTP via mechanisms involving the regulation of trafficking and 
protein–protein interactions (Wang and Salter, 1994; Lau and 
Huganir, 1995; Rostas et al., 1996; Dunah et al., 2004). Moreover, 
the influence of tyrosine phosphorylation can be site-selective. 
Y1472 and Y1336 phosphorylation was associated with enrich-
ment of synaptic and extrasynaptic NMDARs, respectively 
(Goebel-Goody et al., 2009). Fyn-mediated Y1336 phosphor-
ylation site-dependently controlled GluN2B cleavage by calpain 
(Wu et al., 2007). Regarding mGluRs, mGluR5 was abundantly 
tyrosine-phosphorylated in striatal neurons in vivo, based on 
pharmacological studies with tyrosine kinase or  phosphatase 

Enriched expression of NMDARs in the striatum implies their 
roles in drug action and provides an opportunity to investigate 
adaptive changes in the receptor phosphorylation in response to 
psychostimulants. Acute amphetamine increased GluN1 S896 
phosphorylation primarily in D1 receptor-bearing striatonigral 
neurons (Liu et al., 2004). Direct stimulation of D1 receptors with 
D1 agonists enhanced PKA-sensitive GluN1 S897 phosphorylation 
through the D1/cAMP/PKA pathway (Dudman et al., 2003). The 
enhanced S897 phosphorylation seems to lead to a cytosolic Ca2+ 
rise, which synergizes with the cAMP/PKA signals to activate the 
transcription factor Ca2+/cAMP response element binding protein 
(CREB) to facilitate gene expression. These results show the ability 
of psychostimulants to modify NMDAR phosphorylation. Through 
modifying the receptor, stimulants regulate gene expression and 
construct transcription-dependent neuroadaptations essential for 
long-lasting drug action.

In addition to the D1 receptor, the D2 receptor is involved in 
the regulation of NMDAR phosphorylation (Liu et al., 2006). A 
single dose of cocaine induced a heteroreceptor complex formation 
between D2 receptors and GluN2B in D2 receptor-bearing striat-
opallidal neurons. The interaction of D2 receptors with GluN2B 
disrupted the association of CaMKII with GluN2B, thereby reduc-
ing phosphorylation at the CaMKII-sensitive site S1303 and inhibit-
ing NMDAR currents. Behaviorally, this phosphorylation-involved 
D2–GluN2B interaction suppressed the inhibitory indirect pathway 
to promote a full motor response to cocaine.

Chronic cocaine reduced GluN1 S896 phosphorylation in the rat 
frontal cortex at 24 h, although not 14 days, of withdrawal (Loftis 
and Janowsky, 2002). However, cocaine self-administration had 
a minimal influence over S896 phosphorylation in the monkey 
striatum (Hemby et al., 2005). Acute, repeated, and self administra-
tion of cocaine increased GluN1 S897 phosphorylation in the rat 
striatum (Edwards et al., 2007). These results demonstrate that in 
the striatum at least S897 is a sensitive site modified by cocaine. 
Future studies are needed to elucidate how S897 phosphorylation 
mediates NMDAR plasticity and drug craving.

metabotroPIc glutamate recePtors
The mGluR is an equally sensitive substrate for phosphorylation 
and PKC’s roles in mGluR phosphorylation have been the most 
extensively studied (Kim et al., 2008; Mao et al., 2008). The long 
form group I mGluRs (1a, 5a, and 5b) have a characteristically large 
C-terminal tail. A threonine residue (T840) or an adjacent S839 
in the proximal region of mGluR5a C-terminus undergoes PKC-
mediated phosphorylation (Kawabata et al., 1996; Kim et al., 2005). 
This single site phosphorylation determines the pattern of Ca2+ 
responses to mGluR5 stimulation (Kawabata et al., 1996; Uchino 
et al., 2004). PKC also possibly phosphorylates other serine/threo-
nine sites (T606, S613, T665, T681, S881, and S890 for mGluR5a; 
T695 for mGluR1a). Phosphorylation at these sites is involved in 
rapid desensitization of the receptor (Gereau and Heinemann, 
1998; Medler and Bruch, 1999; Francesconi and Duvoisin, 2000). 
In addition to PKC, cyclin-dependent kinase 5 (CDK5) phosphor-
ylates two residues (T1164/S1167) within the domain of mGluR1/5 
C-termini that interacts with the scaffold protein Homer (Orlando 
et al., 2009). This phosphorylation increased the binding of the 
receptor to Homer.
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HEK 293T cells, cultured cortical neurons, and striatal neurons 
in vivo (Hayashi et al., 2005; Van Dolah et al., 2011). Two conserved 
cysteine residues on these subunits undergo reliable palmitoyla-
tion: one within C-terminal regions (GluA1-C811, GluA2-C836, 
GluA3-C841, and GluA4-C817) and another within the TMD 
2 (GluA1-C585, GluA2-C610, GluA3-C615, and GluA4-C611; 
Hayashi et al., 2005). These sites are surrounded by basic and 
hydrophobic residues. They are adjacent to TMD, consistent with a 
pattern of palmitoylation for transmembrane proteins, i.e., palmi-
toylation at intracellular cysteines near TMD (El-Husseini and 
Bredt, 2002). Regarding potential PAT subtypes catalyzing AMPAR 
palmitoylation, a Golgi-specific protein with a DHHC zinc finger 
domain (GODZ, also known as DHHC3) promoted the palmi-
toylation on the TMD 2 site, while the exact PAT subtype for the 
C-terminal site remains to be identified (Hayashi et al., 2005). In 
addition to DHHC3, a dendritically localized DHHC2 activity-
dependently translocated to the postsynaptic density (PSD) to 
induce rapid palmitoylation of PSD-95 in cultured hippocampal 
neurons (Noritake et al., 2009).

As aforementioned, palmitoylation controls redistribution of 
modified proteins usually in an activity-sensitive fashion. According 
to Hayashi et al. (2005), GODZ increases palmitoylation of AMPARs 
on the TMD 2 site and retains the receptor in the Golgi apparatus. 
In contrast, depalmitoylation releases the receptor from the Golgi 
for surface delivery. On the C-terminal site, palmitoylation dis-
rupts the interaction of receptors with 4.1N, a synapse-enriched 
cytoskeletal protein that stabilizes surface AMPAR expression, and 
enhances susceptibility to agonist-induced internalization traf-
ficking. Depalmitoylation increases the receptor affinity for 4.1N 
and stabilizes the receptor on surface membrane. Apparently, the 
balance of palmitoylation and depalmitoylation is regulated by 
synaptic activity. Such regulatable balance determines subcellular 
distribution of the receptor.

N-methyl-d-aspartate receptors GluN2A and GluN2B subunits 
have two distinct clusters of palmitoylation sites in their C-terminal 
regions (Hayashi et al., 2009). The first cluster is proximal to mem-
brane (GluN2A: C848, C853, and C870; GluN2B: C849, C854, and 
C871). Palmitoylation of these sites increased tyrosine phosphor-
ylation, leading to enhanced surface expression of the receptor. The 
second cluster resides in the middle of C terminus (GluN2A: C1214, 
C1217, C1236, and C1239; GluN2B: C1215, C1218, C1239, C1242, 
and C1245). Their palmitoylation caused receptors to accumulate 
in the Golgi apparatus and reduced receptor surface expression. 
Recombinant kainate receptor GluK6 subunits expressed in HEK 
cells are palmitoylated at C-terminal C827 and C840 (Pickering 
et al., 1995). mGluR palmitoylation has been less extensively 
studied. Available data show that mGluR4 but not mGluR1α is 
palmitoylated in heterologous cells transfected with these subtypes 
(Alaluf et al., 1995; Pickering et al., 1995). Little is known about the 
palmitoylation status of endogenous mGluRs in neurons.

Palmitate is the most abundant fatty acid in the brain. Thus, 
inducible, regulatable, and reversible palmitoylation could be a 
common mechanism for regulating normal glutamate receptors 
and excitatory synapses. An attractive speculation is that glutamate 
receptor palmitoylation could also be plastic in response to drug 
exposure and is thus involved in enduring synaptic and behavioral 
plasticity. At present, the study linking palmitoylation to addiction 

inhibitors and immunoprecipitation experiments with anti-
phosphotyrosine antibodies (Orlando et al., 2002), although 
accurate site(s) among a few tyrosine residues on the mGluR5 
C-terminus have not been determined.

D1 receptor signals increased synaptic delivery of tyrosine-
phosphorylated GluN2A and GluN2B in striatal neurons (Dunah 
and Standaert, 2001). This event is tyrosine phosphorylation-
dependent because the tyrosine kinase inhibitor genistein blocked 
it and the phosphatase inhibitor pervanadate mimicked D1 signals 
to induce the delivery. In cultured neurons, D1 receptor stimula-
tion increased GluN2B phosphorylation at Y1472, which increased 
surface expression of GluN2B/NMDARs in prefrontal cortical 
neurons (Guo and Wolf, 2008) and facilitated the clustering of 
GluN2B along the dendritic spine shaft in striatal neurons (Hallett 
et al., 2006). In addition to D1 signals, brain-derived neurotrophic 
factor (BDNF) rapidly increased Fyn-sensitive Y1472 phospho-
rylation and NMDAR activity (Xu et al., 2006). In studies with 
addictive drugs, acute cocaine increased Src-dependent tyrosine 
phosphorylation of GluN2A, leading to elevated NMDAR expres-
sion and activity in the ventral tegmental area (Schumann et al., 
2009). Repeated administration of alcohol elevated Fyn activity, 
Y1472 phosphorylation, and GluN2B–NMDAR function in the 
dorsomedial striatum (Wang et al., 2010). Inhibition of Src family 
tyrosine kinases decreased self-administration of alcohol (Wang 
et al., 2010). Thus, plastic changes in Y1472 phosphorylation can 
be a critical element linking NMDAR plasticity to drug-taking. In 
general, available data indicate the linkage between tyrosine phos-
phorylation of NMDAR GluN2 and drug action. As for AMPARs 
and mGluRs, little is known about how tyrosine phosphorylation 
of these receptors responds to drugs and the role of tyrosine phos-
phorylation might play in determining drug-induced receptor and 
behavioral adaptations.

PalmItoylatIon of glutamate recePtors at cysteIne
Like phosphorylation, fatty acylation, such as palmitoylation, is 
another important type of modification. Palmitoylation is the 
covalent attachment of a 16 carbon saturated fatty acid, palmi-
tate (palmitic acid), to a cysteine residue most commonly via a 
thioester bond. This process is an enzymatic event and is catalyzed 
by a family of palmitoyl acyltransferases (PATs). All PATs contain a 
signature Asp-His-His-Cys (DHHC) Cys-rich domain conserved 
from yeast to mammals (Planey and Zacharias, 2009). At least 
23 mammalian DHHC-containing PATs (DHHC1-23) have been 
identified. These PATs have distinct substrate selectivity, although 
it is unclear yet if there exists a consensus PAT palmitoylation 
motif (Planey and Zacharias, 2009). As one type of lipidation, 
palmitoylation increases the lipophilicity or hydrophobicity of 
modified proteins. As such, it often results in an altered protein 
affinity for the plasma membrane, leading to protein trafficking 
from one membrane system to another. Additionally, palmitoyla-
tion can alter interactions of modified proteins with their bind-
ing partners, thereby regulating their subcellular distribution and 
function. Like phosphorylation and unlike other forms of lipida-
tion, palmitoylation (the thioester bond) is labile and reversible. 
This nature situates it well as an activity-dependent regulator of 
synaptic proteins, including glutamate receptors. All four AMPAR 
subunits (GluA1-4) are palmitoylated constitutively in transfected 
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Given the regulatory role of ubiquitination and degradation in 
synaptic plasticity, it is intriguing to explore whether ubiquitina-
tion is directly involved in the remodeling of excitatory synapses 
and behavioral plasticity in response to drug exposure. Mao et al. 
(2009) have recently found that chronic amphetamine administra-
tion enhanced ubiquitin conjugation to synaptic proteins in the 
rat striatum. The specific substrates sensitive to the drug in their 
ubiquitination include Shank and GKAP. Since these two scaf-
fold proteins are known to anchor PSD-95 and PSD-95-linked 
GluN2B to the PSD microdomain, the ubiquitination-dependent 
removal of Shank/GKAP may have a significant impact on the 
stability of PSD-95/GluN2B, even though PSD-95/GluN2B are 
not direct ubiquitin targets. In fact, striatal PSD-95 (Yao et al., 
2004) and GluN2B proteins were reduced in parallel with reduced 
levels of Shank and GKAP (Mao et al., 2009). Inhibition of protea-
somes reversed the reduction of all four proteins (Shank, GKAP, 
PSD-95, and GluN2B) in the striatum of amphetamine-treated 
rats. Destabilization of GluN2B through this mechanism further 
translates to the inhibitory modulation of synaptic plasticity in 
the form of LTD at cortico-accumbal glutamatergic synapses and 
contributes to behavioral sensitization. These data link ubiquiti-
nation to glutamate receptor plasticity in relation to drug action 
and pave the way for further studies to characterize this new layer 
of mechanisms.

NAC-1 is a transcription factor in brain cells and is localized in 
the nucleus. Its mRNA levels were increased in the rat NAc 3 weeks 
after chronic cocaine self-administration (Cha et al., 1997). NAC-1 
is deemed to play an important role in modifying long-term behav-
ioral effects of cocaine (Mackler et al., 2000). Interestingly, NAC-1 
forms complexes with proteins in the UPS (Shen et al., 2007). 
NAC-1 and the proteasome were cotranslocated from the nucleus 
into dendritic spines and the PSD microdomain when synaptic 
activity was disinhibited by bicuculline (Shen et al., 2007). Thus, 
NAC-1 has a potential to modify drug-induced synaptic plasticity 
via recruiting the UPS into synaptic sites.

sumoylatIon of glutamate recePtors at lysIne
Analogous to ubiquitination, sumoylation is a sequential enzymatic 
modification of proteins at lysine residues. Through a defined cas-
cade involving three enzymes (E1–3), small ubiquitin-like modifier 
or SUMO proteins, a family of small proteins similar to ubiquitin, 
are covalently attached to and detached from target proteins (Geiss-
Friedlander and Melchior, 2007; Heun, 2007). Specifically, at the 
final step, the C-terminal glycine of SUMO forms an isopeptide 
bond with an acceptor lysine on the target protein. In contrast to 
ubiquitin, SUMO is not used to tag proteins for degradation. It 
instead has diverse functions most frequently linked to protein 
protection from ubiquitination (stability), protein–protein inter-
actions, cytosol-nuclear transport, and transcriptional regula-
tion (Zhao, 2007). These functions are directly derived from the 
sumoylation-induced changes in trafficking/subcellular redistribu-
tion and binding properties of modified proteins with their inter-
actors. Typically, sumoylation is carried out at a consensus motif. 
Most modified proteins contain the tetrapeptide consensus motif 
ψ–K-x-D/E where ψ is a hydrophobic residue, K is the lysine conju-
gated to SUMO, x is any amino acid, D or E is an acidic residue. Free 
online engines, such as SUMOplot or SUMOsp (Ren et al., 2009), 

is limited partially due to the lack of palmito- and site-specific 
antibodies that are needed to detect site-specific palmitoylation 
responses to drugs in in vivo adult rodent brains. Nevertheless, 
one recent study shows that palmitoylation of AMPARs is subject 
to the regulation by a psychostimulant (Van Dolah et al., 2011). 
Acute cocaine induced a transient and reversible increase in overall 
GluA1 and GluA3 palmitoylation in the rat NAc, while cocaine 
did not affect GluA2 and GluA4 palmitoylation. This increase 
was correlated well with a temporary loss of surface GluA1/3. 
Pharmacological inhibition of protein palmitoylation reversed the 
loss of local GluA1/3. Thus, the increased palmitoylation appears 
to cause reduction of GluA1/3 surface expression, probably via an 
enhanced internalization rate due to disrupted interactions with the 
surface-stabilizing protein 4.1N (see above). Noticeably, AMPAR 
palmitoylation contributes to the regulation of behavioral sensi-
tivity to cocaine. Since blocking AMPAR palmitoylation responses 
to cocaine augmented motor responses to the drug, the induced 
palmitoylation may downregulate surface AMPAR expression to 
prevent motor overstimulation. It will be interesting to explore how 
palmitoylation of AMPARs responds to chronic drug administra-
tion and whether palmitoylation is another modification that needs 
to be investigated for elucidating mechanisms underlying AMPAR 
plasticity and drug addiction.

ubIquItInatIon of glutamate recePtors at lysIne
Ubiquitination is a stepwise enzymatic process carried out by a set 
of three enzymes. Initially, a small regulatory protein ubiquitin is 
activated by the ubiquitin-activating enzyme (E1). Active ubiqui-
tin is then transferred to the ubiquitin-conjugating enzyme (E2). 
Finally, the C-terminal glycine of ubiquitin recognizes and binds the 
lysine in the modified protein via the ubiquitin-protein ligase (E3). 
The whole process can be repeated until a short chain of ubiquitin 
is formed (polyubiquitination) to target the modified protein to 
degradation by proteasomes. The ubiquitin-proteasome system 
(UPS) serves as a fundamental mechanism for the regulation of 
protein expression and function. Increasing evidence supports its 
role as an important regulator of synaptic plasticity (Yi and Ehlers, 
2005). To date, a subset of synaptic scaffolds, including Shank, gua-
nylate kinase-associated protein (GKAP) and A-kinase anchoring 
protein (AKAP), have been found to be polyubiquitinated in cul-
tured hippocampal or cortical neurons (Ehlers, 2003) or in the rat 
striatum in vivo (Mao et al., 2009). PSD-95 may arguably be ubiqui-
tinated (Colledge et al., 2003; Bingol and Schuman, 2004). Among 
glutamate receptor subtypes surveyed, there is evidence showing 
that GluN1 and GluN2B could be the direct targets of ubiquitin 
in heterologous cells or in cultured neurons, although results are 
not always consistent (Ehlers, 2003; Kato et al., 2005; Ratnam and 
Teichberg, 2005; Jurd et al., 2008). GluK6 is ubiquitinated (Salinas 
et al., 2006). Group I mGluRs (mGluR1α and mGluR5) can also 
undergo polyubiquitination in heterologous cells via a specific E3 
ligase, seven in absentia homolog 1A (Siah1A; Moriyoshi et al., 
2004). Multiple lysine sites at mGluR5 intracellular loops and the 
C-terminal tail are among the sites ubiquitinated, although the 
exact sites remain to be identified. Functionally, polyubiquitina-
tion determines the degradation rate and expression level of the 
receptor, while mono-ubiquitination may carry out some non-
proteolytic roles, including the regulation of receptor endocytosis.
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The striatum plays a key role in mediating the acute and chronic effects of addictive drugs,
with drugs of abuse causing long-lasting molecular and cellular alterations in both dorsal
striatum and nucleus accumbens (ventral striatum). Despite the wealth of research on the
biological actions of abused drugs in striatum, until recently, the distinct roles of the stria-
tum’s two major subtypes of medium spiny neurons (MSNs) in drug addiction remained
elusive. Recent advances in cell-type-specific technologies, including fluorescent reporter
mice, transgenic, or knockout mice, and viral-mediated gene transfer, have advanced the
field toward a more comprehensive understanding of the two MSN subtypes in the long-
term actions of drugs of abuse. Here we review progress in defining the distinct molecular
and functional contributions of the two MSN subtypes in mediating addiction.

Keywords: medium spiny neurons, addiction, nucleus accumbens, cell-type-specific, D1+ MSNs, D2+ MSNs,

cocaine, dopamine

INTRODUCTION
Drugs of abuse exert potent molecular and cellular alterations in
both dorsal striatum (dStr) and ventral striatum (nucleus accum-
bens, NAc), and many of these changes occur in medium spiny
neurons (MSNs), the principal projection neurons in dStr and
NAc, which account for 90–95% of all neurons in these regions.
However, researchers have until recently been unable to clearly
define the differential role of the two MSN subtypes in addiction-
related phenomena. The two MSN subtypes are differentiated by
their enrichment of dopamine receptor 1 (D1) or dopamine recep-
tor 2 (D2) as well as several other genes (Gerfen and Young, 1988;
Gerfen et al., 1990; Le Moine et al., 1990, 1991; Bernard et al.,
1992; Ince et al., 1997; Lobo et al., 2006, 2007; Heiman et al.,
2008; gensat.org) and by their distinct projections through the
cortico-basal ganglia pathway (the direct vs. indirect pathways;
Gerfen, 1984, 1992). Early work suggested that drugs of abuse
exert most influence on the D1+ MSNs, with the use of numerous
dopamine receptor agonists and antagonists providing important
insight into the functional and molecular roles of each MSN in
drug reward behaviors (Self, 2010). However, current cell-type-
specific methodologies, including fluorescent reporter mice that
express GFP under D1 or D2 bacterial artificial chromosomes
(BACs; Gong et al., 2003; Valjent et al., 2009; gensat.org), con-
ditional mouse models such as the use of tetracycline-regulated
inducible transgenic mice (Chen et al., 1998; Kelz et al., 1999), and
transgenic mice expressing Cre-recombinase using D1 or D2 BACs,
yeast artificial chromosomes (YACs), or knock-in mice (Gong
et al., 2007; Lemberger et al., 2007; Heusner et al., 2008; Park-
itna et al., 2009; Valjent et al., 2009; Bateup et al., 2010; Lobo et al.,
2010; gensat.org) as well as cell-type-specific viral-mediated gene
transfer (Cardin et al., 2010; Hikida et al., 2010; Lobo et al., 2010;
Ferguson et al., 2011), have provided profound new insight into

the precise molecular underpinnings of each MSN subtype and
their regulation by drugs of abuse (Table 1).

Recent findings support the conclusion of a more predominate
role for D1+ MSNs in producing the reinforcing and sensitiz-
ing effect of drugs of abuse, with most robust molecular changes
occurring in these MSNs. For instance, acute exposure to psychos-
timulants potently induces numerous signaling molecules includ-
ing FosB, ERK, c-Fos, and Zif268 in the D1+ MSNs, while repeated
cocaine preferentially induces �FosB and alters GABA receptor
and other ion channel subunits in this cell-type as well (Robertson
et al., 1991; Young et al., 1991; Berretta et al., 1992; Cenci et al.,
1992; Moratalla et al., 1992; Hope et al., 1994; Bertran-Gonzalez
et al., 2008; Heiman et al., 2008). Furthermore, disrupting or over-
expressing specific molecules, such as �FosB, DARPP-32, or Nr3c1
(the glucocorticoid receptor), in D1+ MSNs typically mimics the
drug-related behaviors observed when these alterations are made
in a non-cell-type-specific manner, while disrupting such genes
in D2+ MSNs often causes an opposite response (Fienberg et al.,
1998; Kelz et al., 1999; Deroche-Gamonet et al., 2003; Zachariou
et al., 2006; Ambroggi et al., 2009; Bateup et al., 2010). Nonethe-
less, we cannot rule out an important contribution of the D2+
MSNs in adaptations to drugs of abuse, because cocaine exposure
alters gene expression in both MSN subtypes (Heiman et al., 2008)
and D2-receptor agonists and antagonists exert potent effects in
behavioral assays (Self, 2010). Indeed, recent findings show that
molecular signaling adaptations in D2+ MSNs potently modify
an animal’s behavioral response to drugs of abuse (Lobo et al.,
2010). The latter findings showed that loss of TrkB (the receptor
for BDNF) in D2+ MSNs results in similar behavioral responses to
cocaine as total TrkB knockout from the NAc, showing for the first
time a selective dominant role for a molecular pathway in D2+
MSNs in mediating the effects of drugs of abuse.
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Table 1 | Effects of cell-type-specific genetic manipulation in D1+ and D2+ MSNs in drug addiction models.

Gene/function

manipulated

Cell-type Method Effects mediated by drugs of abuse References

NR1 (NMDA) subunit D1 Mutated NR1

knocked into the D1

locus

Diminished cocaine sensitization and CPP Heusner and Palmiter (2005)

NR1 (NMDA) subunit D1 D1-Cre knockout Attenuated amphetamine sensitization Beutler et al. (2011)

mGluR5 D1 mGluR5 shRNA

driven under D1

BAC

Attenuated cue-induced cocaine seeking Novak et al. (2010)

Acetylcholine

muscarinic receptor

4 (M4)

D1 D1-Cre knockout Enhanced behavioral sensitization to

cocaine and amphetamine

Jeon et al. (2010)

Cannabinoid receptor

1 (CB1)

D1 D1-Cre knockout Blunted response to THC Monory et al. (2007)

Glucocorticoid

receptor nuclear

receptor 3c1 (Nr3c1)

D1 D1-Cre knockout Diminished cocaine self-administration Ambroggi et al. (2009)

BDNF receptor (TrkB) D1 D1-Cre knockout Enhanced cocaine sensitization and CPP Lobo et al. (2010)

BDNF receptor (TrkB) D2 D2-Cre knockout Diminished cocaine sensitization and CPP Lobo et al. (2010)

c-Fos D1 D1-Cre knockout Diminished cocaine sensitization,

diminished cocaine extinction

Zhang et al. (2006)

AFosB D1 Overexpression

with tetracycline

inducible D1 mouse

line

Enhanced morphine CPP, enhanced

morphine tolerance, diminished morphine

analgesia, enhanced cocaine sensitization

and CPP

Zachariou et al. (2006),

Kelz et al. (1999)

DARPP-32 D1 D1-Cre knockout Diminished cocaine sensitization Bateup et al. (2010)

DARPP-32 D2 D2-Cre knockout Enhanced cocaine sensitization Bateup et al. (2010)

ChR2, light-activated

neuronal activity

D1 Conditional AAV

viruses + D1-Cre

Enhanced cocaine CPP Lobo et al. (2010)

ChR2, light-activated

neuronal activity

D2 Conditional AAV

viruses + D2-Cre

Diminished cocaine sensitization Lobo et al. (2010)

Tetanus toxin light

chain inhibited

synaptic

transmission

D1 Overexpressed with

AAV virus with

substance P

promoter

Diminished cocaine CPP and sensitization Hikida et al. (2010)

Tetanus toxin light

chain inhibited

synaptic

transmission

D2 Overexpressed with

AAV virus with

enkephalin

promoter

No change in CPP, slight decrease in

sensitization

Hikida et al. (2010)

hM4D DREADD

inhibit neuron firing

D1 Overexpressed with

HSV virus with

dynorphin promoter

Diminished amphetamine sensitization Ferguson et al. (2011)

hM4D DREADD

inhibit neuron firing

D2 Overexpressed with

HSV virus with

enkephalin

promoter

Enhanced amphetamine sensitization Ferguson et al. (2011)

Inducible diptheria

toxin receptor –

ablates cells

D2 Overexpressed with

A2A-Cre

Enhanced amphetamine CPP Durieux et al. (2009)

Finally, recent literature reveals that the two MSNs exert antag-
onistic effects in drug-related behaviors, where activation of D1+
MSNs or inhibition of D2+ MSNs enhances an animal’s sensi-
tivity to a drug of abuse (Hikida et al., 2010; Lobo et al., 2010;

Ferguson et al., 2011). These findings are consistent with oppos-
ing roles of the two MSNs and their direct vs. indirect pathways
in the basal ganglia in motor behaviors (Alexander et al., 1986;
Albin et al., 1989; Graybiel, 2000; Kravitz et al., 2010). This recent
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literature is in accord with the general idea that dopaminergic neu-
rotransmission, which is activated by all drugs of abuse, facilitates
glutamatergic activation of D1+ MSNs while inhibiting gluta-
matergic activation of D2+ MSNs through its actions on D1 vs.
D2 dopamine receptors (Figure 1). In this review, we address the
current knowledge of the distinct molecular signaling exhibited by
these two MSN subtypes in relation to their functional roles and
responses to drugs of abuse.

DOPAMINE RECEPTOR SIGNALING IN D1 VS. D2 MSNs
As already noted, all drugs of abuse activate dopaminergic input
to the NAc and related limbic brain regions (Volkow et al., 2004;
Wise, 2004; Nestler, 2005). For instance, psychostimulants such as
cocaine or amphetamine act directly on the dopaminergic reward
pathway by interfering with the dopamine transporter: cocaine
blocks the transporter and amphetamine reverses the transporter,
both actions resulting in a build up of dopamine in the synapse
which can activate downstream dopamine receptors on target neu-
rons (Figure 1). The two MSNs are most notably differentiated by
their enrichment of D1 vs. D2-receptors although single-cell RT-
PCR studies reveal that D1+ MSNs express low levels of the D2-like
receptor, D3 and D2+ MSNs express low levels of the D1-like
receptor, D5 (Surmeier et al., 1996). The two MSNs require gluta-
matergic innervation to drive neural activity; dopamine oppositely
modulates these functional responses via stimulation of distinct
dopamine receptor subtypes: by positively modulating excitatory
glutamatergic input through D1 receptor signaling via Gs or Golf,
which stimulates adenylyl cyclase leading to increased PKA activ-
ity, whereas dopamine negatively modulates this input through
D2-receptor signaling via Gi and Go which inhibit adenylyl cyclase
causing decreased PKA activity (Surmeier et al., 2007; Gerfen and
Surmeier, 2011). In reality, each receptor exerts complex effects on
many additional downstream signaling pathways. At rest, the two
MSN subtypes are generally inhibited, they are in what researchers

have termed the down-state. Excitatory glutamatergic synaptic
activity can release the MSNs from this down-state and shift them
into a more depolarized state (the up-state). Dopamine oppo-
sitely modulates the excitatory glutamatergic shift to the up-state.
D1 activation of PKA enhances Cav1 L-type Ca2+ channel activ-
ity, decreases somatic K+ channel activity, and downregulates
Cav2 Ca2+ channels that control activation of Ca2+ dependent,
small-conductance K+ (SK) channels, resulting in increased spik-
ing in these MSNs (Surmeier et al., 2007; Gerfen and Surmeier,
2011). In contrast, D2 signaling inhibits the up-state transition,
thereby preventing increased spiking, via reduction of Cav1 L-
type Ca2+ channel activity and Nav1 Na+ channel activity while
increasing K+ channel currents (Surmeier et al., 2007; Gerfen and
Surmeier, 2011; Figure 1). Such opposite alterations in the two
MSNs suggest that increased dopamine signaling elicited by drugs
of abuse should enhance glutamatergic activation of D1+ MSNs
and reduce glutamatergic activation of D2+ MSNs. In reality,
such responses are far more varied and complex for reasons that
remain poorly understood. This topic will be addressed further
below.

The role of dopamine receptors in drug abuse is complex
and often elusive (Self, 2010). There is an abundance of litera-
ture on the role of D1 and D2-receptor agonists and antagonists
in modulating rewarding properties and self-administration of
drugs of abuse, however, the results differ depending on the
type of agonist/antagonist used, the type of delivery (systemic
vs. brain region-specific), and the timing of the treatment (Self,
2010). Such results are further confounded by non-striatal spe-
cific effects, such as the contribution of pre-synaptic D2-receptors
from the VTA or presence of D1 receptors in many other lim-
bic regions, and the lack of specificity of the agonists/antagonists
utilized as well as the expression of D1-like and D2-like recep-
tors in both MSN subtypes as noted earlier. In general, it is
thought that D1 receptors play a more predominant role in the

FIGURE 1 | All drugs of abuse increase dopamine signaling in striatum,

which can differentially modulate glutamatergic activity in the two MSN

subtypes. In particular, cocaine binds to the dopamine transporter preventing
dopamine reuptake into the terminals of VTA dopamine neurons. Activation of
Gs/olf coupled D1 receptors enhances PKA activity and alters Ca2+ and K+

conductances to enhance the glutamate mediated "up-state" in these MSNs.
In contrast, activation of Gi/Go D2-receptors diminishes PKA activity and alters
Ca2+, Na+, and K+ conductances to diminish the glutamate mediated
“up-state.” This shifts these MSNs back to their resting “down-state.”
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primary rewarding properties of drugs of abuse, whereas D2-
receptors play a role in drug seeking mechanisms (Self et al., 1996;
Self, 2010). Studies with D1 receptor and D2-receptor knock-
out mice provide some insight into the role of these receptors
in the two MSNs. D1 knockout mice show a blunted induction
of immediate early genes (IEGs) c-Fos and Zif268 in response
to cocaine, a diminished response to psychostimulant-induced
locomotor activity but with no alterations in cocaine-conditioned
place preference (CPP) – an indirect measure of drug reward, and
diminished cocaine self-administration and ethanol consumption
(Miner et al., 1995; Drago et al., 1996; Crawford et al., 1997; El-
Ghundi et al., 1998; Caine et al., 2007). D2 knockout mice display
diminished rewarding effects to opiates and cocaine as well as
decreased ethanol consumption but no reduction in cocaine tak-
ing (Maldonado et al., 1997; Cunningham et al., 2000; Risinger
et al., 2000; Caine et al., 2002; Chausmer et al., 2002; Elmer et al.,
2002; Welter et al., 2007). Such data support important roles for
D1 and D2-receptors in the two MSNs in multiple aspects of
drug abuse, however, the knockouts lack striatal specificity and
occur early in development, thus one cannot rule out other brain
regions and cell-types and developmental factors in mediating
these behaviors. Finally, decreased levels of D2/D3 receptors in
striatum, as visualized by brain imaging, has become a com-
mon marker of addiction in human patients especially during
periods of withdrawal (Volkow et al., 2009). Rodents receiving
viral-mediated gene transfer of D2-receptors to the NAc display
attenuated cocaine self-administration and ethanol consumption
(Thanos et al., 2004, 2008). These studies were not performed in
a cell-type-specific manner, so we cannot rule out the possible
effect of D2-receptor overexpression influencing D1+ MSNs. This
collection of data emphasizes the need to move to more selective
approaches, including cell-type-specific, region-specific, and even
temporally specific manipulations of the dopamine receptors to
better elucidate their functional roles in the two MSN subtypes in
drug addiction.

Finally, it has been reported recently that D2-GFP homozy-
gote BAC transgenic mice display increased expression levels of
the D2-receptor in striatum and enhanced behavioral sensitivity
and dopamine signaling to D2 agonists. Moreover, both homozy-
gotes and hemizygotes exhibit blunted behavioral responses to
cocaine (Kramer et al., 2011). This study highlights the need
to perform thorough characterization of D1 and D2 fluores-
cent reporter and Cre driver lines. However, the majority of the
data collected in this study used homozygotes, which is not the
ideal experimental genotype since 5–10% of transgene integra-
tions result in insertional mutations (Meisler, 1992); therefore,
the hemizygote genotype is the more reliable experimental geno-
type. Additionally, this study did not use littermate wildtype
controls but used controls on a similar background (Swiss Web-
ster) obtained from Taconic, while their transgenic lines were
obtained from GENSAT and MMRRC. Finally, another group has
shown normal cocaine locomotor behavioral responses in D2-
GFP hemizygotes (Kim et al., 2011). Thus, future studies using
proper controls and proper genotypes must be performed to
fully characterize the various cell-type-specific transgenic lines
available.

GLUTAMATE AND GABA SIGNALING IN D1 VS. D2 MSNs
Medium spiny neurons receive glutamatergic input from mul-
tiple brain regions including prefrontal cortex, amygdala, and
hippocampus, and GABAergic input from local interneurons and
perhaps collateral inputs from other MSNs. Net excitatory and
inhibitory regulation of MSNs is no doubt crucial in regulating
the drug-addicted state, and there is now a growing literature on
the complex ways in which drugs of abuse alter glutamatergic
neurotransmission in particular in the NAc (Pierce et al., 1996;
Thomas et al., 2001; Beurrier and Malenka, 2002; Kourrich et al.,
2007; Bachtell and Self, 2008; Bachtell et al., 2008; Conrad et al.,
2008; Kalivas, 2009; Wolf, 2010). Although MSNs are thought to
primarily exist in an inhibited down-state under basal conditions
with glutamate driving activity of both cell-types, there remains
limited information with respect to distinct regulation occurring
in D1 vs. D2 MSNs.

�FosB overexpression in D1+ MSNs (see below for more
details) enhances the rewarding effects of cocaine and increases
levels of the Ca2+-impermeable glutamate receptor subunit,
GluR2, in NAc. Furthermore, viral-mediated gene transfer of
GluR2 to the NAc similarly enhances the rewarding effects of
cocaine (Kelz et al., 1999). However, it is not known whether
the induction of GluR2 seen in response to �FosB overexpres-
sion in D1+ MSNs is also specific to these neurons, and the viral
overexpression of GluR2 is not cell-type-specific, therefore we can-
not infer direct conclusions about GluR2 function in these two
MSNs in drug reward. Heusner and Palmiter (2005) assessed the
role of NMDA glutamatergic conductance in cocaine behaviors
by expressing an NR1 subunit, which contains a mutation in the
pore that reduces calcium flux, selectively in D1+ MSNs. This
group showed that lack of NMDA conductance in D1+ MSNs
prevents cocaine-induced CPP and cocaine locomotor sensitiza-
tion, highlighting the necessity for NMDA signaling in D1+ MSNs
for the rewarding and sensitizing effects of cocaine (Heusner and
Palmiter, 2005). Furthermore, recently it was found that knock-
ing out the NR1 subunit in D1+ MSNs attenuates amphetamine
sensitization and this phenotype was rescued by resupplying the
NR1 subunit to D1+ MSNs specifically in the NAc (Beutler et al.,
2011). Finally, knockdown of the mGluR5 subunit, using RNA
interference, in D1+ MSNs has no effect on the initial rewarding
properties of cocaine but diminishes the cue-induced reinstate-
ment of cocaine seeking (Novak et al., 2010). While these data
reveal compelling roles for glutamatergic signaling in D1+ MSNs,
future work is needed to study glutamatergic systems in D2+
MSNs. Future research should also evaluate how modulation of
these glutamate receptor subunits in the two MSN subtypes affects
the structural synaptic changes observed in NAc after drugs of
abuse (Dietz et al., 2009; Russo et al., 2010), particularly the den-
dritic alterations observed after cocaine exposure selectively in
the D1+ MSNs (Lee et al., 2006; Kim et al., 2011) which may be
associated with the increase in miniature excitatory postsynaptic
currents observed in D1+ MSNs (Kim et al., 2011). Interestingly,
�FosB induction in D1+ MSNs has been related directly to such
dendritic adaptations after chronic cocaine (Maze et al., 2010).

In contrast to glutamate, there is a lack of research on GABA
function in the two MSNs in addiction models, which is surprising
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considering both ethanol and benzodiazepines enhance the effects
of GABA and the two MSNs receive dense GABAergic inputs
as stated above. There is also considerable evidence pointing to
enhanced inhibition in the NAc at least after chronic cocaine expo-
sure (White et al., 1995; Peoples et al., 1998; Zhang et al., 1998;
Thomas et al., 2001; Beurrier and Malenka, 2002). Heiman et al.
(2008) performed high throughput genetic screening in the two
MSNs after chronic cocaine exposure and, interestingly, the most
altered biological process in the D1+ MSNs was GABA signaling.
In particular, there was potent upregulation of GABAA receptor
subunits Gabra1 and Gabra4 as well as the GABAB receptor sub-
unit Gabrb3, and this group found that chronic cocaine increases
the frequency of small-amplitude GABAergic mini inhibitory
postsynaptic currents (mIPSCs) in D1+ MSNs (Heiman et al.,
2008). On the other hand, another group recently showed that
chronic cocaine results in an opposite response with decreased
frequency and amplitude of mIPSCs in the D1+ MSNs (Kim
et al., 2011). However, the latter group did show diminished mem-
brane excitability in the D1+ MSNs after chronic cocaine, which
could be a reflection of enhanced GABA tone and is consistent
with the field’s assessment of enhanced inhibition in the NAc
after exposure to chronic cocaine. Furthermore, such differences
between the two groups could simply be due to the timing of
cocaine exposure and withdrawal. In general, there is a need to
study glutamatergic and GABAergic function in the two MSNs in
response to drugs of abuse and the field is now equipped with
the resources that make such a cell-type- and region-specific study
possible.

OTHER RECEPTOR SIGNALING IN D1 VS. D2 MSN SUBTYPES
The two MSNs are differentially enriched in other G-protein-
coupled receptors in addition to dopamine receptors. D1+ MSNs
express higher levels of the acetylcholine muscarinic receptor 4
(M4; Bernard et al., 1992; Ince et al., 1997) and D2+ MSNs
are enriched in both adenosine receptor 2A (A2A; Schiffmann
et al., 1991; Schiffmann and Vanderhaeghen, 1993) and G-protein-
coupled receptor 6 (Gpr6; Lobo et al., 2007; gensat.org). M4 is
coupled to Gi/o, which would produce an opposite response, com-
pared to D1 receptors, in D1+ MSNs by inhibiting cAMP/PKA
activity. Indeed, a D1+ MSN selective M4 knockout displayed
enhanced behavioral sensitization to cocaine and amphetamine
(Jeon et al., 2010). Furthermore, recent studies using a designer
receptor exclusively activated by a synthetic drug (DREADDs)
showed that activation of the DREADD Gi/o-coupled human
M4 receptor (hM4D) in D1+ MSNs diminished behavioral sen-
sitization to amphetamine, with the opposite response seen in
D2+ MSNs (Ferguson et al., 2011). Such data reveal the antag-
onizing role of M4 receptors in D1+ MSNs in drug abuse. As
well, since the hM4D receptor potently inhibits these MSNs,
the data provide insight into the effect of altered activity of
these two MSNs in drug abuse, which will be discussed further
below.

Both A2A and Gpr6 are positively coupled to Gs/Golf pro-
teins, implicating their role in antagonizing the D2-receptor in
D2+ MSNs. Indeed, stimulation of A2A receptors has been shown
to reduce both the development and expression of cocaine sen-
sitization (Filip et al., 2006), impair the initiation of cocaine

self-administration (Knapp et al., 2001), and antagonize the rein-
statement of cocaine seeking elicited by cocaine, D2-receptor stim-
ulation, or cocaine-conditioned cues (Bachtell and Self, 2009). As
Gpr6 is also enriched in D2+ MSNs (Lobo et al., 2007), its role in
behavioral functions of the striatum should be evaluated. To date,
it has been shown to influence instrumental learning (Lobo et al.,
2007) but its role in drug abuse models is yet unknown.

The cannabinoid receptor 1 (CB1) is expressed ubiquitously
throughout the central nervous system (Mackie, 2008), hence it
is difficult to dissect the precise role of specific brain regions and
cell-types in mediating �9-tetrahydrocannabinol (THC) addic-
tion. Recently, deletion of CB1 from D1+ MSNs was found to
modestly affect behavioral responses to THC, including blunted
effects in THC-induced hypolocomotion, hypothermia, and anal-
gesia (Monory et al., 2007). It would be interesting to evaluate
cannabinoid receptor function in D2+ MSNs since these MSNs
express endocannabinoid-mediated long-term depression (eCB-
LTD), which requires dopamine D2-receptor activation (Kreitzer
and Malenka, 2007).

The glucocorticoid receptor, Nr3c1, is also broadly expressed in
the CNS and periphery. Stress-induced glucocorticoid secretion
can potentiate maladaptive behaviors including drug addiction
(Frank et al., 2011). In particular, disrupting glucocorticoid signal-
ing in D1+ MSNs by deleting Nr3c1 diminished the motivation
these mice display to self-administer cocaine, and this is consis-
tent with previous data where Nr3c1 was deleted from the entire
brain (Ambroggi et al., 2009). These data are consistent with other
findings described in this review, showing a predominant role for
D1+ MSNs in mediating many of the effects of drugs of abuse.

Finally, we recently disrupted BDNF signaling in the two MSNs
by deleting its TrkB receptor selectively from each MSN sub-
type. We observed opposite effects on cocaine-elicited behaviors:
cocaine-induced locomotor activity and the induction of cocaine
CPP were enhanced after TrkB deletion from D1+ MSNs, but
attenuated after deletion from D2+ MSNs (Lobo et al., 2010).
Interestingly, the deletion of TrkB from D2+ MSNs mimics the
effects of total deletion of TrkB from the NAc as well as dis-
ruption of BDNF signaling from the VTA (Horger et al., 1999;
Graham et al., 2007, 2009; Bahi et al., 2008; Crooks et al., 2010).
These findings thus show for the first time a predominant role of
a signaling cascade in D2+ MSNs in mediating the effects of a
drug of abuse. The predominant role of D2+ MSNs in mediat-
ing BDNF’s effects on cocaine-elicited behaviors is not surprising
considering both TrkB mRNA and protein are enriched in D2+
MSNs (Lobo et al., 2010; Baydyuk et al., 2011). The behavioral
changes observed in these mice were accompanied by enhanced
neuronal activity in the D2+ MSNs upon a selective knockout
of TrkB. These findings prompted us to use optogenetic technol-
ogy to selectively manipulate MSN activity in cocaine reward (see
below).

TRANSCRIPTION FACTORS IN D1 VS. D2 MSNs
The most compelling evidence for the more robust role of D1+
MSNs in drug abuse comes from literature evaluating induc-
tion of intracellular signaling molecules. As stated above, acute
doses of psychostimulants induce IEG expression, including c-
Fos, Zif268 (Egr1), and FosB primarily in D1+ MSNs in NAc
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and dStr (Robertson et al., 1991; Young et al., 1991; Berretta
et al., 1992; Cenci et al., 1992; Moratalla et al., 1992; Bertran-
Gonzalez et al., 2008). This induction requires activation of D1

receptors, and the cell-type-specificity of the IEG induction in
response to acute cocaine was recently confirmed using D1-GFP
and D2-GFP reporter mice (Bertran-Gonzalez et al., 2008). Inter-
estingly, the confirmation of cocaine’s induction of c-Fos primarily
in D1-GFP throughout striatum with a small induction in D2-
GFP MSNs only in dStr was confirmed using a context-dependent
paradigm (mice were injected in a novel environment outside of
their home cage). Furthermore, a previous study using in situ
hybridization in mice also showed induction of c-Fos in D1+
and D2+ MSNs in dStr, although in this study representative bar
graphs show greater number of D1+ c-Fos positive neurons (Fer-
guson et al., 2006). Interestingly, this study reveals significantly
enhanced c-Fos induction in D2+ MSNs in the dStr after loss of
ERK1, which parallels our findings of enhanced c-Fos induction in
D2+ MSNs specifically in the NAc shell after disruption of BDNF
signaling which is known to enhance ERK activity (Lobo et al.,
2010). However, opposite behavioral responses to cocaine were
observed in each study, which may reflect induction of c-Fos in
D2+ MSNs in dStr vs. NAc shell. Finally, previous literature using
in situ hybridization/immunohistochemistry in rats has shown
acute psychostimulants can induce c-Fos equally in both MSNs
when the drug is given in a novel environment (Badiani et al.,
1999; Uslaner et al., 2001a,b; Ferguson and Robinson, 2004) and
chronic administration of amphetamine is reported to selectively
induce c-Fos in D2+ MSNs (Mattson et al., 2007). These differ-
ent results could be a reflection of the experimental procedures
used (in situ hybridization vs. GFP reporter mice) or even be
due to the animal species used as the latter experiments used
rats.

Recently, researchers genetically profiled the cocaine context-
dependent, c-Fos activated neurons in rats using immunolabeled
fluorescence activated cell sorting (FACS) and showed that the
c-Fos+ neurons are enriched in a D1+ MSN gene, prodynorphin
(Pdyn), but have lower levels of D2 and A2A, both D2+ MSN genes
(Guez-Barber et al., 2011), suggesting that the c-Fos+ activated
neurons consist primarily of D1+ MSNs. Furthermore, this group
previously showed that c-Fos expressing MSNs are important for
this context-dependent sensitization, as ablation of these neurons
abolishes this behavioral phenotype (Koya et al., 2009). Although
previous data showed that the cocaine context-dependent induc-
tion of c-Fos occurs in both D1+ and D2+ MSNs in rats, the
more recent results correspond to findings in which deletion of
c-Fos selectively from D1+ MSNs blunts cocaine-induced loco-
motor sensitization in mice (Zhang et al., 2006). Furthermore,
this group found that deletion of c-Fos in D1+ MSNs blunts the
dendritic spine changes normally induced by cocaine in the NAc,
indicating a role for c-Fos in mediating these synaptic plasticity
changes. Finally, the group observed no change in the induction
of cocaine CPP, but found that loss of c-Fos in D1+ MSNs pre-
vented extinction of cocaine CPP. Such data illustrate a dynamic
role for c-Fos induction in D1+ MSNs, however, one cannot rule
out the differential effects at the behavioral level as being mediated
by any of several other limbic brain regions that express the D1

receptor.

Another IEG that has been extensively studied in the two MSN
subtypes is FosB. Acute exposure to cocaine induces FosB in D1+
MSNs (Berretta et al., 1992), whereas chronic exposure induces
�FosB, a stable product of the FosB gene generated by alternative
splicing (Hope et al., 1994; Nestler et al., 2001; Nestler, 2008), in
D1+ MSNs (Nye et al., 1995; Moratalla et al., 1996; Lee et al., 2006).
Similar findings are observed with many other drugs of abuse as
well as with natural rewards such as food, sex, and wheel running.
For example, chronic wheel running, which is a natural reward
(Iversen, 1993; Belke, 1997; Lett et al., 2000), induces �FosB in
D1+ MSNs but not D2+ MSNs (Werme et al., 2002). To gain
functional insight into the role of �FosB in the two MSNs, our
group generated NSE-tTa lines, termed 11A and 11B, which direct
transgene expression to either D1+ or D2+ MSNs, respectively
(Chen et al., 1998; Kelz et al., 1999; Werme et al., 2002). Line 11A
mice crossed with a Tet-Op �FosB line show increased responses
to the rewarding and locomotor effects of cocaine (Kelz et al.,
1999), which is consistent with �FosB induction in D1+ MSNs
(Nye et al., 1995; Moratalla et al., 1996). Furthermore, these same
mice display increased morphine reward (evaluated by CPP) as
well as diminished morphine analgesia and enhanced morphine
tolerance, while the 11B Tet-Op �FosB mice show no change in
morphine reward. Overexpression of a dominant negative antag-
onist of �FosB exerts effects opposite to those seen with �FosB,
although this mouse model does not distinguish D1 vs. D2 MSNs
(Peakman et al., 2003). Together, these data further supports the
role of �FosB induction in D1+ MSNs as an important molecular
player in the rewarding properties of drugs of abuse (Zachariou
et al., 2006). This phenomenon is also observed in other reward
behaviors, in particular, wheel running: 11A Tet-Op �FosB mice
display increased wheel running behavior, whereas 11B Tet-Op
�FosB mice display diminished wheel running (Werme et al.,
2002). The finding that �FosB induction in D1 MSNs promotes
reward is consistent with recent findings that such cell-type-
selective induction also promotes resilience responses to chronic
stress (Vialou et al., 2010). Finally, chronic cocaine induction of
�FosB in D1+ MSNs was shown to be accompanied by robust
long-lasting increases in dendritic spine densities (Lee et al., 2006)
and recently �FosB in the NAc was shown to be both necessary and
sufficient in mediating the increased density of dendritic spines in
this brain region (Maze et al., 2010). Such data support a role for
�FosB in D1+ MSNs in mediating the rewarding aspects of drugs
of abuse and natural rewards as well as the accompanying struc-
tural plasticity changes. The data also suggest that induction of
�FosB in D2+ MSNs confers negative consequences to rewarding
stimuli. Since �FosB induction in D2+ MSNs is seen in response
to chronic stress and antipsychotic drug exposure (Hiroi and Gray-
biel, 1996; Perrotti et al., 2004), further studies of the latter actions
are needed.

OTHER INTRACELLULAR SIGNALING MOLECULES IN D1 VS.
D2 MSNs
One signaling molecule that has been well studied in the two MSNs
in the context of drug abuse is the protein kinase, ERK (extracel-
lular signal related kinase). Acute or chronic exposure to cocaine
induces phosphorylated ERK (pERK), the activated form of the
protein, in the NAc and dStr in D1+ MSNs using D1-GFP and
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D2-GFP BAC transgenic reporter mice (Bertran-Gonzalez et al.,
2008) and this response is mediated through D1 receptors (Val-
jent et al., 2000; Lu et al., 2006). This group also showed that
pMSK-1 (phospho-MAP and stress activated kinase-1) and his-
tone H3, both targets of pERK signaling, are robustly induced in
pERK containing D1+ MSNs after acute cocaine exposure and
modestly increased after chronic cocaine (Bertran-Gonzalez et al.,
2008). pERK is also induced is response to chronic morphine, in
particular, pERK is robustly induced in D1+ MSNs and mod-
estly induced in D2+ MSNs in the NAc shell after withdrawal
in response to the context-specific association with morphine
(Borgkvist et al.,2008). The precise functional role of pERK in drug
addiction remains to be determined. Pharmacological treatment
with ERK inhibitors has been shown to decrease cocaine reward,
however, a knockout of ERK1 potentiates cocaine reward, sug-
gesting that ERK inhibitors may preferentially be affecting ERK2.
Recently, we showed that optogenetic activation of D1+ MSNs
in the NAc, which increases an animal’s rewarding responses to
cocaine, potently reduces both pERK1 and pERK2. Future studies
manipulating ERK expression in a cell-type-specific manner are
necessary to fully address the functional role of ERK signaling in
the two MSNs in drug abuse.

DARPP-32 is another signaling molecule that has been exten-
sively studied in response to drugs of abuse. It is well known that
acute psychostimulants lead to PKA phosphorylation of DARPP-
32 at threonine 34 (T34), causing it to become a potent inhibitor
of protein phosphatase 1 (PP-1), which regulates the phospho-
rylation state of many effector proteins, including transcription
factors, ionotropic receptors, and ion channels (Greengard et al.,
1999). However, until recently, it was unclear which MSN subtype
mediates this biochemical change. Greengard et al. (1999) gener-
ated BAC transgenic mouse models that enable the evaluation of
DARPP-32 phosphorylation in D1+ or D2+ MSNs by express-
ing tagged versions of DARPP-32 using D1 or D2 BACs allowing
for immunoprecipitation of DARPP-32 from each MSN subtype.
These studies demonstrated that acute cocaine treatment increases
T34 phosphorylation in D1+ MSNs and induces phosphorylation
of threonine 75 (T75) by Cdk5, which inhibits PKA signaling,
selectively in D2+ MSNs (Bateup et al., 2008). Finally this group
showed that deletion of DARPP-32 from each MSN subtype using
D1-Cre and D2-Cre BAC transgenic mice results in opposite regu-
lation of cocaine-induced locomotor activity (Bateup et al., 2010).
Loss of DARPP-32 from D1+ MSNs diminished the locomo-
tor effects of cocaine, which mimics previous data evaluating a
total DARPP-32 knockout (Fienberg et al., 1998), whereas loss
of DARPP-32 from D2+ MSNs enhanced cocaine locomotor
responses. Such data provide concrete evidence for differential
roles of DARPP-32 in the two MSNs in response to drugs of abuse
and illustrate the importance of cell-type-specific methods to fully
understand the contribution of these two neuronal types in drug
addiction.

MODULATING ACTIVITY OF D1 OR D2 MSNs
Directly modulating the activity of the two MSN subtypes has
recently provided novel insight into the molecular and func-
tional role of D1 and D2 MSNs in addiction. We used opto-
genetic tools combined with a conditional (i.e., Cre-dependent)

adeno-associated viral (AAV) vector expressing the blue light-
activated cation channel, channelrhodopsin-2 (ChR2). We
injected the vector, or a control, into the NAc of D1-Cre or D2-
Cre BAC transgenic mice and then stimulated the injected region
with blue light to selectively activate D1+ vs. D2+ MSNs in the
context of cocaine CPP. We found that activation of D1+ MSNs
potentiates induction of cocaine CPP, whereas activation of D2+
MSNs inhibits this induction (Lobo et al., 2010). As noted pre-
viously, we observed the same behavioral effects when TrkB was
deleted selectively from these MSN subtypes: enhanced cocaine
CPP and locomotor activity after TrkB deletion from D1+ MSNs,
and reduced cocaine CPP and locomotor activity after TrkB dele-
tion from D2+MSNs. The likely common action of TrkB knockout
and optogenetic stimulation in D2+ MSNs is their increased activ-
ity, since deletion of TrkB from these cells increases their electrical
excitability. As mentioned earlier, we also found a robust reduc-
tion of pERK after TrkB deletion from D1+ MSNs. pERK is
a known downstream target of BDNF signaling, therefore, the
shared behavioral effects observed after TrkB deletion from D1+
MSNs and from optogenetic activation of these cells might be
due to converging effects on pERK activity. However, future work
is needed to determine the precise, shared molecular underpin-
nings that govern the behavioral effects seen after disruption of
BDNF signaling and optogenetic control of these two neuronal
subtypes.

Other groups have used different tools to modulate activity of
the two MSNs in drug abuse models. Hikida et al. (2010) used AAV
vectors to express tetracycline-repressive transcription factor (tTa)
using the substance P (a D1+ MSN gene) or enkephalin (a D2+
MSN gene) promoters. These vectors were injected into the NAc
of mice, in which tetanus toxin light chain (TN) – a bacterial toxin
that cleaves the synaptic vesicle-associated protein, VAMP2 – was
controlled by the tetracycline-responsive element, to selectively
abolish synaptic transmission in each MSN subtype. Consistent
with our optogenetic approach, these data showed a role of D1+
MSN activity in enhancing cocaine CPP as well as cocaine-induced
locomotor activity, since abolishing synaptic transmission in D1+
MSNs diminished both behavioral effects. In contrast to the opto-
genetic studies, the authors found no alterations in cocaine CPP
after abolishing synaptic transmission in D2+ MSNs, but did
observe reduced cocaine-induced locomotor activity in response
to the first two cocaine exposures. Interestingly, this group showed
that inactivation of the D2+ MSNs played a more profound role
in mediating aversive behaviors.

As stated earlier, Ferguson et al. (2011) used herpes sim-
plex virus (HSV) vectors to express an engineered GPCR (a
Gi/o-coupled human muscarinic M4 designer receptor exclusively
activated by a designer drug, hM4D) that is activated by an other-
wise pharmacologically inert ligand using enkephalin and dynor-
phin promoters to selectively silence D1+ or D2+ MSNs in the
dStr. The authors showed that transiently disrupting D2+ MSN
activity in dStr facilitated amphetamine sensitization, whereas
decreasing excitability of D1+ MSNs impaired the persistence
of amphetamine-induced sensitization. Finally, abolishing D2+
MSNs in the NAc at adult ages using diptheria toxin receptor
enhances the rewarding effect of amphetamine (Durieux et al.,
2009). Such data are in accordance with our optogenetic findings,
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and together implicate opposite roles of D1+ vs. D2+ MSNs in
drug addiction, with D1+ MSNs promoting both reward and sen-
sitizing responses to psychostimulants and D2+ MSNs dampening
these behaviors.

FUTURE DIRECTIONS
The field has made tremendous advances toward understanding
the selective role of the D1+ and D2+ MSN subtypes in NAc
and dStr in mediating the effects of drugs of abuse. In particular,
recently developed tools that enable the selective manipulation of
these cell-types have played a predominant role in obtaining the
majority of this information. What are the next steps? Since the
underlying molecular adaptations in drug addiction models are
not static, but very dynamic, it is crucial to develop the capability
to selectively manipulate signaling molecules of interest in D1+ vs.
D2+ MSNs in a temporally precise way. DREADDs and optoge-
netic tools can help with this time scale manipulation. DREADD
ligands can be administered at different time courses throughout

drug behavioral paradigms to parcel out the selective role of sig-
naling receptors in the two MSNs in drug models. Optogenetic
tools in particular provide an extremely powerful means to tem-
porally regulate not only neuronal activity but G-protein-coupled
receptor signaling using OptoXRs (Airan et al., 2009), glutamater-
gic signaling(Volgraf et al., 2006; Numano et al., 2009), GABAergic
signaling, and even certain intracellular signaling molecules (Wu
et al., 2009; Hahn and Kuhlman, 2010). Ultimately, it may be
possible to extend these capabilities to optogenetic regulation of
transcriptional activity. Likewise, optogenetic tools are making it
possible for the first time to study the influence of specific inputs
to striatum and to determine whether such inputs impinge in
selective ways on D1+ vs. D2+ MSNs (Higley and Sabatini, 2010).
The ability to control such signaling and molecular properties with
great temporal resolution will allow major steps to be made toward
a more comprehensive understanding of the two MSN subtypes,
and other cell subtypes in NAc and dStr, in mediating the time
course and different phases of drug addiction.
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The striatum is critically involved in motor and motivational functions. The dorsal striatum,
caudate–putamen, is primarily implicated in motor control and the learning of habits and
skills, whereas the ventral striatum, the nucleus accumbens, is essential for motivation and
drug reinforcement.The GABA medium-sized spiny neurons (MSNs, about 95% of striatal
neurons), which are targets of the cerebral cortex and the midbrain dopaminergic neurons,
form two pathways. The dopamine D1 receptor-positive (D1R) striatonigral MSNs project
to the medial globus pallidus and substantia nigra pars reticulata (direct pathway) and
co-express D1R and substance P, whereas dopamine D2 receptor-positive (D2R) striatopal-
lidal MSNs project to the lateral globus pallidus (indirect pathway) and co-express D2R,
adenosine A2A receptor (A2AR) and enkephalin (Enk). The specific role of the two effer-
ent pathways in motor and motivational control remained poorly understood until recently.
Indeed, D1R striatonigral and D2R striatopallidal neurons, are intermingled and morpho-
logically indistinguishable, and, hence, cannot be functionally dissociated with techniques
such as chemical lesions or surgery. In view of the still debated respective functions of
projection D2R striatopallidal and D1R striatonigral neurons and striatal interneurons, both
in motor control and learning but also in more cognitive processes such as motivation, the
present review sum up the development of new models and techniques (bacterial artificial
chromosome transgenesis, optogenetic, viral transgenesis) allowing the selective target-
ing of these striatal neuronal populations in adult animal brain to understand their specific
roles.

Keywords: striatum, medium-sized spiny neurons, interneurons, transgenesis, BAC

INTRODUCTION
The striatum represents the main input nucleus of the basal
ganglia, a system of subcortical nuclei critically involved in
motor control and motivational processes and altered in sev-
eral conditions such as Parkinson’s and Huntington’s diseases or
drug addiction and schizophrenia (Nestler, 2005; Graybiel, 2008;
Kreitzer and Malenka, 2008). The projection neurons of the stria-
tum are GABAergic (γ-aminobutyric acid) medium-sized spiny
neurons (MSNs), which account for the large majority of stri-
atal neurons (95% in rodents; Tepper et al., 2007). The MSNs are
subdivided into two subpopulations that form two main efferent
pathways. The striatonigral MSNs mainly project to the entope-
duncular nucleus (EP or medial globus pallidus) and substantia
nigra pars reticulata SNr (direct pathway) and express dopamine
D1 receptor (D1R, drd1a), M4 muscarinic acetylcholine receptor
(chrm4) and substance P neuropeptide (SP) whereas striatopal-
lidal MSNs mostly project to the lateral globus pallidus (LGP;
indirect pathway) and co-express dopamine D2 receptor (D2R,
drd2), adenosine A2A receptor (A2AR) and enkephalin (Enk;Young
and Bonner, 1986; Gerfen et al., 1990; Graybiel, 1990; Schiffmann
and Vanderhaegen, 1993). Striatal interneurons, which account
for a small proportion of striatal neurons (2–3% in rodent and
possibly up to 20% in primates; Tepper and Bolam, 2004), are
phenotypically diverse and consist of four different populations:
one cholinergic and three GABAergic. The cholinergic interneu-
rons are giant aspiny neurons (with a somatic diameter that can

be in excess of 40 μm) expressing the choline acetyltransferase
(ChAT; Kawaguchi et al., 1995). The three subtypes of GABAergic
interneurons can be distinguished neurochemically: two express
either the calcium binding protein parvalbumin or calretinin, and
one co-expresses the peptides somatostatin and neuropeptideY
(NPY) as well as the enzyme neuronal nitric oxide synthase (nNOS;
Tepper and Bolam, 2004). Based on the origin of cortical gluta-
matergic and midbrain dopaminergic (DA) afferents, the striatum
can be functionally divided into dorsal and ventral subregions.
The dorsal striatum is thought to be involved mostly in motor
behaviors, while ventral striatum (or nucleus accumbens, NAc)
is crucial for motivational processes (Robbins and Everitt, 1996;
Groenewegen, 2003; Nestler, 2005).

The striatal neurons are mosaically distributed through all the
striatum (Bolam et al., 2000) and cannot be targeted with tech-
niques such as electrolysis or surgery. Selective modulations of
striatal subpopulation activity by drugs remains difficult since
most of pharmacological agents have multiple targets widely dis-
tributed in the brain. Moreover, striatal MSNs are similar in
number, in size, and shape. Because of these technical limitations,
the deciphering of striatum cell-type specific functions remained
unsatisfactory for decades. In this paper, we will review the differ-
ent strategies developed to target intrinsic striatal neuronal sub-
types, with an emphasis on the most recent state of the art genetic
tools and the major functional processes illuminated in these
models.
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FIRST EXPERIMENTAL TOOLS TO TARGET STRIATAL
SUBPOPULATIONS
Because striatal neuronal types differ one from each other notably
according to their gene expression pattern, expression of a par-
ticular gene can lead to selective susceptibility to a given phar-
macological agent. Then, initial approaches attempting to target
neuronal population in the striatum consisted in using toxic com-
pound with a relative specificity for a neuronal subtype in wildtype
animals. For instance, stereotaxic injection of the aziridinium ion
of ethylcholine (AF64A; Mantione et al., 1981) in the rat stria-
tum led to a desired and expected decrease in ChAT activity
but with a concomitant loss of glutamate decarboxylase (GAD)
and tyrosine hydroxylase (TH) activities (Sandberg et al., 1984),
suggesting a toxic effect against striatal cholinergic neurons as
well as other neuronal populations. Intraventricular administra-
tion of an immunotoxin composed of a monoclonal antibody
directed to the low-affinity rat nerve growth factor (NGF) receptor
(192 IgG) chemically linked to the ribosome inactivating pro-
tein saporin (192 IgG-saporin; Wiley et al., 1991) was shown
to destroy cholinergic neurons in the basal forebrain but not in
the striatum, perhaps due to the low NGF receptor expression
level in the latter cells (Book et al., 1992; Leanza et al., 1995).
A similar immunotoxin-based strategy was developed to target
striatal neurons expressing high levels of tachykinin (NK-1) recep-
tor, ablating both NPY and ChAT expressing striatal interneurons
(Saka et al., 2002).

In other experiments, neurotoxic non-selective agents were
injected in target nuclei of the striatum efferent populations (i.e.,
the SNr or the LGP) to selectively kill the striatonigral or the stri-
atopallidal neurons by axonal transport (Harrison et al., 1990;
Hervé et al., 1993; Roberts et al., 1993). While this strategy can
lead to modest reduction of striatopallidal or striatonigral neuron
number (Roberts et al., 1993), it lacks striatum specificity since the
neurotoxin can be axonally transported from the injection site to
multiple areas.

To target a specific neuronal population, either to ablate these
cells or to inactivate a specific gene within them, the genetic
targeting is the most promising approach given the large num-
ber of available tools (inducible systems, specific recombination)
and regulatory sequences. The first success to target a striatal
cell population by classical additional transgenesis was obtained
by Nestler and colleagues (Chen et al., 1998) on the striaton-
igral neurons using a 1.8-kb fragment of the NSE (neuronal
specific enolase) promoter to express the tetracycline transacti-
vator (tTA) of the tetracycline (Tet) system. The Tet system is
based on two elements. On one hand, the transcriptional trans-
activator tTA (tetracycline transactivator) is under the control of
a cell-specific promoter. On the other hand, the gene necessary
to affect the target neuronal population is under the control of
the TRE (tetracycline-responsive element) promoter that binds
tTA and will be, therefore, regulated by the presence or absence
of tetracycline (Gossen and Bujard, 2002). Despite the fact that
NSE is not specifically expressed in striatonigral neurons, 1 the
12 lines obtained, the line A, expressed tTA in these neurons. The
specificity of this cell expression pattern is due to the insertion
site of the transgene in the genome. Using this transgenic line,

Nestler and colleagues have demonstrated that overexpression of
the transcription factor �FosB in striatonigral neurons increases
the responsiveness of mice to the rewarding effect of cocaine
(Kelz et al., 1999; Colby et al., 2003) as well as the rewarding
effect and physical dependence to morphine (Zachariou et al.,
2006).

The second striatal cell population successfully targeted by clas-
sical additional transgenesis were the cholinergic interneurons.
Nakanishi and colleagues ablated them by immunotoxin-mediated
cell targeting (IMTC) which allows a conditional and time con-
trolled destruction of neurons (Kaneko et al., 2000). A transgene
was made containing the alpha subunit of human interleukin-2
receptor (hIL-2Rα) under the control of the mouse 18.3 kb 5′-
upstream genomic sequence containing the first and second exons
of the mGluR2 gene. Out of the 14 transgenic lines obtained,
two lines (IG16 and IG17) expressed hIL-2Rα specifically in stri-
atal cholinergic interneurons (Kaneko et al., 2000). The ablation
of these cholinergic interneurons was achieved by means of the
stereotaxic injection of a monoclonal antibody against hIL-2Rα

fused with a truncated Pseudomonas exotoxin. The study of these
mice unraveled the concerted and adapted interactions between
acetylcholine and dopamine transmissions in the basal ganglia
during motor behavior (Kaneko et al., 2000) the cocaine-elicited
behavior (Hikida et al., 2001) and procedural learning (Kitabatake
et al., 2003).

KNOCK-IN STRATEGIES
The most accurate method to preserve all regulatory elements
and sequences allowing the exact spatial–temporal expression of
a gene is to insert a transgene into the native locus of the gene
of interest by homologous recombination (Knock-in). Again, the
first population targeted by this method were the striatonigral
neurons. A transgene composed of a LoxP-NEO/STOP-LoxP cas-
sette and the diphtheria toxin A-chain gene was inserted into the
drd1a gene (Drago et al., 1998). After crossing these knock-in mice
with EIIa/Cre mice, expressing Cre recombinase in the fertilized
oocyte, the resulting pups express the diphtheria toxin A-chain
under the control of drd1a promoter. Although most pups died
in the first postnatal week, some mice survived to P19 and dis-
played bradykinesia, dystonia and reduced striatal volume. These
mice did not express D1R, substance P and dynorphin mRNAs
in the striatum but had normal levels of D2R and enkephalin
mRNAs (Drago et al., 1998). To circumvent the short lifespan
and potential developmental compensation of these mice, Drago
and colleagues (Gantois et al., 2007) crossed the knock-in mice
with calcium/calmodulin-dependent protein kinase II a/Cre mice
(Casanova et al., 2001). The resulting mice express Cre in the fore-
brain starting from 1 to 2 weeks after birth. These mice are viable
and displayed, among other, hindlimb dystonia and locomotor
hyperactivity. An important limitation of these mice to decipher
the role of the striatonigral neurons results from the destruction
of other populations of neurons expressing drd1a in the forebrain
(Weiner et al., 1991).

Palmiter’s group targeted the expression of Cre recombinase in
drd1a neurons by a knock-in strategy by insertion in the drd1a
loci (Heusner et al., 2008). These drd1a-Cre knock-in mice have
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been crossed with Gad1 floxed mice to selectively reduce GABA
synthesis in striatonigral neurons (Heusner et al., 2008). The
resulting mice showed altered motor skill learning in some beha-
vioral test such as rotarod (Heusner et al., 2008). Using the same
knock-in mice, this group inactivated the NR1 subunit of the glu-
tamate NMDA receptor in drd1a neurons and demonstrated the
impairment of amphetamine sensitization and conditioned place
preference (CPP) in the mutant mice (Beutler et al., 2011). To
decipher the role of these neurons in amphetamine-induced plas-
tic phenomena and to bypass the fact that drd1a gene is not only
expressed in striatonigral neurons they re-expressed NR1 selec-
tively in the drd1a neurons of the NAc by Cre/lox viral strategy.
NR1 re-expression rescued amphetamine sensitization, demon-
strating that striatonigral neurons in the NAc are sufficient to
retain this behavioral effect (Beutler et al., 2011).

An IMTC (see above) of striatal drd2 neurons has been under-
taken by a knock-in strategy in drd2 loci (Sano et al., 2003). One
week after intrastriatal immunotoxin treatment and ablation of
drd2 striatal neurons, mice had spontaneous hyperactivity (Sano
et al., 2003). However, drd2 is expressed not only in striatopall-
idal neurons but also in striatal cholinergic interneurons and in
dopaminergic neurons of the SNc and VTA projecting to striatal
regions (Weiner et al., 1991). In this model, the intrastriatal injec-
tion of the immunotoxin preserved the DA neurons and destroyed
the striatopallidal neurons and cholinergic interneurons (Sano
et al., 2003).

Knock-in parvalbumin (PV)-Cre mice were generated by inser-
tion of an internal ribosome entry site (IRES)-Cre cassette 3′ to the
translational stop codon of the Pvalb locus allowing a bicistronic
translation (Hippenmeyer et al., 2005). Striatal Cre recombinase
expression in these Pvalb-IRES-Cre mice was not described (Hip-
penmeyer et al., 2005), but preliminary results obtained with a
LacZ reporter strain (Soriano, 1999) indicate a very low colocal-
ization of PV immunostaining and LacZ expression (PFD et al.,
unpublished data). More recently, Madisen et al. (2009) generated
a Pvalb-2A-Cre knock-in line with a 2A-Cre sequence (mediating
bicistronic translation in a mechanism different from the IRES)
inserted 3′ to the PV stop codon. While Pvalb-2A-Cre mice, as
compared to Pvalb-IRES-Cre mice, exhibited higher level of Cre
recombination in brain areas such as cerebral cortex or thalamus,
Cre recombination in the striatum was not investigated (Madisen
et al., 2009).

While the knock-in strategy is the best strategy to mimic the
exact expression of a gene, it has the potentially important limita-
tion that the insertion of the transgene causes the loss of one of the
two loci of the target gene. In fact, there are several reports on the
effects of drd1a or drd2 heterozygosity. For example, acoustic star-
tle reactivity (Ralph-Williams et al., 2002) and dopamine-elicited
late-phase LTP and facilitation of the LTD in the medial prefrontal
cortex are significantly altered in drd1a +/− mice (Huang et al.,
2004). In the case of drd2, locomotor activity is determined by gene
dosage (Kelly et al., 1998) and non-selective attention is different
in drd2 +/− and drd2 +/+ mice (Vallone et al., 2002).

BAC STRATEGIES
In late 1990s, the possibility to manipulate bacterial artificial chro-
mosome (BAC) containing large fragments of genomic mouse

DNA (100–250 kb) to obtain transgenic mice allowed to combine
the advantages of classical transgenesis and Knock-in strategy
(Heintz, 2001). Firstly, the use of large genomic DNA fragments
increases the possibility to preserve the key regulatory elements
of a gene to allow an accurate expression in vivo. Secondly, BAC
constructs insert at random locations throughout the genome and
the two loci of the gene of interest are then more likely to be
preserved as compare to a knock-in approach. Thirdly, since the
site of insertion of the transgene could maintain only part of the
native expression profile of the targeted gene, it is possible to select
transgenic lines that target specific cell subpopulations or selected
brain nuclei.

To target the neuronal population of the striatum the two main
transgenes used were fluorescent proteins (GFP or d Tomato) and
Cre recombinase (Valjent et al., 2009; see Table 1 for the dif-
ferent cell-type targeting tools). It is worth to mention that the
fluorescent proteins are mainly used to target neuronal popula-
tions in adult mice to characterize them. Thus it is important
that the regulatory sequence used in the BAC mimics the adult
in vivo expression in the transgenic mice. In contrast, for Cre
recombinase expression, transgenic mice are made for mating
with floxed mice, and the resulting mice recapitulate the com-
plete developmental profile (before and after birth) of the tar-
geted gene that could be different from adult expression profile
only.

MEDIUM SPINY NEURON TARGETING
BAC–EGFP for D1R- and D2R-MSN visualization
In 2003, the GENSAT project published transgenic BAC reporter
mouse lines in which the enhanced green fluorescent protein
(EGFP) gene is selectively expressed in a large variety of central
nervous system cell-types including the D1R or D2R expressing
cells (drd1a-EGFP and drd2-EGFP; Gong et al., 2003). Extensive
characterization of drd1a-EGFP and drd2-EGFP lines (Bertran-
Gonzalez et al., 2008; Matamales et al., 2009) revealed that EGFP
expression patterns correlate with previous in situ hybridization
or immunohistochemical studies (Hersch et al., 1995; Le Moine
and Bloch, 1995) showing that D1R and D2R are expressed in
distinct striatal neuronal populations. In the drd1a-EGFP strain,
fluorescence was restricted to the striatonigral neuron popula-
tion while both striatopallidal MSNs and cholinergic interneurons
were EGFP-positive in the drd2-EGFP mice (Bertran-Gonzalez
et al., 2008). Other reporter BAC strains were also generated
to target the striatonigral neurons as chrm4-EGFP line (Gong
et al., 2003) and the red fluorophore strain drd1a-tdTomato
(Shuen et al., 2008).

These reporter mice represent a powerful tool for identi-
fying each MSN-subtype in multiple experimental paradigms
using fixed tissue preparations, fluorescence-activated cell sort-
ing (FACS) or ex vivo electrophysiological recordings (Day et al.,
2006, 2008; Lee et al., 2006; Lobo et al., 2006; Wang et al., 2006;
Kreitzer and Malenka, 2007; Shen et al., 2007, 2008; Bertran-
Gonzalez et al., 2008; Gertler et al., 2008; Matamales et al., 2009;
Tecuapetla et al., 2009; Grueter et al., 2010). For instance, they
allowed to show that DA depletion induces a loss of spines and
glutamatergic synapses selectively on striatopallidal neurons (Day
et al., 2006) and that striatopallidal neurons selectively express
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Table 1 | Distinct strategies to target the subpopulations of the striatum.

Classical transgenesis

or knock-in

BAC Other

D1R striatonigral neurons NSE-tTA (Chen et al., 1998) drd1a-EGFP, Chrm4-EGFP (Gong et al., 2003) Volkensin toxin (Harrison et al., 1990)

drd1a-tox176 (Drago et al., 1998) drd1a-tdTomato (Shuen et al., 2008) PPTA-tTA AAV (Hikida et al., 2010)

drd1a-Cre (Heusner et al., 2008) drd1a-Cre (YAC) (Mantamadiotis et al., 2002) pDyn-hM4D HSV (Ferguson et al., 2011)

drd1a-Cre (EY262 line) (Gong et al., 2007)

drd1a-DARPP-32/Flag (Bateup et al., 2008)

drd1a-EGFP-L10A (Heiman et al., 2008)

drd1a-iRNA (mGluR5 knock-down) (Novak

et al., 2010)

D2R striatopallidal neurons drd2-hIL-2Rα (Sano et al., 2003) drd2-EGFP (Gong et al., 2003) OX7-saporin toxin (Roberts et al., 1993)

drd2-Cre (ER44 line) (Gong et al., 2007) PPE-tTA AAV (Hikida et al., 2010)

drd2-DARPP-32/Myc (Bateup et al., 2008) pEnk-hM4D HSV (Ferguson et al., 2011)

drd2-EGFP-L10a (Heiman et al., 2008)

adora2a-Cre (Durieux et al., 2009)

ChAT interneurons mGluR2-hIL-2Rα (Kaneko et al.,

2000)

Chat -EGFP (Gong et al., 2003)

Chat -Cre (GM24 and GM60) (Gong et al.,

2007)

AF64A toxin (Mantione et al., 1981)

SP-PE35 toxin (Saka et al., 2002)

NPY-NO interneurons n/a Npy -Cre (DeFalco et al., 2001) SP-PE35 toxin (Saka et al., 2002)

Npy -Tau-Sapphire-GFP (Pinto et al., 2004;

Roseberry et al., 2004)

Npy -hrGFP (van den Pol et al., 2009)

Nos1-EGFP, Npy -Cre (RH26-CRE and

RH28-CRE) (http://www.gensat.org)

PV-interneurons Pvalb-IRES-Cre (Hippenmeyer

et al., 2005)

Pvalb-2A-Cre (Madisen et al.,

2009)

Pvalb-EGFP (Meyer et al., 2002)

Pvalb-EGFP (Gong et al., 2003)

Pvalb-Cre (Tanahira et al., 2009)

n/a

CR interneurons n/a n/a n/a

n/a: not available.

an endocannabinoid-mediated long-term depression (eCB-LTD)
that is disrupted in DA-depleted animals (Kreitzer and Malenka,
2007). Specific expression profiles of D1R and D2R MSNs were
determined using FACS assays coupled to microarray analysis
in drd1a-, drd2-, and chrm4-EGFP mice (Lobo et al., 2006),
identifying multiple new genes preferentially expressed in each
MSN-subtype.

Recent report pointed out major abnormalities in drd2-EGFP
mice from GENSAT (Kramer et al., 2010). Alvarez and colleagues
showed that, as compare to WT mice, drd2-EGFP mice exhibit a
D2R overexpression (i.e., increase in striatal D2R binding and D2R
mRNA levels), enhanced electrophysiological responses to D2R
activation in midbrain dopaminergic neurons as well as impaired
DA clearance after NAc stimulation or cocaine administration
(Kramer et al., 2010). Behaviorally, drd2-EGFP mice display hyper-
activity in novel environment, hypersensitivity to D2R-like ago-
nists and deficient acute and chronic response to cocaine (Kramer
et al., 2010).

These results highlight the importance of extensive charac-
terization and adequate controls when using transgenic mice in
neuroscience research.

Cre BAC for manipulation of striatonigral and striatopallidal
neurons or genes to shed light on their physiological roles
The first attempt to use a large mouse genomic fragment (140 kb)
of drd1a gene has been undertaken with a yeast artificial chro-
mosome (YAC) to unravel the role of cAMP responsive element
binding protein (CREB) and cAMP responsive element modula-
tory protein (CREM) in striatal neurodegeneration (Mantama-
diotis et al., 2002). The extensive characterization of these mice
showed that the transgene has a spatiotemporal expression pat-
tern that closely recapitulated the pattern of drd1a gene but is
expressed in most dopaminoceptive neurons of the striatum and
not only in the striatonigral neurons (Lemberger et al., 2007).

Having generated a large library of BAC–GFP mice, the
GENSAT project then proceeded to generate a BAC-Cre mice
library (Gong et al., 2007). In a first study, Greengard and col-
leagues used the drd1a-Cre (EY262 line) and drd2-Cre (ER44
line) mice to demonstrate that deletion of the histone methy-
lase GLP/G9a led to de-repression of non-neuronal genes in
each MSN populations. The study showed an altered locomotor
response to pharmacological agents that target striatonigral and
striatopallidal neurons in the conditional KO mice (Schaefer
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et al., 2009). In a second study, they crossed the same lines
of drd1a-Cre and drd2-Cre mice with dopamine- and cAMP-
regulated phosphoprotein Mr 32 kDa (DARPP-32) floxed mice.
Striatonigral DARPP-32-deleted mice show a decrease in basal
and cocaine-induced locomotion and an abolition of l-DOPA-
induced dyskinesia. Conversely, striatopallidal DARP32-deleted
mice have increased locomotor activity and reduced haloperidol-
induced catalepsy (Bateup et al., 2010). In this last study, they
clearly showed that the deletions of DARPP-32 in striatonigral
or striatopallidal neurons are specific. However, since DARPP-
32 is only expressed in MSNs, these experiments do not rule
out that, drd2-Cre mice, Cre recombinase is also expressed in
cholinergic interneurons and/or DA neurons as shown for D2-GFP
(Matamales et al., 2009).

In parallel with the GENSAT BAC-Cre, other striatopallidal-Cre
mice have been developed by choosing the adora2a gene (adeno-
sine A2A receptor) which is expressed in striatopallidal neurons
but not in other striatal neuronal populations or in the presy-
naptic DA neurons (Durieux et al., 2009). The characterization
of mice resulting from the crossing between adora2a-Cre mice
and inducible diphtheria toxin receptor (iDTR) mice (Buch et al.,
2005) after striatal diphtheria toxin injection have demonstrated
that only striatopallidal neurons were targeted. The resulting
mice show an increase in spontaneous locomotor activity after
a whole striatum striatopallidal neuron ablation and an increase
of amphetamine CPP after ventral striatum striatopallidal neuron
ablation, thus demonstrating the in vivo roles of striatopallidal
neurons in both locomotion and drug reinforcement inhibition
(Durieux et al., 2009).

The most recent advances in this domain have been obtained by
combining BAC-Cre expressing mice with optogenetics, allowing
control of neuron-type activity with high temporal and spatial res-
olutions (Kravitz et al., 2010; Lobo et al., 2010). In this paradigm,
two types of membrane light-sensitive proteins are used to respec-
tively activate or silence neurons: the channelrhodopsin-2 (ChR2)
cation channel and the halorhodopsin (NpHR) chloride pump
respectively (Boyden et al., 2005; Zhang et al., 2007). Blue light
induces a conformational change that opens ChR2 pore which
rapidly and reversibly depolarizes the cell membrane and triggers
action potentials (Boyden et al., 2005), while yellow light acti-
vates NpHR, which generates a chloride flow and causes rapid and
reversible cell membrane hyperpolarization that prevents action
potentials (Zhang et al., 2007).

Stereotactic injections of Cre-dependent ChR2 or NpHR adeno
associated virus (AAV) in Cre lines lead to cell-type specific
expressions of the light-sensitive proteins and optical stimulation
is applied locally, through an optical fiber coupled to a diode
laser, inserted in the brain area of interest (Sohal et al., 2009;
Carter et al., 2010).

A first study using striatal BAC-Cre strains has demon-
strated that bilateral excitation of dorsomedial striatal neurons
of drd1a-Cre mice injected with AAV-DIO-ChR2-YFP (in which
Cre-dependent expression of ChR2 is coupled to the yellow flu-
orescent protein, YFP) causes reduced freezing and increased
locomotion (Kravitz et al., 2010). The same dorsomedial neuron
excitation of drd2-Cre mice injected with AAV-DIO-ChR2-YFP
increases freezing, and bradykinesia, and decreases locomotor

initiation. In a mouse model of Parkinson’s disease (injection of
6-hydroxydopamine in dorsomedial striatum), dorsomedial exci-
tation of striatonigral neurons rescued these deficits (Kravitz et al.,
2010). They showed that the AAV recombined mainly in striatoni-
gral and striatopallidal neurons, respectively, by demonstrating the
presence of YFP staining in the targets nuclei of the two neuronal
populations (SNr and GP, respectively). However, they did not
specify which drd1a-Cre (EY217, EY242, EY262, EY266, FK150,
and FK164) and drd2-Cre (ER43 and ER44) GENSAT lines were
used and this could be of importance because the Cre expres-
sion profiles are different in these lines. Yet, some striatal PV
and NPY interneurons are also targeted in drd1a-Cre and ChAT
interneurons are targeted in drd2-Cre mice (Kravitz et al., 2010).
Finally, DA neurons are not targeted in drd2-Cre mice by these
stereotaxic injections of AAV-DIO-ChR2-YFP in the dorsomedial
striatum.

The second optogenetic study using also the drd1a-Cre and
drd2-Cre GENSAT mice and AAV-DIO-ChR2-YFP, targets the NAc
to unravel the role of direct and indirect pathways (Lobo et al.,
2010). Illumination of NAc neurons in drd2-Cre mice injected
with AAV-DIO-ChR2-YFP suppresses cocaine reward whereas the
opposite effect is found by illumination of the neurons in the
NAc of drd1a-Cre mice injected with AAV-DIO-ChR2-YFP (Lobo
et al., 2010). These results mimic those obtained in Trkb (the brain-
derived neurotrophic factor receptor) floxed mice with the same
drd2-Cre and drd1a-Cre mice (Lobo et al., 2010).

It is important to conclude by noting that currently GENSAT
offers six different drd1a-Cre lines and two drd2-Cre lines1 with
variable Cre recombinase expression profile that potentially allow
to target different populations and subregions in the striatum.
It is worth also to note that the Cre recombinase expression in
the BAC-Cre mice is generally evaluated by crossing them with
reporter strains as Rosa26 Lox-Stop-Lox EGFP; meaning that only
the spatiotemporal profile of the Cre recombinase can be deduced
and not its the level of expression.

Others transgene-BAC
drd1a and drd2 BAC have been used to express other trans-
genes than eGFP and Cre recombinase. Indeed, to unravel the
specific role of DARPP-32 in striatonigral and striatopallidal neu-
rons Greengard and colleagues have generated two different BAC
transgenic mice: one containing a bicistronic transgene composed
of a C-terminal Flag-tagged DARPP-32 and a Venus fluorescent
protein under the control of the drd1a promoter on a BAC
and the other containing the bicistronic transgene composed of
a C-terminal Myc-tagged DARPP-32 and enhanced cyan fluo-
rescent protein (Bateup et al., 2008). Characterization of these
two transgenic mice show that 36.7% of striatal cells expressed
GFP mRNA in drd1a-DARPP-32/Flag mice and 41.4% in drd2-
DARPP-32/Myc mice and that the expression is specific to stri-
atonigral or striatopallidal neurons, respectively (Bateup et al.,
2008). These transgenic mice have allowed to demonstrate that
cocaine increases T-34 phosphorylation of DARPP-32 specifi-
cally in striatonigral neurons whereas haloperidol induces the

1http://www.gensat.org/cre.jsp
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same type of phosphorylation selectively in striatopallidal neurons
(Bateup et al., 2008).

Greengard, Heintz, and colleagues have also generated two
other mouse lines with drd1a or drd2 BAC that allow to purify
polysomal mRNAs of specific neuronal populations to identify
molecular changes in normal condition or after cocaine injection
(Heiman et al., 2008). With this purpose, a fusion of EGFP to
the N terminal of the large subunit ribosomal protein L10a was
inserted under the control of the promoter of either drd1a or
drd2 in an appropriate BAC. The drd1a-EGFP-L10a line (CP73)
showed expression of EGFP in the dorsal and ventral striatum,
olfactory bulb, olfactory tubercle, and cortical layers five and six.
The drd2-EGFP-L10a line (CP101) showed expression of EGFP
in the dorsal and ventral striatum, olfactory tubercle, and hip-
pocampus, as well as in the substantia nigra pars compacta and
ventral tegmental area. Enkephalin immunostaining in the stria-
tum colocalized with EGFP in drd2-EGFP-L10a mice but not in
drd1a-EGFP-L10a. Polysomal mRNAs of isolated and homog-
enized striata were immunoprecipitated with magnetic beads
coated with an antibody against EGFP on each of this two lines and
translational profiling was determined by microarrays. Around 70
additional striatopallidal-enriched transcripts and more than 150
additional striatonigral-enriched transcripts with respect to the
FACS-isolated MSN study (Lobo et al.,2006) were identified by this
method (Heiman et al., 2008). The same analysis was performed
after acute or chronic cocaine injection and hundreds of genes
whose expression was increased or decreased in each cell-type were
identified (Heiman et al., 2008).

Another study has used a drd1a BAC to express a short hairpin
RNA to knock-down mGluR5 (Novak et al., 2010). GFP was intro-
duced in tandem with two microRNAs against mGluR5 to track
the expression of the sh-RNA. The GFP was expressed in 53% of
striatal neurons that correspond to DARPP-32 neurons that do not
express enkephalin, thus striatonigral neurons as expected (Novak
et al., 2010). Moreover, the mRNA level of mGluR5 decreases
significantly only in the striatum. These transgenic mice show
impairment in the reinstatement of cocaine-seeking induced by
a cocaine-paired stimulus due to a deficit in specific incentive
learning processes (Novak et al., 2010).

TARGETING OF STRIATAL INTERNEURONS
GENSAT project generated choline acetyltransferase (ChAT)-
EGFP (Gong et al., 2003) and ChAT-Cre (Gong et al., 2007) mice.
Two Chat BAC-Cre transgenic lines (GM24 and GM60) showed
brain Cre recombination that matched the expression of Chat in
the adult, while the GM53 founder exhibited Cre recombination
only in brainstem and spinal cord motor neurons (see text foot-
note 1). The GM24 strain was recently used in an optogenetic
paradigm showing that ChAT interneurons in the NAc could be
activated by cocaine and that silencing this drug-induced activ-
ity during cocaine exposure disrupted cocaine place preference
conditioning (Witten et al., 2010).

Enhanced green fluorescent protein expression in parvalbumin
(PV) interneurons of the striatum was initially obtained in a BAC
line (Pvalb-EGFP; Meyer et al., 2002) with 96% of colocalization,
calculated as the number of EGFP-positive cells stained with PV
antibody. Using these Pvalb-EGFP mice, Freiman et al. (2006)

found that activation of CB1 cannabinoid receptors led to presy-
naptic inhibition of PV-interneurons to MSN neurotransmission.
Pvalb-EGFP mice were also developed by the GENSAT project
(Gong et al., 2003) in which EGFP detection in the striatum seems
to match the endogenous pattern of Pvalb expression but was not
extensively characterized.

A Pvalb-Cre BAC strain, with a Cre recombinase DNA inserted
into the Pvalb start codon, was generated by Tanahira et al. (2009),
in which the Cre expression seems to match the PV expression
in basal ganglia, including the caudate nucleus and the putamen
(determined by Cre and PV double immunohistochemistry).

Npy-Cre BAC mice were generated by Friedman and colleagues
at the Rockefeller University (DeFalco et al., 2001) to trace hypo-
thalamic NPY neuron connections after stereotactic injection of
a Cre-dependent GFP virus. Extensive characterization of Cre
expression with a reporter strain was not performed in these mice
and, notably, presence of Cre recombinase in the striatum remains
elusive. Recently, the GENSAT project generated Npy-Cre mice
(founders RH26-CRE and RH28-CRE) exhibiting a Cre expres-
sion pattern spatially similar to NPY (see text footnote 1) but Cre
and NPY colocalization needs to be performed in these mice.

Friedman’s laboratory also developed Npy-Tau-Sapphire-GFP
BAC mice to investigate functions of NPY-positive neurons in
the arcuate nucleus of the hypothalamus (Pinto et al., 2004; Rose-
berry et al., 2004). Unfortunately, the GFP expression in these mice
appeared lower than revealed by histochemistry (van den Pol et al.,
2009), and recent study showed morphological and electrophys-
iological pathological abnormalities in Npy-Tau-Sapphire-GFP
interneurons compared with WT NPY interneurons that could
be due to the overexpression of tau-coupled reporter constructs
(Rancillac et al., 2010). Another group generated a BAC Npy-
human codon corrected Renilla (hr)-GFP transgenic mice, with
a GFP from a type of soft coral (sea pansy Renilla) that seems to
be more stable and brighter than other green fluorescent protein
(van den Pol et al., 2009). In these Npy-hrGFP mice, the caudate–
putamen and the NAc contained scattered intensely GFP-positive
cells (van den Pol et al., 2009) and colocalization of NPY and
GFP in the striatum was confirmed by Partridge et al. (2009) that
used these mice to specify properties of synaptic connections onto
striatal NPY interneurons.

Finally, the GENSAT project also generated BAC lines in
which GFP is under control of the neuronal nitric oxide synthase
(nNOS) promoter (Nos1)2. However, none of the Nos1-EGFP lines
generated show EGFP in striatal nNOS interneurons.

To date, to the best of our knowledge, no genetic tool has
been developed to target selectively the striatal calretinin-positive
interneurons.

VIRAL TARGETING
Recently, two papers have targeted striatonigral and striatopal-
lidal neurons in mice and rats by using viral vectors (Hikida
et al., 2010; Ferguson et al., 2011). To target mice striatonigral
neurons, the −1525 to +543 residues of the mouse PPTA gene
(Substance P) have been inserted in front of Flag-tagged tTA in

2http://www.gensat.org
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an AAV vector whereas the −1834 to +148 residues of the mouse
Penk gene (Enkephalin) have been used to target the striatopall-
idal neurons (Hikida et al., 2010). The AAVs have been injected
in transgenic mice (TN) containing the TRE–GFP-tetanus toxin
transgene allowing that cause the inhibition of neurotransmission
in neurons expressing tTA when doxycycline is withdrawn. The
TN mice bilaterally injected into 11 sites of the striatum with AAV-
PPTA-tTA showed an exclusive GFP immunostaining in 74.2% of
SP-positive cells whereas in TN mice injected with AAV-PPE-tTA
71.1% of ENK-containing neurons were immunostained by GFP,
demonstrating a specific targeting of striatonigral and striatopalli-
dal neurons, respectively (Hikida et al., 2010). Surprisingly, despite
these percentage of targeted neurons targeted in either direct or
indirect pathways whose neurotransmission was abolished, the
resulting mice did not show a decrease or increase of sponta-
neous locomotor activity (Hikida et al., 2010) in contrast to the
results obtained with BAC (Durieux et al., 2009; Bateup et al.,
2010; Kravitz et al., 2010). TN mice bilaterally injected into four
sites of the NAc with the transgenic AAV that results in the block-
ade of the direct pathway showed a decrease in cocaine-induced
CPP (Hikida et al., 2010) in accordance with the results obtained
in BAC mice using optogenetic approaches (Lobo et al., 2010). No
difference in cocaine-induced CCP was found when the indirect
pathway was inhibited (Hikida et al., 2010) in contrast with the
results obtained with BAC technology (Durieux et al., 2009; Lobo
et al., 2010). These differences could be explained by the different
proportion of neurons that were targeted by the two approaches.

In rats, the availability of transgenic tools is much more limited
than in mice. A very recent study reports the genetic targeting of
both MSN populations. The −2609 to +52 residues of the rat Penk
gene (Enkephalin) and the −1858 to +135 residues of the rat Pdyn
gene (Dynorphin) were inserted in herpes simplex virus (HSV)
in front of an hemagglutinin-tagged engineered GPCR (derived
from the Gi/o-coupled human muscarinic M4, hM4D, activated
by an inert ligand, CNO; Ferguson et al., 2011). Administration of
CNO induced the activation of Kir3 channel in neurons expressing

hM4D, resulting in membrane hyperpolarization, and transient
neuronal silencing. In rats infused into one site of the dorsal
striatum with pEnk-hM4D HSV, 90% of hemagglutinin cells were
Enk-positive and 6% were SP-positive whereas with pDyn-hM4D
HSV 95% of hemagglutinin cells were substance P positive and 5%
were Enk-positive (Ferguson et al., 2011). The percentage of Enk-
or SP- positive neurons infected in the dorsal striatum by these
HSV vectors was unknown. CNO treatment decreased the num-
ber of evoked action potentials in hM4D-expressing neurons. In
pEnk- hM4D rats, CNO treatment facilitated the development of
a robust amphetamine sensitization in contrast with pDyn- hM4D
rats (Ferguson et al., 2011).

CONCLUSION AND PERSPECTIVES
The recent advances in genetic targeting have allowed to address
a lot of important physiological issues in the striatum which
were unattainable in the past. However each of these approaches
(Knock-in, BAC, Virus. . .) needs an extensive characterization of
the resulting transgenic mice to avoid some overstated conclu-
sions. The optogenetics by its flexibility and its time resolution
will certainly allow to solve new important questions in striatal
physiology. Moreover, a very recent advance in optogenetic tools
(Ye et al., 2011) has demonstrated the possibility to control tran-
scription of specific transgenes by light. This additional progress
will allow not only to control the activity of a neuronal population
but also to control the expression of a specific gene in this neu-
ronal population. A next important step will be to export all these
tools to other models than mouse, as rat and monkey, where more
elaborated behavioral paradigms are possible.
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Parkinson’s disease is a common neurodegenerative disorder caused by the degeneration
of midbrain substantia nigra dopaminergic neurons that project to the striatum. Despite
extensive investigation aimed at finding new therapeutic approaches, the dopamine pre-
cursor molecule, 3,4-dihydroxyphenyl-L-alanine (L-DOPA), remains the most effective and
commonly used treatment. However, chronic treatment and disease progression lead to
changes in the brain’s response to L-DOPA, resulting in decreased therapeutic effect and
the appearance of dyskinesias. L-DOPA-induced dyskinesia (LID) interferes significantly
with normal motor activity and persists unless L-DOPA dosages are reduced to below ther-
apeutic levels. Thus, controlling LID is one of the major challenges in Parkinson’s disease
therapy. LID is the result of intermittent stimulation of supersensitive D1 dopamine recep-
tors located in the very severely denervated striatal neurons. Through increased coupling
to Gαolf, resulting in greater stimulation of adenylyl-cyclase, D1 receptors phosphorylate
DARPP-32, and other protein kinase A targets. Moreover, D1 receptor stimulation activates
extracellular signal-regulated kinase and triggers a signaling pathway involving mammalian
target for rapamycin and modifications of histones that results in changes in translation,
chromatin modification, and gene transcription. In turn, sensitization of D1 receptor signal-
ing causes a widespread increase in the metabolic response to D1 agonists and changes in
the activity of basal ganglia neurons that correlate with the severity of LID. Importantly, dif-
ferent studies suggest that dyskinesias may share mechanisms with drug abuse and long
term memory involving D1 receptor activation. Here we review evidence implicating D1
receptor signaling in the genesis of LID, analyze mechanisms that may translate enhanced
D1 signaling into dyskinetic movements, and discuss the possibility that the mechanisms
underlying LID are not unique to the Parkinson’s disease brain.

Keywords: L-DOPA-induced dyskinesia, D1 dopamine receptor, Parkinson’s disease

Shortly after the recognition that l-DOPA in combination with
a peripheral decarboxylase inhibitor has a dramatic therapeutic
effect in Parkinson’s disease, it became clear that the treatment
was associated with major adverse effects like the appearance of
severely incapacitating abnormal involuntary movements (Cotzias
et al., 1969; Papavasiliou et al., 1972). This raised concern about
the safety of the treatment and the consequences of beginning
l-DOPA therapy early in the course of the disease (Fahn, 1996),
but the fear that l-DOPA could be toxic was dispelled more than
a decade ago (Murer et al., 1999; Olanow et al., 2004). Cur-
rently, the principal candidates for the mechanism underlying
l-DOPA-induced dyskinesia (LID) are long term functional and
structural changes induced in the dopamine-depleted striatum by
dopamine-regulated signaling cascades (Jenner, 2008; Voon et al.,
2009; Cenci and Konradi, 2010).

Clinical studies have identified several factors that increase the
risk of LID: severity and/or duration of the disease, l-DOPA dose,
and intermittent l-DOPA dosing (Nutt, 2000, 2008). Studies in

patients indicate that initiating therapy with a selective D2-like
dopamine receptor agonist is associated with a very low risk of
developing dyskinesia, whereas D1-like agonists are very dysk-
inetogenic (Rascol et al., 2001, 2006; Holloway et al., 2004) in
agreement with recent findings in animal models of Parkinson’s
disease (Darmopil et al., 2009). Here we review animal studies
investigating the mechanisms of LID, with a focus on rodent
models and D1 receptor signaling mechanisms.

IS D1 RECEPTOR STIMULATION NECESSARY AND
SUFFICIENT TO INDUCE DYSKINESIA?
Early studies in primates suggested that D1-like agonists are less
likely than D2-like agonists to induce dyskinesia (Grondin et al.,
1997; Goulet and Madras, 2000). Indeed, it has been proposed that
stimulation of sensitized D2-like receptors may be necessary and
sufficient to induce dyskinesia (Blanchet et al., 1995). However,
based on the administration of selective D1- or D2-like receptor
antagonists together with l-DOPA to MPTP-treated primates, it
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was concluded that neither the beneficial motor effects of l-DOPA,
nor LID, can be ascribed to stimulation of one receptor family
alone (Grondin et al., 1999). Currently, there is plenty of evidence
that the risk of dyskinesia is very low during chronic treatment
with a selective D2-like agonist in patients who have never been
exposed to l-DOPA (Damier et al., 2000; Holloway et al., 2004;
Rascol et al., 2006).

The discovery that rodents with a nigrostriatal lesion develop
LID provided a means to perform a non-pharmacological inter-
vention to study the mechanisms underlying it. Rats and mice with
unilateral nigrostriatal lesions induced by 6-hydroxydopamine
(6-OHDA) develop abnormal involuntary movements resem-
bling “peak-dose dyskinesia” after a few challenges with l-DOPA
(Andersson et al., 1999; Delfino et al., 2004; Pavon et al., 2006).
Pharmacological studies show that selective D1-like agonists have
more powerful dyskinetogenic effects than D2-like agonists, and
D1-like antagonists are more effective at inhibiting LID than D2-
like antagonists (Taylor et al., 2005; Delfino et al., 2007; Westin
et al., 2007). As in patients, de novo administration of a thera-
peutic dose of D2-like agonist produces mild or no dyskinesia
in 6-OHDA rats, but previous exposure to l-DOPA increases the
dyskinetogenic effect of selective D2 receptor stimulation (Delfino
et al., 2004; Larramendy et al., 2008).

Powerful evidence supporting a role for the D1R subtype in LID
has been provided in studies of genetically engineered mice lacking
the D1 receptor (Darmopil et al., 2009). LID is completely blocked
in D1 knockouts with severe striatal dopaminergic denervation
induced by 6-OHDA (Figures 1 and 2). In contrast, D2R knock-
outs develop LID as easily as controls. Although the latter does not
rule out a possible contribution of D3R to LID expression (Bézard
et al., 2003), the fact that D1R knockouts do not show abnormal
involuntary movements with prolonged l-DOPA treatment sug-
gests that D1R stimulation is essential for the development of LID
(Figures 1 and 2).

The possibility remains that the D3R, which is abnormally
expressed in the dorsal striatum after repeated exposure to

FIGURE 1 | Genetic deletion of the D1 receptor precludes the

development of LID. Effect of the genetic deletion of the D1 receptor (A)

or D2 receptor (B) on scores of dyskinesia involving the forelimb, head and
trunk (“total dyskinesia score”). Adult wild type and knockout mice with
similar degrees of nigrostriatal denervation induced by intrastriatal
administration of the toxin 6-OHDA were treated daily with L-DOPA and
examined periodically for dyskinesia scores. See also Darmopil et al. (2009).

levodopa, contributes to LID expression (Bézard et al., 2003).
However, there is wide divergence between studies regarding the
extent of D3R upregulation and the effects of D3R preferring
antagonists and partial agonists on LID (Hurley et al., 1996; Bordet
et al., 1997; Quik et al., 2000; Hsu et al., 2004; Visanji et al., 2009).
Moreover, D1R stimulation induces a full repertoire of dyskinetic
movements resembling peak-dose dyskinesia even in the presence
of D3R antagonists (Kumar et al., 2009; Mela et al., 2010), sug-
gesting that D3R stimulation is not an obligatory requirement for
LID to occur. In summary, D1R stimulation seems to be necessary
for LID development and sufficient to induce dyskinetic move-
ments. This is in agreement with data showing that, in contrast
to D2-like receptor agonists (most of which have a high affin-
ity for the D3R – Rascol, 1999), D1-like receptor agonists are
markedly dyskinetogenic in monkeys rendered parkinsonian by
MPTP (Doucet et al., 1996) as well as in patients (Rascol et al.,
2001). Additional mechanisms involving D2 family receptors may
contribute to the expression of LID, especially when dyskinetic
movements are induced by D2-like agonists in animals previously
exposed to l-DOPA.

LID IS ASSOCIATED WITH CHANGES IN D1 RECEPTOR
SIGNALING IN THE DOPAMINE-DEPLETED STRIATUM
Early studies showing that deletion of the D1R gene blocks con-
trol of striatal prodynorphin expression and motor behavior by
cocaine and amphetamine called attention to D1R signaling in
behavioral sensitization to psychostimulants (Moratalla et al.,
1996a). This study also suggested involvement of the direct path-
way in psychostimulant sensitization, because prodynorphin is
a marker of those striatal “medium spiny” neurons (MSN) that
contain the D1 receptor and project to the substantia nigra. In
parallel, it has been shown that repeated administration of a D1-
like receptor agonist induces dyskinesia and the expression of the
transcription factors FosB/�FosB in striatonigral MSNs (Doucet
et al., 1996). Further investigation showed that LID in the 6-OHDA
rat is associated with increased co-expression of FosB/�FosB and
prodynorphin in striatal neurons (Andersson et al., 1999; see also
Sgambato-Faure et al., 2005; Pavon et al., 2006). In contrast to full-
length FosB proteins, which behave as immediate early genes, its
truncated forms called �FosB show high stability and persist for
long periods (McClung et al., 2004). Although �FosB cannot be
distinguished from FosB in immunocytochemical studies, Doucet
et al. (1996), Andersson et al. (1999), and Pavon et al. (2006) used
Western blotting to demonstrate that it is the truncated form,
�FosB, which is up-regulated preferentially in LID. Importantly,
Andersson et al. (1999) provided causal evidence linking �FosB
upregulation to LID, as intrastriatal infusion of fosB/�fosB anti-
sense oligonucleotide inhibited the development of LID. Double
in situ hybridization studies using 35S- and digoxigenin-labeled
riboprobes showed that FosB/�FosB induction occurred in striatal
neurons that contain D1R (Pavon et al., 2006), extending previous
findings showing co-expression of FosB/�FosB with prodynor-
phin (Andersson et al., 1999). Interestingly, �FosB expression is
inversely correlated with the abundance of dopamine fibers in
the striatum and directly correlated with the severity of dyski-
nesia (Pavon et al., 2006), and it is blocked by pharmacological
or genetic inactivation of the D1 receptor (Westin et al., 2007;
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FIGURE 2 | L-DOPA does not induce dyskinesia in D1 receptor knockout

mice with severe nigrostriatal denervation. Frames extracted from videos
taken from representative 6-OHDA-lesioned wild type (A), D1−/− (B), and

D2−/− (C) mice, which have been treated with L-DOPA for 2 weeks. The
sequence was taken 30 min after an L-DOPA challenge and the frames are
0.15 s apart from each other. Reproduced from Darmopil et al., 2009.

Darmopil et al., 2009). The correlation between �FosB induction
and the severity of LID has been corroborated in the MPTP
macaque model of Parkinson’s disease, in which overexpression of
a truncated form of JunD that acts as a dominant negative inhibitor
of �FosB markedly reduces LID (Berton et al., 2009). Overall,
these findings show that LID is related to specific D1R-dependent
changes in gene expression in striatonigral MSNs neurons that
selectively express dynorphin and D1 receptor.

The fact that l-DOPA administration to naive animals does
not induce �FosB expression and LID suggests that denervation-
induced supersensitivity of dopamine D1 receptors is at the core
of the mechanism leading to LID. Although D1 receptor super-
sensitivity is well documented in Parkinson’s disease, D1 receptor
expression does not change dramatically after nigrostriatal lesion
or repeated l-DOPA administration. However, D1 receptors may
be redistributed preferentially to the postsynaptic membrane and
cytoplasmic compartments involved in D1R trafficking during
chronic l-DOPA administration (Muriel et al., 1999; Guigoni et al.,
2007; Berthet et al., 2009). Moreover, D1 receptor supersensitiv-
ity in 6-OHDA rats and Parkinson’s disease patients is related to
increased levels of Gαolf (Corvol et al., 2004). Indeed, the ability
of D1-like receptor agonists to recruit G proteins in striatal tissue
is linearly related to dyskinesia scores in MPTP-lesioned monkeys
(Aubert et al., 2005).

There is also evidence that the resulting increase in cAMP pro-
duction is translated into effects on targets of the cAMP-dependent
protein kinase (PKA), like the Thr34 site of DARPP-32. The

striatum contains higher levels of phospho[Thr34]-DARPP-32 in
dyskinetic rats than in 6-OHDA rats that have not developed dysk-
inesia under l-DOPA treatment (Picconi et al., 2003). Moreover,
levels of phospho[Thr34]-DARPP-32 correlate with the severity of
dyskinesia in a mouse model of LID (Santini et al., 2007). Similar
changes in DARPP-32 phosphorylation have more recently been
found in MPTP-lesioned monkeys that have developed LID (San-
tini et al.,2010). Importantly, selective disruption of the DARPP-32
gene in striatonigral neurons reduces LID, whereas a similar gene
disruption in striatopallidal neurons has no effect (Bateup et al.,
2010).

Phosphorylation at another specific target of PKA, the Ser845 in
the GluR1 subunit of AMPA receptors, is also increased in highly
dyskinetic mice and MPTP-lesioned monkeys, but not in con-
trol parkinsonian animals that have received l-DOPA but did not
develop substantial dyskinesia (Santini et al., 2007, 2010). More-
over, there is evidence that phosphorylation at Ser845 in GluR1 is
modulated by DARPP-32. Phospho[Thr34]-DARPP-32 is a potent
inhibitor of protein phosphatase-1 (PP-1), so, dephosphorylation
of targets of PP-1 should be reduced in LID. In agreement, DARPP-
32 knockouts not only exhibit reduced LID but also show reduced
phosphorylation at Ser845 in GluR1 (Santini et al., 2007).

Molecular changes related to LID have been detected in
other signaling cascades associated with dopamine D1/D5
receptor function, like the extracellular signal-regulated kinase
(ERK) 1/2 cascade (Figure 3). Indeed, D1R stimulation induces
ERK1/2 phosphorylation in the dopamine-intact (Valjent et al.,
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FIGURE 3 | Genetic inactivation of dopamine D1 receptor blocks

striatal molecular changes induced by chronic L-DOPA

administration in hemiparkinsonian mice. Photomicrographs of
adjacent coronal striatal sections from WT (top) and D1R−/−
(bottom) hemiparkinsonian mice treated with L-DOPA. Sections are

immunostained for TH, FosB, Dynorphin, and p-ERK. Chronic
L-DOPA treatment induced marked FosB, Dynorphin, and p-ERK
expression in the striatal areas that are devoid of TH-immunoreactive
fibers in WT mice, but not in the striatum of D1R−/− mice. Scale
bar = 500 μm.

2000; Mazzucchelli et al., 2002; Brami-Cherrier et al., 2005) and
dopamine-depleted brain (Gerfen et al., 2002). More recent work
established a correlation between ERK1/2 phosphorylation and
LID (Pavon et al., 2006; Santini et al., 2007; Westin et al., 2007;
Darmopil et al., 2009) and showed that pharmacological inhibi-
tion of the ERK1/2 signaling cascade reduces LID (Santini et al.,
2007; Schuster et al., 2008; Lindgren et al., 2009). Induction of
ERK1/2 phosphorylation by l-DOPA is blocked, in parallel with
LID, by D1/D5 receptor antagonists (Westin et al., 2007; Santini
et al., 2009a), and by genetic deletion of the specific D1 receptor
subtype (Darmopil et al., 2009), further supporting the require-
ment for the D1R subtype and the involvement of the direct
striatal outflow pathway. Finally, genetic interventions aimed at
reducing the activity of Ras-GRF1, a neuronal specific activator
of ERK signaling that mediates striatal ERK1/2 phosphorylation
in response to D1/D5R agonists (Fasano et al., 2009), reduced
LID in mice and monkeys (Fasano et al., 2010). As DARPP-32
knockouts also show reduced ERK1/2 phosphorylation, excessive
inhibition of PP-1 by phospho[Thr34]-DARPP-32 may contribute
to the higher levels of phospho-ERK1/2 in LID (Santini et al.,
2007).

ENHANCED D1R SIGNALING INDUCES CHANGES IN
TRANSLATION AND TRANSCRIPTION
It has been possible to follow the signaling cascade involved in LID
downstream to translation and transcription mechanisms.

In the denervated striatum, but not in the normal striatum,
l-DOPA administration induces phosphorylation of S6 kinase at
a site specifically regulated by the mammalian target for rapamycin
(mTOR). S6 kinase phosphorylates S6, a ribosomal protein, and
the abundance of phosphorylated S6 kinase and S6 is linearly
related to the severity of LID. l-DOPA-induced S6 phosphory-
lation takes place in MSNs of the direct pathway and is blocked by
D1/D5R antagonists and rapamycin. Similar results were obtained
with another target of mTOR, eukaryotic translation initiation
factor 4E-binding protein (4E-BP), which when phosphorylated,
allows formation of a multiprotein complex with a critical role
in translation. Finally, inhibitors of the ERK signaling cascade
prevent phosphorylation of targets of mTOR, and rapamycin, an
inhibitor of mTOR signaling, reduces the development of LID
(Santini et al., 2009b).

Changes downstream of the ERK1/2 signaling cascade have
been detected in the MSN nucleus. Thr581 of the mito-
gen and stress-activated kinase-1 (MSK-1), a nuclear target of
ERK1/2, and histone H3, which is modified in response to
phospho[Thr581]MSK-1, are persistently activated in MSNs of
the direct pathway in rodents that develop LID (Darmopil et al.,
2009; Santini et al., 2009a). Induction of phospho-MSK-1 by l-
DOPA was completely inhibited in animals pretreated with D1-like
antagonists (Westin et al., 2007). Moreover, D1-like antagonists
(Santini et al., 2009a) or genetic deletion of the D1R (Dar-
mopil et al., 2009), reduce histone H3 activation in parallel with
LID. Modified histone H3 is co-expressed with dynorphin and
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FosB/�FosB in MSNs in highly denervated striatal areas in the
mouse model of LID, further supporting that histone H3 modifica-
tion is related to transcriptional changes mediating LID (Darmopil
et al., 2009).

Finally, some changes in transcription may be related to a switch
in gene expression control from cAMP-response element binding
transcription factor (CREB) dominance to �FosB dependence.
In the intact striatum, prodynorphin transcription is mediated
by CREB, but l-DOPA induction of prodynorphin transcription
in parkinsonian rats is under the control of �FosB and JunD
(Andersson et al., 2001).

CHANGES IN D2/D3 RECEPTOR-MEDIATED SIGNALING MAY
CONTRIBUTE TO THE EXPRESSION OF LID
Different lines of evidence suggest that D2R modulation of stri-
atopallidal neurons is not necessary for development of LID.
In D2R knockouts with 6-OHDA striatal lesions LID develops
with similar time course and intensity as in controls (Darmopil
et al., 2009). Moreover, selective genetic deletion of DARPP-32
in striatopallidal neurons has no effect on the development of
LID (Bateup et al., 2010). The above conclusion is reinforced by
the finding that there is a very low risk of dyskinesia associated
with administration of D2-like receptor agonists to patients or to
drug-naïve animals with nigrostriatal lesions (Delfino et al., 2004;
Holloway et al., 2004; Lundblad et al., 2005; Rascol et al., 2006).
By contrast, D2R antagonists that produce tardive dyskinesia in
patients, induce FosB/�FosB expression in striatopallidal neurons
(Hiroi and Graybiel, 1996; Hiroi et al., 2002; Grande et al., 2004).

Thus, it seems likely that D2R subtype regulation of striatopal-
lidal neurons may modulate LID expression. This is illustrated in
a study by Gold et al. (2007) aimed at modulating D2 receptor sig-
naling in LID. Modifying the expression of regulator of G-protein
signaling (RSG) 9-2, a protein that inhibits D2 receptor interac-
tion with G proteins, regulated LID: RSG 9-2 knockouts showed
increased susceptibility to LID, whereas overexpression of RSG
9-2 reduced LID in MPTP-lesioned monkeys, and 6-OHDA rats.
However, the effects of modifying RSG 9-2 expression on motor
function were not specific to LID, suggesting that striatal D2R sub-
type signaling allows an increase in motor output that results in
more severe dyskinesia when the main LID signaling cascade, the
direct striatonigral pathway, is activated.

On the other hand, the D3R may directly modulate the main
LID signaling cascade. Repeated stimulation of D1R by l-DOPA or
dopamine agonists in 6-OHDA rats leads to a progressive increase
in the expression of D3R in direct pathway MSNs, which paral-
lels sensitization of the rotational response to l-DOPA (Bordet
et al., 1997, 2000; see however Hurley et al., 1996; Quik et al.,
2000). Similar results were obtained in MPTP-lesioned monkeys
that have developed LID; further study showed that pharmacolog-
ical reduction of D3R activity reduced LID (Bézard et al., 2003; see
however Kumar et al., 2009; Mela et al., 2010). When co-expressed
in the same cell, D1R and D3R interact synergistically in the mem-
brane, with D3R stimulation enhancing D1-like agonist affinity
and capacity to stimulate adenylyl cyclase (Fiorentini et al., 2008;
Marcellino et al., 2008). Recent work suggests that direct cross-talk
between D1R and D3R in the membrane reduces internalization
of D1R in response to dopamine, a mechanism that may normally

prevent excessive D1R activation (Berthet et al., 2009). It is worth
considering whether the effects of D3R preferring drugs in LID
result from their ability to modulate D1R-D3R membrane inter-
actions rather than from their antagonist/partial agonist action at
the ligand binding site.

LID IS ASSOCIATED WITH ALTERED SYNAPTIC PLASTICITY
IN THE STRIATUM
Although a causal connection has been established between
enhanced D1R signaling via ERK and LID, the functional changes
linking these molecular events to behavior remain poorly under-
stood. Once established, LID is very difficult to reverse and very
easy to reestablish even after a long l-DOPA-free period (Nutt,
2000). Because of this, it has been suggested that long term changes
in brain circuits occur during chronic l-DOPA therapy (Calabresi
et al., 2000a) and dopamine denervation (Darmopil et al., 2009).
ERK’s established association with functional and structural forms
of synaptic plasticity is consistent with this (Thomas and Huganir,
2004).

The critical role played by dopamine in corticostriatal long term
potentiation (LTP) and LTD has been noticed 20 years ago (Cal-
abresi et al., 1992). Early work suggested that D1R stimulation is
necessary to induce LTP, whereas D2R stimulation is required for
LTD (Calabresi et al., 1992, 2000b; Centonze et al., 1999, 2003;
Tang et al., 2001). The mechanisms involved in LTP and LTD in
direct and indirect-pathway MSNs have not been studied until very
recently, with the availability of BAC transgenic mice expressing
fluorescent proteins in specific neuronal populations (Wang et al.,
2006; Kreitzer and Malenka, 2007; Shen et al., 2008). LTD can
be readily induced in indirect pathway-MSNs via D2R-regulated
endocannabinoid release. Moreover, this LTD is disrupted in ani-
mal models of Parkinson’s disease and can be restored by D2-like
agonists and CB1 receptor stimulation (Kreitzer and Malenka,
2007; Shen et al., 2008). What happens in the direct pathway
neurons is less clear. One group could not induce LTD in direct
pathway MSNs (Kreitzer and Malenka, 2007). However,Wang et al.
(2006) and Shen et al. (2008) have been able to induce LTD in D1R–
MSNs with different stimulation protocols. In rodent models of
Parkinson’s disease, LTD is favored over LTP in D1R–MSNs, but
protocols aimed at inducing LTD result in LTP in the presence of
D1-like agonists (Shen et al., 2008). The issue remains controver-
sial and has been addressed in recent excellent reviews (Kreitzer
and Malenka, 2008; Surmeier et al., 2009; Lovinger, 2010).

Concerning LID, there is evidence showing its association
with altered functional plasticity in corticostriatal synapses. A
pioneering slice study by Picconi et al. (2003) showed that exci-
tatory synapses in MSNs show normal LTP in l-DOPA-treated
6-OHDA rats, and that depotentiation is selectively impaired in
rats that have developed LID. As corticostriatal depotentiation
is prevented by D1-like agonists, it seems likely that enhanced
D1 signaling impedes depotentiation in dyskinetic rats. A deficit
in depotentiation could lead to progressive enhancement of cor-
ticostriatal synaptic efficacy in the direct pathway, resulting in
uncontrolled positive feedback to motor cortical areas (Figure 4).
Recent in vivo studies support the idea that depotentiation of
direct pathway MSNs is altered in 6-OHDA rats under chronic
l-DOPA therapy (Belujon et al., 2010). Unfortunately, no study
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FIGURE 4 | Mechanisms proposed to underlie LID. Top row diagrams:
sensitivity of direct and indirect-pathway MSNs to dopamine receptor
stimulation in a naive patient (left), in a patient that is finding benefit under
L-DOPA therapy (middle), and in a dyskinetic patient (right). The naive
parkinsonian brain has hyperactive and hypoactive indirect and direct
pathways respectively, and may respond weakly to a first challenge with
L-DOPA. Repeated D1 receptor stimulation may reinstate a balance between
the direct and indirect pathways and produce clinical benefit (middle). In
advanced stages of the disease (right), the complete loss of dopamine
buffering capacity results in pulsatile stimulation of D1 receptors, more
surface expression of D1 receptors, induction of D3 receptor expression in

direct-pathway MSNs, and amplification of D1 receptor signaling, leading to
dyskinesia. Bottom row diagrams: repeated pulsatile stimulation of D1
receptors in direct-pathway MSNs produces a multiplicative gain in the motor
response to L-DOPA, which is reflected in a change of the slope and an
increase in the maximal attainable response (left). This would progressively
impel the patient to the threshold for induction of dyskinesia. D2 receptor
stimulation in indirect-pathway MSNs may not drive the patient through the
dyskinesia threshold, but may have an additive effect if the patient is above
threshold (right). Moreover, once direct-pathway MSNs have crossed
threshold, stimulation of over-expressed D3 receptors may also have
multiplicative gain effects.

has yet taken advantage of engineered mice expressing florescent
proteins in D1R- or D2R–MSNs to establish how l-DOPA impacts
on plasticity in each striatal output pathway.

The ultimate mechanisms that block depotentiation have not
been clarified; in fact, depotentiation itself is poorly understood.
It is well known that the D1R subtype has a facilitatory effect on
NMDA receptors in MSNs (Cepeda and Levine, 1998). The inter-
action with the NMDA receptor occurs through different mech-
anisms, including PKA/DARPP-32-mediated signaling and direct
protein–protein interactions in the postsynaptic membrane,which
result in enhanced NMDA receptor currents and NMDA recep-
tor redistribution across dendritic spine compartments (Cepeda
and Levine, 2006). In animals with LID, NMDA receptors show-
ing altered subunit composition form complexes with D1R and
these complexes are trafficked abnormally between the postsynap-
tic membrane and intracellular compartments or extrasynaptic
membrane sites (Fiorentini et al., 2006; Gardoni et al., 2006). How-
ever, it is not clear how such receptor reorganization is related to
alterations in synaptic plasticity or to other functional changes
associated with LID.

An aspect of NMDA receptor involvement in LID that has
not received much attention is that it also activates the ERK1/2

cascade (Thomas and Huganir, 2004). However, NMDA recep-
tor antagonists do not modify ERK phosphorylation induced
by D1-like agonists in the dopamine-depleted striatum (Gerfen
et al., 2002; Rylander et al., 2009). In contrast, mGluR5 antago-
nists attenuate LID and reduce ERK phosphorylation (Mela et al.,
2007; Rylander et al., 2009), suggesting that mGluR5 plays a more
important control over ERK1/2 than the NMDA receptor in the
parkinsonian condition. Thus, in LID, D1 receptor activation may
result in exaggerated ERK1/2 phosphorylation through multi-
ple mechanisms, including reduced activity of PP-1, enhanced
activity of Ras-GRF1, enhanced NMDA receptor, and mGluR5
activation.

In addition to alterations in functional plasticity, indirect evi-
dence suggests that LID is associated with structural changes in
neurons. Activity-regulated cytoskeletal-associated protein (arc)
is markedly up-regulated in direct pathway MSNs in rats with 6-
OHDA lesion treated chronically with l-DOPA, though it is not
clear that this change is selectively associated with the develop-
ment of LID (Sgambato-Faure et al., 2005). Although changes in
arc expression and function are frequently involved in synaptic
remodeling, further work is necessary to assess such changes in
LID.
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LID IS ASSOCIATED WITH WIDESPREAD FUNCTIONAL AND
STRUCTURAL CHANGES IN THE BASAL GANGLIA
There is evidence that angiogenesis and changes in the blood brain
barrier take place in parallel with LID in rats with nigrostriatal
lesion. This is manifest in enhanced proliferation of endothelial
cells, higher total microvessel length, and loss of blood brain bar-
rier markers across most basal ganglia structures in the denervated
hemisphere (Westin et al., 2006). The effect of l-DOPA on vessels
and behavior was mimicked by administration of D1-like agonists
and blocked by D1-like antagonists, with drugs acting on D2 family
receptors having little or opposite effects. Moreover, pharmacolog-
ical inhibition of the ERK1/2 signaling cascade reduced both LID
and the microvascular changes induced by l-DOPA (Lindgren
et al., 2009). However, these changes in the blood brain barrier
were not corroborated by functional methods in a primate model
of LID (Astradsson et al., 2009), so more work is needed to under-
stand the functional significance of these findings. Changes in
the microvasculature may be secondary to the higher metabolic
demands imposed by chronic D1R receptor stimulation in rats
with nigrostriatal lesion (Trugman and Wooten, 1986, 1987) or
result from more direct actions of dopamine agonists on blood
vessels (Hirano et al., 2008).

Widespread changes in metabolism and blood flow have been
detected in LID. Rat pharmacological MRI studies revealed a
correlation between the severity of dyskinesia induced by D1
receptor stimulation and the magnitude of blood oxygenation
level-dependent signal (BOLD) in the striatum and motor cor-
tex (Delfino et al., 2007). Moreover, in 6-OHDA rats, the BOLD
response to D1 receptor stimulation showed sensitization with
repeated drug administration in both striatum and motor cortex
(Delfino et al., 2007). Similarly, nuclear magnetic resonance spec-
troscopy (NMR) studies in reserpinized animals showed increased
glutamatergic activity after l-DOPA treatment, associated with
increases in striatal c-fos expression and motor activity. These
responses are blocked in D1R knock out animals (Rodrigues et al.,
2007), suggesting the involvement of D1 receptor. Overall, these
results are consistent with clinical findings. In patients with PD, the
severity of involuntary arm and hand movements correlates with
increases in blood flow measured with PET in the contralateral
motor cortex and basal ganglia (Brooks et al., 2000; Hirano et al.,
2008). In addition, l-DOPA-induced over-activation of the motor
cortex is not observed in drug-naïve hemiparkinsonian patients
(Buhmann et al., 2003). An interesting observation in pharma-
cological MRI studies is that a D3R-preferring agonist induces
regional cerebral blood volume changes similar to those induced
by D1-like agonists, but only if animals have developed LID. In the
absence of LID, the D3-preferring agonist has no effect (Sánchez-
Pernaute et al., 2007), further suggesting that D3R stimulation acts
by potentiating D1R signaling in LID.

Importantly, it seems that metabolic changes are not restricted
to motor areas. A 2-deoxyglucose accumulation study conducted
in MPTP-lesioned non-human primates revealed increased meta-
bolic activity in limbic and cognitive territories of the striatum
only in l-DOPA-treated animals that had developed dyskinesia
(Guigoni et al., 2005).

Less is known about the electrophysiological changes associ-
ated with the widespread metabolic effects occurring in LID. A

classic study by Filion et al. (1991) revealed a parallel between
the development of dyskinesia after repeated administration of
apomorphine to MPTP-lesioned monkeys and changes in neu-
ronal activity in the globus pallidus. Apomorphine, a mixed D1/D2
agonist with a short plasma half-life that is known to be very dysk-
inetogenic in patients, did not induce dyskinesia and had small
effects on the activity of pallidal neurons in monkeys before MPTP
lesioning. After induction of parkinsonism, however, repeated
administration of apomorphine led to growing motor side effects
and growing changes in pallidal activity. More specifically, dysk-
inesia was associated with a marked inhibition and reduction of
burst firing in the internal segment of the globus pallidus (Filion
et al., 1991). This finding has been corroborated (Papa et al., 1999)
and extended by showing that dyskinesia induced by D1-like ago-
nists in the MPTP primate model has similar electrophysiological
correlates (Boraud et al., 2001). Moreover, a limited number of
recordings performed in patients undergoing functional neuro-
surgery also suggest that excessive inhibition of output neurons is
involved in dyskinesia (Merello et al., 1999; Lozano et al., 2000).
Overall, the data are consistent with the proposal that the gain of
direct pathway striatal neurons increases in LID (Figure 4).

The studies by Filion et al. (1991) and Boraud et al. (2001) show
that D2-like agonists induce dyskinesia and changes in pallidal
activity similar to those produced by apomorphine. In both studies
the same monkeys were repeatedly challenged with a mixed D1/D2
agonist and a selective D2-like agonist, thus the D2 agonist effects
were taking place in a primed brain. Moreover, both apomor-
phine and D2-like receptor agonists induced increases in activity
in the external pallidal segment, which could have contributed to
reducing neuronal firing in the internal pallidum. Thus, D2/D3
agonist-induced dyskinesia probably shares circuit mechanisms
with LID.

Although the data are consistent with the view that increased
gain of direct pathway striatal neurons produces excessive
inhibition of basal ganglia output, there is still no direct evidence
for this. Indeed, a recent study in drug-naïve 6-OHDA rats shows
that D1-like receptor stimulation produces a strong induction
of immediate early genes in the striatum without restoring the
response of direct pathway MSNs to cortical stimulation to control
levels (Ballion et al., 2009). The possibility remains that the hypo-
thetical increase in the gain of corticostriatal connections requires
repeated exposure to l-DOPA or D1-like agonists. However, in
severely denervated 6-OHDA rats, a first challenge with l-DOPA
can induce dyskinesia (see Onofrio et al., 1998, for similar findings
in patients). Further work correlating the activity of direct- and
indirect-pathway striatal MSNs to the degree of dopamine dener-
vation and dyskinesia scores is necessary to determine the circuit
mechanisms involved in LID.

ARE THE SIGNALING CHANGES OCCURRING IN LID UNIQUE
TO THE PARKINSONIAN BRAIN?
l-DOPA does not induce dyskinesia unless dopaminergic neurons
in the substantia nigra and striatal dopaminergic markers fall by
more than 90% (see for example Winkler et al., 2002). More recent
work correlating the spatial pattern of striatal denervation with
the molecular changes associated to LID showed that FosB/�FosB
and prodynorphin induction is restricted to striatal areas where
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the density of dopaminergic fibers drops below 5% of control lev-
els (Pavon et al., 2006; Darmopil et al., 2009). Thus, denervation
supersensitivity plays a pivotal role in the development of LID
by allowing the activation of non-canonical signaling cascades
by D1R stimulation, suggesting this is a mechanism unique to
LID. However, there is evidence that similar signaling mechanisms
are activated in dopamine-intact animals during sensitization to
psychostimulants and drugs of abuse. For instance, there is evi-
dence that a D1R-activated signaling cascade involving DARPP-32
and ERK1/2 phosphorylation, induction of �FosB, and prodynor-
phin expression, modifications of histone H3, a switch in gene
expression control from CREB-dependent to �FosB-dependent,
and impaired LTD of corticostriatal synapses, is causally involved
in psychostimulant sensitization and drug addiction (Moratalla
et al., 1996a; Kelz et al., 1999; Valjent et al., 2000; McClung and
Nestler, 2003; Brami-Cherrier et al., 2005; Stipanovich et al., 2008;
Fasano et al., 2009; Kasanetz et al., 2010).

Although a point-by-point comparison between drug
addiction-related and LID-related mechanisms is beyond the
scope of this review, it seems clear that a large part of the sig-
naling cascade involved in LID can be activated in an intact brain
by cocaine and psychostimulants, although with much less inten-
sity and in considerably fewer striatal neurons (Moratalla et al.,
1996b; Pavon et al., 2006). This raises the question why l-DOPA
cannot activate it when the brain dopamine systems are intact.
The most plausible explanation is that pulsatile stimulation of D1
receptors is sufficient to activate the non-canonical components
of the signaling cascade, but that the buffering capacity of even
a small number of dopaminergic terminals precludes l-DOPA
from producing the large variations in dopamine concentration in
the extracellular space that may be necessary to drive the cascade.
Indeed, l-DOPA induces slow and moderate changes in dopamine
concentration in the extracellular space when presynaptic mech-
anisms are intact but produces faster and more marked changes
in rodent models of Parkinson’s disease (Carta et al., 2006; Lind-
gren et al., 2010). Moreover, changes in dopamine concentration
are more marked in patients with more severe parkinsonism (de
la Fuente-Fernández et al., 2004). This is consistent with a recent
report showing that l-DOPA does not induce dyskinesia in rats
in which dopamine synthesis was knocked down but presynap-
tic dopaminergic terminals are preserved (Ulusoy et al., 2010).
Importantly, these rats show dyskinesia in response to apomor-
phine, a short plasma half-life D1/D2 agonist whose effect over
the dopamine receptors is not buffered by presynaptic terminals,
indicating that the postsynaptic mechanisms involved in LID are
functional. Moreover, the rats still do not show dyskinesia during
l-DOPA administration after receiving apomorphine challenges
that have been able to induce it (Ulusoy et al., 2010). In this
sense, striatal TH+ neurons that appear after severe denervation
and l-DOPA treatment are not able to provide enough buffering
capacity to reduce dyskinesias (Darmopil et al., 2008). Overall,
the data indicate that a good buffering capacity of dopamine
concentration in the extracellular space may preclude sensitiza-
tion to l-DOPA and attenuate the activation of already sensitized
postsynaptic dyskinesia machinery.

This is not to say that supersensitivity of D1R signaling
does not contribute to LID. Supersensitivity may explain why

the molecular changes associated to LID are several-fold more
widespread and intense than those induced by psychostimulants.
However, an almost complete loss of presynaptic dopaminergic
terminals (implying a loss of buffering capacity) is a prerequisite
for D1R signaling supersensitivity (Pavon et al., 2006; Darmopil
et al., 2009). Thus, D1R supersensitivity and the loss of buffering
capacity conspire together in LID.

DOES LID SHARE MECHANISMS WITH LONG TERM
MEMORY?
Recent findings linking D1 receptor stimulation to long term
memory storage further suggest that the signaling cascade involved
in LID is not unique to the parkinsonian brain, or even to the
striatum. Pharmacological studies show that blockade of D1-
like receptors at the time of encoding reduces the persistence of
hippocampal-dependent memories (O’Carroll et al., 2006; Bethus
et al., 2010). Also, intrahippocampal administration of D1-like
antagonists several hours after encoding blocks retention (Bern-
abeu et al., 1997). An important recent study shows that a long-
lasting fear memory disappears if hippocampal D1 receptors are
blocked 12 h after encoding, whereas a D1-like agonist applied at
the same post-training time turns a labile memory into a persistent
one (Rossato et al., 2009). Thus, sequential “waves” of dopamine
at different time points are critical for long term memory storage
in the hippocampus.

These pharmacological observations are backed up by stud-
ies in D1R knockout mice showing that this receptor subtype is
essential for spatial memory tasks (El-Ghundi et al., 1999). More-
over, D1 knockouts show spatial learning and associative learning
deficits concurrent with a reduction in LTP (Granado et al., 2008;
Ortiz et al., 2010). Furthermore, mice in which hippocampal D1
receptors were knocked down with a small interfering RNA show
deficits in spatial learning, fear learning, classical conditioning,
and LTP, ruling out effects of developmental adaptations in the D1
knockouts (Ortiz et al., 2010). Importantly, it has been shown that
D1R are important for both early- and late-LTP, indicating that
the D1R subtype is involved in different kinds of memory, includ-
ing new protein synthesis-independent and -dependent memory
(Granado et al., 2008; Ortiz et al., 2010). Further studies in vivo
showed that intact D1R are required for the acquisition of asso-
ciative learning and for the endogenous, non-stimulated, increase
in synaptic strength produced in the hippocampus during learn-
ing (Ortiz et al., 2010), supporting the important role of D1R in
learning and memory.

Elucidation of the signaling cascade mediating the role of D1R
in memory formation and retention is challenging, given the likely
contribution of several other neurotransmitters and modulators
that can share signaling mechanisms with dopamine. However,
there is evidence that EKR1/2 phosphorylation (Bekinschtein et al.,
2008) and histone H3 acetylation (Levenson et al., 2004), as well as
Erg1 and Arc (Granado et al., 2008; Ortiz et al., 2010) are involved
in the retention of hippocampal memories. Thus, at least some
components of the signaling cascade implicated in LID are also
active in the hippocampus at times when D1 receptor stimulation
contributes to memory persistence.

An intriguing possibility is that phasic D1R stimulation is criti-
cal for inducing components of the signaling cascade that produce
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physiological increases in synaptic strength. Even in the striatum,
where tonic dopamine levels are relatively high, it is believed that
the low affinity of D1R is not activated except during physiological
surges of dopamine induced by burst firing of the dopaminergic
neurons (Gonon, 1997). Thus, physiological surges of dopamine
in the extracellular space could be involved in D1R promotion of
memory storage in different brain areas. Longer-lasting and more
marked non-physiological D1R stimulation induced by cocaine
and psychostimulants in the dopamine-intact brain,or by l-DOPA
in the brain that has lost the buffering capacity of striatal dopamin-
ergic terminals, may induce abnormal plasticity and behavioral
alterations.

IMPLICATIONS FOR PARKINSON’S DISEASE THERAPY
Why does pulsatile activation of the D1 receptor signaling cas-
cade induce dyskinesia in Parkinson’s disease instead of other
behavioral abnormalities like addictive behaviors or impulse con-
trol disorders? The distinctive behavior resulting from pulsatile
dopaminergic stimulation in the parkinsonian brain may reflect a
preferential involvement of striatal motor areas, within which the
extreme but heterogeneous loss of dopamine buffering capacity
may produce a patchy pattern of molecular and functional post-
synaptic changes (Darmopil et al., 2009). This non-physiological
patchy pattern of plasticity would distort the flow of cortical infor-
mation through the direct basal ganglia pathway, giving rise to
abnormal movements instead of behavioral stereotypies. In this
context, over-activation of dopamine signaling cascades in areas

that are not so extensively denervated in Parkinson’s disease, like
the ventral striatum and frontal cortex, may lead to behavioral
abnormalities that are not unique to the parkinsonian brain, like
addiction to l-DOPA, pathological gambling, and other impulse
control disorders (Dagher and Robbins,2009). This hypothesis can
be interrogated by studying the behavioral consequences of inter-
mittent stimulation of dopamine receptors after manipulating
dopamine buffering capacity in specific brain areas.

This view opens questions about future directions in Parkin-
son’s disease therapy. If the postsynaptic signaling involved in
LID is not unique but part of physiological rewarding and mem-
ory storage mechanisms, targeting the non-canonical components
of the signaling cascade may have undesirable consequences on
behavior. In this context, increasing l-DOPA buffering capacity in
the motor district of the striatum emerges as a more etiologically-
and physiologically-rooted approach to the treatment of Parkin-
son’s disease, of which the concept of “continuous dopaminergic
stimulation” (Olanow et al., 2006) can be seen as an antecedent.
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The basal ganglia are affected by several neuropsychiatric and neurodegenerative diseases,
many of which are treated with drugs acting on the dopamine system. For instance, the loss
of dopaminergic input to the striatum, which is the main pathological feature of Parkinson’s
disease, is counteracted by administering the dopamine precursor, L-DOPA. Furthermore,
psychotic disorders, including schizophrenia, are treated with drugs that act as antagonists
at the D2-type of dopamine receptor (D2R). The use of L-DOPA and typical antipsychotic
drugs, such as haloperidol, is limited by the emergence of motor side-effects, particu-
larly after prolonged use. Striatal medium spiny neurons (MSNs) represent an ideal tool to
investigate the molecular changes implicated in these conditions. MSNs receive a large
glutamatergic innervation from cortex, thalamus, and limbic structures, and are controlled
by dopaminergic projections originating in the midbrain.There are two large populations of
striatal MSNs, which differ based on their connectivity to the output nuclei of the basal gan-
glia and on their ability to express dopamine D1 receptors (D1Rs) or D2Rs. Administration
of L-DOPA promotes cAMP signaling and activates the dopamine- and cAMP-regulated
phosphoprotein of 32 kDa (DARPP-32) in the D1R-expressing MSNs, which form the
striatonigral, or direct pathway. Conversely, haloperidol activates the cAMP/DARPP-32 cas-
cade in D2R-expressing MSNs, which form the striatopallidal, or indirect pathway. This
review describes the effects produced on downstream effector proteins by stimulation of
cAMP/DARPP-32 signaling in these two groups of MSNs. Particular emphasis is given to the
regulation of the GluR1 subunit of the α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
glutamate receptor, the extracellular signal-regulated protein kinases 1 and 2, focusing on
functional role and potential pathological relevance.

Keywords: DARPP-32, dopamine D1 receptor, dopamine D2 receptor, ERK, L-DOPA, haloperidol, medium spiny

neurons

Dysfunctions of the dopamine system are implicated in many neu-
rodegenerative and neuropsychiatric disorders, including Parkin-
son’s disease (PD) and schizophrenia. The cardinal symptoms of
PD (tremor, rigidity, and hypokinesia) are caused by the progres-
sive degeneration of the midbrain dopaminergic neurons of the
substantia nigra pars compacta (Hornykiewicz, 1963; Braak et al.,
2003). These cells project to the dorso-lateral part of the stria-
tum, which is the major component of the basal ganglia, a group
of subcortical nuclei involved in the control of motor function.
The dopamine precursor l-DOPA is widely used in the treatment
of PD (Cotzias et al., 1967; Birkmayer and Hornykiewicz, 1998);
however, prolonged use of this drug is complicated by the appear-
ance of dystonic and choreic movements, or dyskinesia, which are
manifested in parallel with the therapeutic, anti-akinetic action of
l-DOPA (Obeso et al., 2000).

In contrast to PD, schizophrenia and psychotic disorders are
treated with drugs which reduce dopaminergic transmission. In
particular, conventional antipsychotic drugs, such as haloperidol,
act as selective and potent antagonists at D2-type of dopamine
receptors (Creese et al., 1976; Seeman et al., 1976). Even the
use of these substances, however, is limited by the emergence

of motor complications, generally referred to as extrapyramidal
side-effects (EPS), which include tardive dyskinesia, dystonia, and
parkinsonism (Miyamoto et al., 2005).

The development of motor disorders in response to adminis-
tration of l-DOPA and haloperidol depends in large part on the
ability of these drugs to affect transmission in the striatum, which
is enriched in D1- and D2-type of dopamine receptors. The study
of the effects produced in this brain region by antiparkinsonian
and antipsychotic drugs is important not only to elucidate the
mechanisms underlying l-DOPA-induced dyskinesia (LID) and
EPS, but also to examine the impact on motor dysfunctions of
aberrant signaling processes occurring in well-defined neuronal
populations.

DISTINCT ROLES OF STRIATAL MEDIUM SPINY NEURONS IN
MOTOR FUNCTION
In the striatum, fibers originating from midbrain dopaminergic
neurons innervate two populations of principal GABAergic neu-
rons, collectively denominated medium spiny neurons (MSNs).
More than 20 years ago, these two groups of neurons were pro-
posed to form separate projection pathways, exerting opposing
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effects on basal ganglia output structures (i.e., substantia nigra
pars reticulata and internal segment of the globus pallidus). It was
suggested that the MSNs directly connected to these structures
would disinhibit thalamo-cortical neurons and promote motor
activity,whereas the MSNs connected to these nuclei indirectly (via
external segment of the globus pallidus and subthalamic nucleus)
would increase the inhibition of efferent targets within the thal-
amus and depress motor function (Albin et al., 1989; Alexander
and Crutcher, 1990; DeLong, 1990).

Another important concept emerging during those years was
that dopamine acted by stimulating the MSNs of the direct, or
striatonigral pathway, and inhibiting those of the indirect, or stri-
atopallidal pathway (Albin et al., 1989; Gerfen et al., 1990). These
opposing effects were suggested to depend on the expression of
dopamine D1 receptors (D1Rs) in the MSNs of the direct pathway
and of dopamine D2 receptors (D2Rs) in the MSNs of the indi-
rect pathway (Gerfen et al., 1990). The hypothesis of a contrasting
action of dopamine on direct and indirect MSNs was supported by
the observation that D1Rs activate, whereas D2Rs inhibit, adeny-
lyl cyclase and cAMP synthesis (Kebabian and Calne, 1979; cf.
below), thereby leading to opposite regulations of downstream
effector targets and neuronal excitability.

The idea that D1Rs and D2Rs are selectively expressed in
distinct groups of MSNs has gained increasing acceptance and,
recently, it has been exploited to revisit and further analyze the
functional properties of the MSNs of the direct and indirect
pathway.

The development of techniques to engineer bacterial artificial
chromosomes (BACs) has allowed the generation of mice express-
ing Cre recombinase, epitope-tagged proteins, and fluorescent
probes in the D1R- or in the D2R-expressing MSNs of the direct
and indirect pathway (Gong et al., 2003, 2007; Valjent et al., 2009).
Using Cre-dependent viral delivery of channelrhodopsin-2, a light
activated proton pump (Boyden et al., 2005; Kravitz et al., 2010)
demonstrated that optogenetic activation of the D1R-expressing
MSNs of the direct pathway promotes locomotion, whereas activa-
tion of the D2R-expressing MSNs of the indirect pathway depresses
motor function.

Another study examined the effects on motor behaviors of
cell-specific inactivation of the dopamine- and cAMP-regulated
phosphoprotein of 32 kDa (DARPP-32), an important mediator
of cAMP signaling and striatal excitability (Greengard, 2001). It
was found that deletion of DARPP-32 in D1R-expressing MSNs
reduced basal locomotor activity in the open-field. In contrast,
inactivation of DARPP-32 in D2R-expressing MSNs increased
locomotion (Bateup et al., 2010). A similar enhancement of motor
function was observed following ablation of striatopallidal MSNs
(Durieux et al., 2009).

DOPAMINE SIGNALING IN STRIATAL MSNs
As previously mentioned, D1Rs and D2Rs mediate opposite reg-
ulations of cAMP signaling. In the striatum, activation of D1Rs
in the direct MSNs leads to Golf-mediated stimulation of adenylyl
cyclase, the enzyme responsible for the synthesis of cAMP (Zhuang
et al., 2000; Herve et al., 2001). The ability of D1Rs to induce G-
protein-dependent activation of cAMP signaling promotes trans-
mission at α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

(AMPA; cf. below) and N -methyl-d-aspartate (NMDA) gluta-
mate receptors (Surmeier et al., 1995; Blank et al., 1997; Snyder
et al., 1998; Liu et al., 2004). In addition, D1R-mediated activa-
tion of cAMP signaling increases L-type Ca2+ channel currents
and decreases K+ channel currents (Kitai and Surmeier, 1993;
Surmeier et al., 1995; Galarraga et al., 1997; Gao et al., 1997). These
multiple regulations elevate the ability of sustained release of glu-
tamate to produce depolarized up-states close to spike threshold
(Wickens and Wilson, 1998), thereby promoting the excitability of
striatonigral MSNs (Surmeier et al., 2007).

Activation of D2Rs in the indirect MSNs is coupled to Gi/o-
mediated inhibition of adenylyl cyclase, which decreases cAMP
synthesis (Kebabian and Calne, 1979; Stoof and Kebabian, 1981).
This negative modulation is especially evident on the adenylyl
cyclase type 5 isoform, which is preferentially expressed in stri-
atal MSNs (Glatt and Snyder, 1993; Mons and Cooper, 1994;
Robinson and Caron, 1997). D2R-mediated activation of Gi/o also
leads to decreased cell excitability via G-protein-mediated activa-
tion of inwardly rectifying K+ channels (Wickman et al., 1994;
Greif et al., 1995; Kuzhikandathil et al., 1998; Hopf et al., 2003).
Moreover, D2Rs have been shown to regulate L-type Ca2+ cur-
rents in striatal MSNs through a G-protein- and Ca2+-dependent
mechanism which does not require suppression of cAMP signal-
ing (Hernandez-Lopez et al., 2000). The coordinated modulation
of ion channels exerted by D2R via activation of Gi/o protein
leads to reduced responsiveness of striatopallidal MSNs to glu-
tamate, diminished transition of MSNs to depolarized up-states
and reduced excitability (Surmeier et al., 2007).

In summary, the opposite regulation exerted by D1Rs and
D2Rs on the responsiveness of MSNs to glutamate is in line with
the functional model of basal ganglia described above, in which
dopamine promotes motor activity via concomitant activation of
direct MSNs and inhibition of indirect MSNs (Albin et al., 1989;
Alexander and Crutcher, 1990; DeLong, 1990; Surmeier et al.,
2007).

L-DOPA AND HALOPERIDOL IN THE STRIATUM: FOCUS ON
cAMP SIGNALING IN MSNs
Studies performed in experimental models of PD indicate that
administration of l-DOPA results in multiple changes in signal
transduction, which occur specifically in the MSNs of the direct
pathway. These changes depend on the loss of striatal dopamine,
which results in the development of a remarkable sensitization at
striatal D1Rs (Guigoni et al., 2005; Santini et al., 2008). Such sen-
sitization potentiates the ability of l-DOPA to promote cAMP sig-
naling, leading to stimulation of cAMP-dependent protein kinase
(PKA) and phosphorylation of DARPP-32 (Picconi et al., 2003;
Santini et al., 2007, 2010; Lebel et al., 2010). As discussed below,
prolonged activation of this signaling cascade is implicated in the
development of LID.

In contrast to l-DOPA, the actions of antipsychotic drugs (e.g.,
haloperidol) in the striatum are generally attributed to their abil-
ity to antagonize D2Rs on the MSNs of the indirect pathway. The
primary effect of D2R blockade is the removal of the inhibition
exerted by the Gi/o protein on adenylyl cyclase, leading to increased
cAMP signaling. This effect, in turn, depends on basal adenylyl
cyclase activity, which is maintained through the action of the
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neuromodulator adenosine. The MSNs of the indirect pathway
express high levels of adenosine A2A receptors (A2ARs; Schiff-
mann et al., 1991; Fink et al., 1992), which, similarly to D1Rs,
are coupled to Golf-mediated activation of adenylyl cyclase (Kull
et al., 2000; Herve et al., 2001). Thus, in the MSNs of the indirect
pathway,D2Rs and A2ARs exert opposite regulations on cAMP sig-
naling. An important consequence of this functional arrangement
is that blockade of A2AR-mediated transmission prevents the abil-
ity of D2R antagonists, including haloperidol, to increase cAMP
signaling in indirect MSNs (Svenningsson et al., 2000; Håkansson
et al., 2006; Bertran-Gonzalez et al., 2009; cf. Figure 1).

In summary, both l-DOPA and haloperidol promote cAMP-
dependent signaling in striatal MSNs. The effect of l-DOPA is

exerted in the MSNs of the direct pathway, via D1R-mediated acti-
vation of adenylyl cyclase. In contrast, the effect of haloperidol is
exerted on the MSNs of the indirect pathway through blockade of
D2Rs and disinhibition of adenylyl cyclase (Figure 1).

DARPP-32: A MEDIATOR OF THE ACTIONS OF
ANTIPARKINSONIAN AND ANTIPSYCHOTIC DRUGS
The ability of l-DOPA and haloperidol to promote cAMP sig-
naling is reflected by the large increase in the phosphorylation of
DARPP-32 produced by administration of these drugs. DARPP-32
is highly expressed in the MSNs of the direct and indirect pathway
and plays an important role in dopamine transmission (Fien-
berg et al., 1998; Greengard, 2001). Activation of D1Rs in direct

FIGURE 1 | Diagram summarizing the effects produced by L-DOPA and

haloperidol on cAMP signaling in the striatal MSNs of the direct and

indirect pathway. In PD, loss of dopamine in the striatum leads to increased
responsiveness of D1Rs, expressed in the direct MSNs of the striatonigral
pathway. Administration of L-DOPA increases the production of dopamine and
activates D1Rs, which stimulate the cAMP/PKA pathway, thereby
phosphorylating DARPP-32 (D32) at Thr34 (Picconi et al., 2003; Santini et al.,
2007, 2010). A similar effect is produced by haloperidol in the indirect MSNs
of the striatopallidal pathway via blockade of D2Rs and disinhibition of
A2AR-mediated activation of cAMP signaling (Svenningsson et al., 2000). The
activation of the PKA/DARPP-32 cascade produced by L-DOPA and
haloperidol increases the phosphorylation of targets located in the
cytoplasm/plasma membrane, such as the GluR1 subunit of the glutamate
AMPA receptor (Håkansson et al., 2006; Santini et al., 2007). In direct MSNs,
L-DOPA promotes ERK signaling. This effect may be exerted via
PKA/DARPP-32-mediated regulation of Ras-GRF1 (Mattingly, 1999) and/or
striatal-enriched protein tyrosine phosphatase (Valjent et al., 2005), which are
involved in the regulation of ERK phosphorylation. ERK-dependent activation

of MSK1 results in phosphorylation of histone H3 at Ser10 and enhanced
expression of c-fos (Santini et al., 2007). Activation of ERK also increases the
expression of zif268 and �fosB, which has been associated to LID
(Andersson et al., 1999; Carta et al., 2005). Increased �FosB, in turn, leads to
enhanced levels of dynorphin (Andersson et al., 1999). In the indirect
striatopallidal MSNs, the regulation of histone H3 and gene expression
exerted by haloperidol occurs independently of the ERK/MSK1 cascade. Thus,
histone H3 is regulated via PKA-catalyzed phosphorylation and by
concomitant suppression of dephosphorylation, via DARPP-32-mediated
inhibition of PP-1 (Bertran-Gonzalez et al., 2009). In addition, the ability of
haloperidol to activate PKA leads to increased phosphorylation of the
cAMP-response element binding protein (CREB), which may be involved in
the control of Fos expression (Konradi and Heckers, 1995). The control of
multiple signaling pathways exerted by L-DOPA and haloperidol in the MSNs
of the direct and indirect pathway may ultimately modify the activity of these
neuronal populations, leading to abnormal motor responses, including
L-DOPA-induced dyskinesia and extrapyramidal side-effects. Broken lines
indicate indirect effects. See text for abbreviations.
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MSNs increases PKA-dependent phosphorylation of DARPP-32
on Thr34 (Nishi et al., 1997; Svenningsson et al., 1998). A similar
effect is produced by activation of A2ARs in indirect MSNs (Sven-
ningsson et al., 1998). Phosphorylation of Thr34 converts DARPP-
32 into an inhibitor of protein phosphatase-1 (PP-1; Hemmings
et al., 1984), which amplifies the effects of the cAMP/PKA cascade
by reducing dephosphorylation of downstream target proteins
(Fienberg et al., 1998; Greengard, 2001; cf. Figure 1).

In the dopamine depleted striatum, administration of l-DOPA
increases the phosphorylation of DARPP-32 at Thr34 (Picconi
et al., 2003; Santini et al., 2007, 2010; Lebel et al., 2010). In rodent
and non-human primate models of PD, this effect is associated
to the manifestation of abnormal involuntary movements, which
are regarded as a behavioral correlate of dyskinesia (Cenci et al.,
2002). In line with these observations, it has been shown that LID
is attenuated in DARPP-32 knock out mice (Santini et al., 2007).
Interestingly, a large reduction of LID has also been observed in
mice in which DARPP-32 is specifically inactivated in the MSNs
of the direct pathway, whereas deletion of DARPP-32 in indi-
rect MSNs does not affect the development of dyskinesia (Bateup
et al., 2010). These findings indicate the importance of enhanced
D1R/PKA/DARPP-32 signaling in LID and identify the MSNs of
the direct pathway as a key neuronal substrate implicated in this
condition.

Administration of D2R antagonists, including haloperidol,
promotes PKA-dependent phosphorylation of DARPP-32 (Sven-
ningsson et al., 2000). This effect is produced via disinhibition of
adenylyl cyclase, whose basal activation is maintained by A2ARs
(cf. above). In support of this idea, it has been shown that both
pharmacological and genetic inactivation of A2ARs prevent the
increase in DARPP-32 phosphorylation induced by eticlopride,
a potent D2R antagonist (Svenningsson et al., 2000). The effect
of haloperidol has been examined in BAC transgenic mice over-
expressing DARPP-32 with different epitope tags in D1R- or
D2R-expressing MSNs (Bateup et al., 2008). In these animals,
tag-specific immunoprecipitation of DARPP-32 indicates that the
increase in Thr34 phosphorylation induced by haloperidol occurs
specifically in the D2R-expressing MSNs of the indirect pathway
(Bateup et al., 2008).

Other studies examined the role of DARPP-32 in the changes
of motor activity produced by haloperidol. Blockade of D2Rs
results in a state of rigid immobility, or catalepsy, which repre-
sents a surrogate marker of EPS. This form of motor depression
is thought to reflect the ability of haloperidol and other D2R
antagonists to activate indirect MSNs, through removal of the
inhibition exerted on these neurons by D2Rs (cf. above; Albin
et al., 1989; Alexander and Crutcher, 1990; DeLong, 1990; Ger-
fen et al., 1990). Activation of the MSNs of the indirect path-
way would lead, in turn, to inhibition of thalamo-cortical neu-
rons (Albin et al., 1989; Alexander and Crutcher, 1990; DeLong,
1990; Gerfen et al., 1990) and reduction of motor cortex activ-
ity (Parr-Brownlie and Hyland, 2005). Deletion of DARPP-32 in
indirect MSNs decreases haloperidol-induced catalepsy, whereas
DARPP-32 inactivation in direct MSNs only slightly affects this
behavioral response (Bateup et al., 2010). These findings indi-
cate the importance of the PKA/DARPP-32 signaling pathway in
haloperidol-induced motor depression and point to the MSNs of

the indirect pathway as a critical neuronal population involved
in EPS.

REGULATION OF GluR1 PHOSPHORYLATION
Activation of the cAMP/PKA/DARPP-32 cascade increases the
phosphorylation of the GluR1 subunit of the AMPA glutamate
receptor (Banke et al., 2000; Snyder et al., 2000). Phosphorylation
of GluR1 at the PKA site, Ser845, promotes glutamate transmission
by increasing AMPA channel currents (Roche et al., 1996; Banke
et al., 2000) and enhancing cell surface expression of the receptor
(Mangiavacchi and Wolf, 2004). In the dopamine depleted stria-
tum, l-DOPA enhances Ser845 phosphorylation and this effect
has been associated to LID in both mice and monkeys (Santini
et al., 2007, 2010). Indeed, GluR1 hyperphosphorylation may be
causally linked to dyskinesia, which is currently treated with drugs
that reduce glutamatergic transmission (Goetz et al., 2005).

GluR1 phosphorylation at Ser845 is also increased by admin-
istration of haloperidol (Håkansson et al., 2006). This effect
depends on disinhibition of PKA in indirect MSNs, since it is
abolished by pre-treatment with an A2AR antagonist (cf. above;
Håkansson et al., 2006). In addition, haloperidol fails to phos-
phorylate GluR1 in DARPP-32 knock out mice, or in mice in
which the PKA phosphorylation site of DARPP-32 (i.e., Thr34)
is replaced with an alanine (T34A mutant mice; Håkansson et al.,
2006). Thus, in indirect MSNs, haloperidol increases the phos-
phorylation of the AMPA glutamate receptor via activation of the
cAMP/PKA/DARPP-32/PP-1 cascade. In view of the permissive
role played by PKA-dependent phosphorylation of GluR1 on glu-
tamatergic transmission (Roche et al., 1996; Banke et al., 2000;
Mangiavacchi and Wolf, 2004), this effect of haloperidol is likely
to promote the excitability of indirect MSNs, thereby leading to
motor depression and, possibly, to the generation of EPS.

The activation of cAMP signaling produced by l-DOPA and
haloperidol in direct and indirect MSNs is involved in the behav-
ioral responses associated to these drugs. However, the increases in
DARPP-32 and GluR1 phosphorylation discussed above are tran-
sient, whereas LID and EPS are most likely caused by long-term
adaptive responses involving dysregulated gene expression.

DOWNSTREAM OF THE cAMP/DARPP-32 CASCADE I.
EFFECTS OF L-DOPA IN DIRECT MSNs
Seminal studies carried out by Gerfen et al. (1990) in 6-OHDA-
lesioned rats showed that, in the striatum, dopamine deafferenta-
tion decreased the transcription of mRNA coding for substance
P, a neuropeptide specifically expressed in the direct MSNs. Con-
versely, the 6-OHDA lesion increased the levels of mRNA coding
for the neuropeptide enkephalin, which is expressed in indirect
MSNs (Gerfen et al., 1990). In addition to these changes, which
reflect the opposite regulation exerted by dopamine on direct and
indirect MSNs (cf. above), it was found that repeated administra-
tion of a D1R agonist increased mRNA for dynorphin, specifically
in direct MSNs (Gerfen et al., 1990). Later studies in the same
experimental model showed that a similar increase in dynorphin
expression occurs also in response to chronic administration of
l-DOPA and that this effect correlates with the severity of abnor-
mal involuntary movements (i.e., dyskinesia) produced by this
drug (Andersson et al., 1999). These observations prompted the
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investigation of the mechanisms mediating the modifications in
the expression of dynorphin and other genes potentially involved
in LID.

The extracellular signal-regulated protein kinases 1 and 2
(ERK) have emerged as key signaling components involved in
the control of gene expression and synaptic plasticity (Thomas
and Huganir, 2004). In the striatum, ERK signaling has been
implicated in the actions of addictive drugs and in corticos-
triatal long-term potentiation (Valjent et al., 2000, 2005; Xie
et al., 2009). Stimulation of the D1R/PKA/DARPP-32 cascade
leads to the phosphorylation and activation of ERK (Valjent
et al., 2005; Santini et al., 2007; but see also Gerfen et al., 2008),
which controls a variety of downstream effector proteins in the
nucleus and cytoplasm (Thomas and Huganir, 2004). In the
dopamine depleted striatum, activation of D1Rs or administration
of l-DOPA increase the phosphorylation of ERK and its nuclear
target, mitogen- and stress-activated kinase 1 (MSK1; Gerfen et al.,
2002; Pavon et al., 2006; Santini et al., 2007, 2009; Westin et al.,
2007). This, in turn, leads to phosphorylation of histone H3 at
Ser10 (Santini et al., 2007, 2009; Darmopil et al., 2009), which is
thought to promote transcriptional activation (Nowak and Corces,
2004).

Evidence obtained in rodent and monkey models show that
activation of ERK signaling is implicated in LID (Santini et al.,
2007; Schuster et al., 2008; Fasano et al., 2010). Studies in
BAC transgenic mice expressing enhanced green fluorescent pro-
tein (EGFP) under the control of the promoter for either the
D1R (drd1a-EGFP mice) or the D2R (drd2-EGFP mice; San-
tini et al., 2009) indicate that activation of the ERK/MSK1/H3
cascade occurs selectively in the D1R-containing MSNs of the
direct pathway (Santini et al., 2009). Therefore, it is likely
that, in these neurons, abnormal activation of PKA/DARPP-32
and ERK signaling in response to l-DOPA promotes transcrip-
tional responses ultimately responsible for the development of
dyskinesia.

Chronic administration of cocaine, a drug which promotes
dopaminergic transmission, leads to the accumulation of stable,
alternatively spliced isoforms of the transcription factor FosB, gen-
erally denominated as �FosB (Hope et al., 1994; Nestler et al.,
2001). Enhanced �FosB levels have been also observed in the stri-
ata of rodent and non-human primate models of PD following
chronic administration of l-DOPA (Andersson et al., 1999; Pavon
et al., 2006; Berton et al., 2009; Fasano et al., 2010), as well as
in postmortem samples from parkinsonian patients treated with
l-DOPA (Tekumalla et al., 2001).

Interestingly, the ability of l-DOPA to increase �FosB expres-
sion correlates with the emergence of dyskinesia (Doucet et al.,
1996; Andersson et al., 1999; Pavon et al., 2006; Berton et al., 2009;
Fasano et al., 2010). This effect is produced in response to acti-
vation of D1Rs (Doucet et al., 1996; Darmopil et al., 2009) and
is restricted to the MSNs of the direct pathway (Andersson et al.,
1999; Darmopil et al., 2009), where activation of ERK is also occur-
ring (Darmopil et al., 2009; Santini et al., 2009). Thus, in mice
and monkeys, the increase in �FosB associated to LID is abol-
ished by inactivation of Ras-guanine nucleotide-releasing factor 1
(Ras-GRF1), a brain specific component of the Ras-ERK signaling
cascade (Fasano et al., 2010).

Several lines of evidence indicate that overexpression of �FosB
is implicated in LID. Experiments performed in 6-OHDA-lesioned
rats showed that downregulation of �FosB, achieved by striatal
injection of a fosB antisense oligonucleotide, decreases l-DOPA-
induced abnormal involuntary movements (Andersson et al.,
1999). A similar effect has been recently observed in the macaque
following viral-induced overexpression of �JunD, a dominant
negative of �FosB (Berton et al., 2009; Cao et al., 2010). Further-
more, in the rat, LID is reduced or exacerbated by overexpression
of �JunD and �FosB, respectively (Cao et al., 2010).

Taken together, the studies described above indicate that LID is
produced by sensitized D1R transmission, which leads to cAMP-
dependent activation of ERK/MSK1 signaling. This, in turn, results
in enhanced phosphorylation of histone H3 at Ser10 and increased
expression of the transcription factor �FosB (Figure 1). One
important task for future studies will be the identification of spe-
cific sets of genes regulated by this intracellular pathway. In this
regard it is interesting to note that the increase in dynorphin asso-
ciated to LID has been shown to depend on the ability of chronic
l-DOPA to induce �FosB (Andersson et al., 1999).

DOWNSTREAM OF THE cAMP/DARPP-32 CASCADE II.
EFFECTS OF HALOPERIDOL IN INDIRECT MSNs
As discussed above, the changes in gene expression associated to
LID are primarily linked to the ability of l-DOPA to act on sensi-
tized D1Rs, leading to sequential activation of PKA/DARPP-32 and
ERK signaling (Pavon et al., 2006; Santini et al., 2007, 2008; Westin
et al., 2007; Lebel et al., 2010). Administration of haloperidol and
other D2R antagonists is also known to induce the expression
of several immediate early genes acting as transcription factors,
including c-fos, fosB, and zif268 (Dragunow et al., 1990; Miller,
1990; Robertson and Fibiger, 1992; MacGibbon et al., 1994, 1995).
This effect is particularly evident in the dorsal striatum and has
been correlated to the propensity of antipsychotic drugs to induce
EPS (Robertson and Fibiger, 1992; MacGibbon et al., 1994).

The increase in c-fos expression produced by haloperidol
occurs selectively in the enkephalin-positive MSNs of the indi-
rect pathway (Robertson et al., 1992). Recent work in drd1a- and
drd2-EGFP mice has confirmed this initial observation, show-
ing that haloperidol increases c-Fos and Zif268 specifically in
D2R-expressing MSNs (Bertran-Gonzalez et al., 2008).

The control exerted by haloperidol on gene expression depends
on the ability of this drug to promote cAMP signaling by antago-
nizing D2R-mediated transmission (cf. above). In support of this
idea, it has been shown that genetic inactivation of the regula-
tory IIβ subunit of PKA, which is highly expressed in the striatum
(Cadd and McKnight, 1989), abolishes the effect of haloperidol
on c-fos expression (Adams et al., 1997). In line with this obser-
vation, intrastriatal injection of antisense oligonucleotides against
the cAMP-response element binding protein, a transcription fac-
tor activated by PKA, prevents haloperidol-mediated induction of
c-Fos protein (Konradi and Heckers, 1995). Other studies showed
that the increase in enkephalin mRNA produced by acute and
chronic administration of haloperidol is reduced in the absence of
A2ARs, which are necessary to maintain normal cAMP signaling
in the striatal MSNs of the indirect pathway (cf. above; Chen et al.,
2001). Interestingly, the ability of haloperidol to induce catalepsy
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is also attenuated in both PKA- and A2AR-deficient mice (Adams
et al., 1997; Chen et al., 2001), suggesting that reduced cAMP
signaling in indirect MSNs may attenuate EPS.

The ability of haloperidol to promote cAMP/DARPP-32 signal-
ing is accompanied by increased ERK phosphorylation in a small
number of MSNs belonging to the indirect pathway (Bertran-
Gonzalez et al., 2008, 2009). This modest effect contrasts with
the relatively large increase in ERK phosphorylation detected in
striatal tissue by western blotting (Pozzi et al., 2003). In fact, a
considerable proportion of the increase in ERK phosphorylation
produced by haloperidol is confined to the terminals of midbrain
dopaminergic neurons. In support of this possibility it has been
shown that, in the striatum, haloperidol increases ERK-dependent
phosphorylation of tyrosine hydroxylase, whose localization is
restricted to dopaminergic fibers (Håkansson et al., 2004). This
effect may be secondary to the block exerted by haloperidol on
inhibitory dopamine D2 autoreceptors located on cell bodies and
terminals of nigrostriatal dopaminergic neurons (Håkansson et al.,
2004; Fisone et al., 2007).

Administration of haloperidol results in a large increase in
phosphorylation of histone H3 at Ser10, which occurs in the D2R-
expressing MSNs of the indirect pathway (Bertran-Gonzalez et al.,
2008, 2009). This effect differs from the more restricted and mod-
est increase in ERK phosphorylation (cf. above; Bertran-Gonzalez
et al., 2008, 2009), suggesting that ERK signaling is not involved
in the phosphorylation of histone H3 produced by blockade of
D2Rs. This idea is confirmed by the observation that neither
pharmacological inhibition of ERK, nor genetic inactivation of
MSK1, affects haloperidol-induced phosphorylation of histone H3
(Bertran-Gonzalez et al., 2009).

Several lines of evidence indicate that the ability of D2R antag-
onists, including antipsychotic drugs, to promote histone H3
phosphorylation at Ser10 depends exclusively on activation of the
cAMP/DARPP-32 cascade. For instance, the ability of haloperidol
to increase the levels of phospho-Ser10-Lys14-acetylated histone
H3 is prevented by blockade of PKA (Li et al., 2004). A similar
effect has been observed following genetic attenuation of the Golf

protein, which couples A2ARs to activation of adenylyl cyclase
(Kull et al., 2000; Herve et al., 2001), or pharmacological blockade
of A2ARs (Bertran-Gonzalez et al., 2009). Finally, the ability of
haloperidol to regulate histone H3 also requires PKA-dependent
activation and nuclear translocation of DARPP-32 (Stipanovich
et al., 2008; Bertran-Gonzalez et al., 2009). Thus, in striatopallidal
MSNs, the PKA/DARPP-32 signaling pathway regulates histone
H3 phosphorylation independently of the ERK/MSK1 cascade,
which is generally thought to be critically involved in the gen-
eration of the nucleosomal response (Thomson et al., 1999;
Figure 1).

CONCLUSION
The advent of sophisticated methodological approaches based on
the use of BAC transgenic mice (Heintz, 2001) and optogenetics
(Deisseroth, 2011) has allowed a refined analysis of the circuitries
and mechanisms involved in a multitude of physiopathological
conditions. In this regard, the striatal MSNs of the direct and indi-
rect pathway have represented a particularly interesting subject of
study. These neurons are the primary target of medications used

in the treatment of PD and schizophrenia and are distinguishable
based on the organization of their connectivity within the basal
ganglia and of their ability to express distinct sets of neurotrans-
mitter receptors (Albin et al., 1989; Gerfen et al., 1990). This latter
feature has made it possible to generate transgenic mice in which
the physiological properties of direct and indirect MSNs, as well as
their ability to respond to a variety of psychoactive substances, can
be examined by cell-specific genetic manipulations (Gong et al.,
2003, 2007; Valjent et al., 2009).

This review focused on the changes in signal transduction
produced in striatal MSNs by l-DOPA and haloperidol, with par-
ticular emphasis on the potential involvement of these changes
in the movement disorders caused by prolonged use of these
drugs. The emerging picture indicates that LID and EPS are
caused by dysregulation of cAMP signaling in direct and indi-
rect MSNs, respectively. In line with this idea, increased activity
of PKA and DARPP-32 in these two groups of neurons has been
implicated in l-DOPA- and haloperidol-induced motor disorders
(Santini et al., 2007; Bateup et al., 2010). The activation of the
PKA/DARPP-32 signaling cascade produced by administration
of l-DOPA and typical antipsychotic drugs leads to chromatin
modifications (e.g., histone H3 phosphorylation at Ser10) and to
the expression of several immediate early genes acting as tran-
scription factors (e.g., fos-c, fosB/�fosB, and zif268; Figure 1).
Future studies will be necessary to examine the relative con-
tribution of these various responses to the development and
manifestation of LID and EPS. It will also be essential to iden-
tify molecular targets regulated by this complex transcriptional
machinery and evaluate their possible involvement in aberrant
motor behaviors.

An intriguing point emerging from recent studies concerns
the existence of distinct mechanisms by which l-DOPA and
haloperidol promote nucleosomal response and gene expression
in striatal MSNs. In the case of l-DOPA, these effects require
D1R/PKA/DARPP-32-mediated activation of ERK/MSK1 signal-
ing. Thus, pharmacological or genetic inactivation of ERK pre-
vents the increase in gene expression and the phosphorylation
of histone H3 induced by l-DOPA and associated to LID (San-
tini et al., 2007; Fasano et al., 2010). In contrast, the ability of
haloperidol to modify histone H3 and gene expression does not
appear to involve activation of ERK signaling. This is indicated by
the modest effect on ERK phosphorylation produced by haloperi-
dol in striatal MSNs and, most importantly, by the observation
that genetic inactivation of MSK1 does not affect the ability of
haloperidol to phosphorylate histone H3 (Bertran-Gonzalez et al.,
2009).

Taken together, the above observations indicate that cAMP-
dependent regulation of long-term responses in direct and indi-
rect MSNs engages, at least in part, different signaling pathways
(Figure 1). This distinction may be exploited to design therapeutic
approaches tailored to counteract motor disturbances produced
by dysfunctional signaling in one or the other neuronal popula-
tion. For instance, drugs interfering with ERK signaling may be
particularly suited for the treatment of LID and less efficacious
to counteract EPS, since haloperidol produces only a modest acti-
vation of the ERK/MSK1 cascade in indirect MSNs. Indeed, it
has been shown that administration of ERK inhibitors, or genetic
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inactivation of Ras-GRF1, reduce LID in animal models of PD
(Santini et al., 2007; Fasano et al., 2010). Further work on the char-
acterization of signal transduction in direct and indirect MSNs
will open new vistas on the functioning of the striatum in physi-
ological and pathological conditions and provide information for
the treatment of diseases caused by altered transmission in this
brain region.

ACKNOWLEDGMENTS
Gilberto Fisone was supported by Swedish Research Council
grant 13482 and by the Swedish Brain Foundation. Alessandra
Bonito-Oliva was supported by a fellowship from the Founda-
tion Blanceflor Boncompagni-Ludovisi, née Bildt. Michael Feyder
was supported by the National Institutes of Health – Karolinska
Institutet Graduate Training Partnership Program.

REFERENCES
Adams, M. R., Brandon, E. P., Chartoff,

E. H., Idzerda, R. L., Dorsa,
D. M., and McKnight, G. S.
(1997). Loss of haloperidol induced
gene expression and catalepsy in
protein kinase A-deficient mice.
Proc. Natl. Acad. Sci. U.S.A. 94,
12157–12161.

Albin, R. L., Young, A. B., and Penney, J.
B. (1989). The functional anatomy
of basal ganglia disorders. Trends
Neurosci. 12, 366–375.

Alexander, G. E., and Crutcher, M. D.
(1990). Functional architecture of
basal ganglia circuits: neural sub-
strates of parallel processing. Trends
Neurosci. 13, 266–271.

Andersson, M., Hilbertson, A., and
Cenci, M. A. (1999). Striatal fosB
expression is causally linked with
l-DOPA-induced abnormal invol-
untary movements and the associ-
ated upregulation of striatal pro-
dynorphin mRNA in a rat model of
Parkinson’s disease. Neurobiol. Dis.
6, 461–474.

Banke, T. G., Bowie, D., Lee, H., Huganir,
R. L., Schousboe, A., and Traynelis,
S. F. (2000). Control of GluR1
AMPA receptor function by cAMP-
dependent protein kinase. J. Neu-
rosci. 20, 89–102.

Bateup, H. S., Santini, E., Shen,W., Birn-
baum, S., Valjent, E., Surmeier, D. J.,
Fisone, G., Nestler, E. J., and Green-
gard, P. (2010). Distinct subclasses
of medium spiny neurons differen-
tially regulate striatal motor behav-
iors. Proc. Natl. Acad. Sci. U.S.A. 107,
14845–14850.

Bateup, H. S., Svenningsson, P.,
Kuroiwa, M., Gong, S., Nishi, A.,
Heintz, N., and Greengard, P.
(2008). Cell type-specific regulation
of DARPP-32 phosphorylation by
psychostimulant and antipsychotic
drugs. Nat. Neurosci. 11, 932–939.

Berton, O., Guigoni, C., Li, Q., Bioulac,
B. H., Aubert, I., Gross, C. E.,
Dileone, R. J., Nestler, E. J., and
Bezard, E. (2009). Striatal over-
expression of DeltaJunD resets l-
DOPA-induced dyskinesia in a pri-
mate model of Parkinson disease.
Biol. Psychiatry 66, 554–561.

Bertran-Gonzalez, J., Bosch, C.,
Maroteaux, M., Matamales, M.,

Herve, D., Valjent, E., and Girault,
J. A. (2008). Opposing patterns of
signaling activation in dopamine D1
and D2 receptor-expressing striatal
neurons in response to cocaine
and haloperidol. J. Neurosci. 28,
5671–5685.

Bertran-Gonzalez, J., Hakansson, K.,
Borgkvist, A., Irinopoulou, T.,
Brami-Cherrier, K., Usiello, A.,
Greengard, P., Herve, D., Girault, J.
A., Valjent, E., and Fisone, G. (2009).
Histone H3 phosphorylation is
under the opposite tonic control
of dopamine D2 and adenosine
A2A receptors in striatopallidal
neurons. Neuropsychopharmacology
34, 1710–1720.

Birkmayer, W., and Hornykiewicz,
O. (1998). The effect of l-3,4-
dihydroxyphenylalanine (=DOPA)
on akinesia in parkinsonism. Parkin-
sonism Relat. Disord. 4, 59–60.

Blank, T., Nijholt, I., Teichert, U.,
Kugler, H., Behrsing, H., Fienberg,
A., Greengard, P., and Spiess,
J. (1997). The phosphoprotein
DARPP-32 mediates cAMP-
dependent potentiation of striatal
N -methyl-d-aspartate responses.
Proc. Natl. Acad. Sci. U.S.A. 94,
14859–14864.

Boyden, E. S., Zhang, F., Bamberg,
E., Nagel, G., and Deisseroth,
K. (2005). Millisecond-timescale,
genetically targeted optical control
of neural activity. Nat. Neurosci. 8,
1263–1268.

Braak, H., Del Tredici, K., Rub, U.,
De Vos, R. A., Jansen Steur, E. N.,
and Braak, E. (2003). Staging of
brain pathology related to sporadic
Parkinson’s disease. Neurobiol. Aging
24, 197–211.

Cadd, G., and McKnight, G. S.
(1989). Distinct patterns of cAMP-
dependent protein kinase gene
expression in mouse brain. Neuron
3, 71–79.

Cao,X.,Yasuda,T.,Uthayathas,S.,Watts,
R. L., Mouradian, M. M., Mochizuki,
H., and Papa, S. M. (2010). Striatal
overexpression of DeltaFosB repro-
duces chronic levodopa-induced
involuntary movements. J. Neurosci.
30, 7335–7343.

Carta, A. R., Tronci, E., Pinna, A.,
and Morelli, M. (2005). Different

responsiveness of striatonigral and
striatopallidal neurons to l-DOPA
after a subchronic intermittent l-
DOPA treatment. Eur. J. Neurosci.
21, 1196–1204.

Cenci, A. M., Whishaw, I. Q., and
Schallert, T. (2002). Animal models
of neurological deficits: how rele-
vant is the rat? Nat. Rev. Neurosci.
3, 574–579.

Chen, J.-F., Moratalla, R., Impagnatiello,
F., Grandy, D. K., Cuellar, B., Rubin-
stein, M., Beilstein, M. A., Hackett,
E., Fink, S. J., Low, M. J., Ongini,
E., and Schwarzschild, M. A. (2001).
The role of the D2 dopamine recep-
tor (D2R) in A2A adenosine recep-
tor (A2A R)-mediated behavioral
and cellular responses as revealed
by A2A and D2 receptor knockout
mice. Proc. Natl. Acad. Sci. U.S.A. 98,
1970–1975.

Cotzias, G. C., Van Woert, M. H., and
Schiffer, L. M. (1967). Aromatic
amino acids and modification of
parkinsonism. N. Engl. J. Med. 276,
374–379.

Creese, I., Burt, D. R., and Snyder, S. H.
(1976). Dopamine receptor binding
predicts clinical and pharmacolog-
ical potencies of anti-schizophrenic
drugs. Science 192, 481–483.

Darmopil, S., Martin, A. B., De Diego, I.
R., Ares, S., and Moratalla, R. (2009).
Genetic inactivation of dopamine
D1 but not D2 receptors inhibits l-
DOPA-induced dyskinesia and his-
tone activation. Biol. Psychiatry 66,
603–613.

Deisseroth, K. (2011). Optogenetics.
Nat. Methods 8, 26–29.

DeLong, M. R. (1990). Primate mod-
els of movement disorders of basal
ganglia origin. Trends Neurosci. 13,
281–285.

Doucet, J. P., Nakabeppu, Y., Bedard, P.
J.,Hope,B. T.,Nestler,E. J., Jasmin,B.
J., Chen, J. S., Iadarola, M. J., St-Jean,
M., Wigle, N., Blanchet, P., Grondin,
R., and Robertson, G. S. (1996).
Chronic alterations in dopaminergic
neurotransmission produce a persis-
tent elevation of deltaFosB-like pro-
tein(s) in both the rodent and pri-
mate striatum. Eur. J. Neurosci. 8,
365–381.

Dragunow, M., Robertson, G. S., Faull,
R. L., Robertson, H. A., and Jansen,

K. (1990). D2 dopamine receptor
antagonists induce fos and related
proteins in rat striatal neurons. Neu-
roscience 37, 287–294.

Durieux, P. F., Bearzatto, B., Guiducci,
S., Buch, T., Waisman, A., Zoli,
M., Schiffmann, S. N., and De
Kerchove d’Exaerde, A. (2009).
D2R striatopallidal neurons inhibit
both locomotor and drug reward
processes. Nat. Neurosci. 12,
393–395.

Fasano, S., Bezard, E., D’Antoni, A.,
Francardo, V., Indrigo, M., Qin, L.,
Dovero, S., Cerovic, M., Cenci, M.
A., and Brambilla, R. (2010). Inhi-
bition of Ras-guanine nucleotide-
releasing factor 1 (Ras-GRF1) sig-
naling in the striatum reverts motor
symptoms associated with l-dopa-
induced dyskinesia. Proc. Natl. Acad.
Sci. U.S.A. 107, 21824–21829.

Fienberg, A. A., Hiroi, N., Mermelstein,
P. G., Song, W., Snyder, G. L., Nishi,
A., Cheramy, A., O’Callaghan, J. P.,
Miller, D. B., Cole, D. G., Corbett, R.,
Haile, C. N., Cooper, D. C., Onn, S.
P., Grace,A. A., Ouimet, C. C.,White,
F. J., Hyman, S. E., Surmeier, D. J.,
Girault, J., Nestler, E. J., and Green-
gard, P. (1998). DARPP-32: regula-
tor of the efficacy of dopaminer-
gic neurotransmission. Science 281,
838–842.

Fink, J. S., Weaver, D. R., Rivkees, S.
A., Peterfreund, R. A., Pollack, A.
E., Adler, E. M., and Reppert, S. M.
(1992). Molecular cloning of the rat
A2 adenosine receptor: selective co-
expression with D2 dopamine recep-
tor in rat striatum. Mol. Brain Res.
14, 186–195.

Fisone, G., Hakansson, K., Borgkvist,
A., and Santini, E. (2007). Signal-
ing in the basal ganglia: postsynaptic
and presynaptic mechanisms. Phys-
iol. Behav. 92, 8–14.

Galarraga, E., Hernández-López, S.,
Reyes, A., Barral, J., and Bargas, J.
(1997). Dopamine facilitates striatal
EPSPs through an L-type Ca2+ con-
ductance. Neuroreport 8,2183–2186.

Gao, T., Yatani, A., Dell’Acqua, M. L.,
Sako, H., Green, S. A., Dascal, N.,
Scott, J. D., and Hosey, M. M. (1997).
cAMP-dependent regulation of car-
diac L-type Ca2+ channels requires
membrane targeting of PKA and

Frontiers in Neuroanatomy www.frontiersin.org July 2011 | Volume 5 | Article 38 | 172

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Bonito-Oliva et al. Dopaminergic drugs and striatal signaling

phosphorylation of channel sub-
units. Neuron 19, 185–196.

Gerfen, C. R., Engber, T. M., Mahan, L.
C., Susel, Z., Chase, T. N., Monsma, F.
J. Jr., and Sibley, D. R. (1990). D1 and
D2 dopamine receptor-regulated
gene expression of striatonigral and
striatopallidal neurons. Science 250,
1429–1432.

Gerfen, C. R., Miyachi, S., Palet-
zki, R., and Brown, P. (2002). D1
dopamine receptor supersensitivity
in the dopamine-depleted striatum
results from a switch in the reg-
ulation of ERK1/2/MAP kinase. J.
Neurosci. 22, 5042–5054.

Gerfen, C. R., Paletzki, R., and
Worley, P. (2008). Differences
between dorsal and ventral stria-
tum in Drd1a dopamine receptor
coupling of dopamine- and cAMP-
regulated phosphoprotein-32 to
activation of extracellular signal-
regulated kinase. J. Neurosci. 28,
7113–7120.

Glatt, C. E., and Snyder, S. H. (1993).
Cloning and expression of an adeny-
lyl cyclase localized to the corpus
striatum. Nature 361, 536–538.

Goetz, C. G., Poewe, W., Rascol, O., and
Sampaio, C. (2005). Evidence-based
medical review update: pharmaco-
logical and surgical treatments of
Parkinson’s disease: 2001 to 2004.
Mov. Disord. 20, 523–539.

Gong, S., Doughty, M., Harbaugh, C. R.,
Cummins, A., Hatten, M. E., Heintz,
N., and Gerfen, C. R. (2007). Tar-
geting Cre recombinase to specific
neuron populations with bacterial
artificial chromosome constructs. J.
Neurosci. 27, 9817–9823.

Gong, S., Zheng, C., Doughty, M. L.,
Losos, K., Didkovsky, N., Scham-
bra, U. B., Nowak, N. J., Joyner,
A., Leblanc, G., Hatten, M. E.,
and Heintz, N. (2003). A gene
expression atlas of the central ner-
vous system based on bacterial arti-
ficial chromosomes. Nature 425,
917–925.

Greengard, P. (2001). The neurobiol-
ogy of slow synaptic transmission.
Science 294, 1024–1030.

Greif, G. J., Lin, Y. J., Liu, J. C., and
Freedman, J. E. (1995). Dopamine-
modulated potassium channels on
rat striatal neurons: specific activa-
tion and cellular expression. J. Neu-
rosci. 15, 4533–4544.

Guigoni, C., Aubert, I., Li, Q., Gurevich,
V. V., Benovic, J. L., Ferry, S., Mach,
U., Stark, H., Leriche, L., Hakans-
son, K., Bioulac, B. H., Gross, C.
E., Sokoloff, P., Fisone, G., Gure-
vich, E. V., Bloch, B., and Bezard,
E. (2005). Pathogenesis of levodopa-
induced dyskinesia: focus on D1

and D3 dopamine receptors. Parkin-
sonism Relat. Disord. 11(Suppl. 1),
S25–S29.

Håkansson, K., Galdi, S., Hendrick, J.,
Snyder,G.,Greengard,P., and Fisone,
G. (2006). Regulation of phospho-
rylation of the GluR1 AMPA recep-
tor by dopamine D2 receptors. J.
Neurochem. 96, 482–488.

Håkansson, K., Pozzi, L., Usiello, A.,
Haycock, J., Borrelli, E., and Fisone,
G. (2004). Regulation of striatal
tyrosine hydroxylase phosphoryla-
tion by acute and chronic haloperi-
dol. Eur. J. Neurosci. 20, 1108–1112.

Heintz, N. (2001). BAC to the future: the
use of bac transgenic mice for neuro-
science research. Nat. Rev. Neurosci.
2, 861–870.

Hemmings, H. C. Jr., Greengard,
P., Tung, H. Y., and Cohen, P.
(1984). DARPP-32, a dopamine-
regulated neuronal phosphoprotein,
is a potent inhibitor of pro-
tein phosphatase-1. Nature 310,
503–505.

Hernandez-Lopez, S., Tkatch, T., Perez-
Garci, E., Galarraga, E., Bargas,
J., Hamm, H., and Surmeier, D.
J. (2000). D2 dopamine receptors
in striatal medium spiny neurons
reduce L-type Ca2+ currents and
excitability via a novel PLC[beta]1-
IP3-calcineurin-signaling cascade. J.
Neurosci. 20, 8987–8995.

Herve, D., Le Moine, C., Corvol, J. C.,
Belluscio, L., Ledent, C., Fienberg,
A. A., Jaber, M., Studler, J. M., and
Girault, J. A. (2001). Galpha(olf) lev-
els are regulated by receptor usage
and control dopamine and adeno-
sine action in the striatum. J. Neu-
rosci. 21, 4390–4399.

Hope, B. T., Nye, H. E., Kelz, M.
B., Self, D. W., Iadarola, M. J.,
Nakabeppu, Y., Duman, R. S., and
Nestler, E. J. (1994). Induction of
a long-lasting AP-1 complex com-
posed of altered Fos-like proteins in
brain by chronic cocaine and other
chronic treatments. Neuron 13,
1235–1244.

Hopf, F. W., Cascini, M. G., Gor-
don, A. S., Diamond, I., and Bonci,
A. (2003). Cooperative activation
of dopamine D1 and D2 recep-
tors increases spike firing of nucleus
accumbens neurons via G-protein
betagamma subunits. J. Neurosci. 23,
5079–5087.

Hornykiewicz, O. (1963). Die topische
Lokalisation und das Verhalten
von Noradrenalin und Dopamin
(3-Hydroxytyramin) in der Sub-
stantia nigra des normalen und
Parkinsonkranken Menschen.
Wien. Klin. Wochenschr. 56,
426–427.

Kebabian, J. W., and Calne, D. B. (1979).
Multiple receptors for dopamine.
Nature 277, 93–96.

Kitai, S. T., and Surmeier, D. J.
(1993). Cholinergic and dopamin-
ergic modulation of potassium con-
ductances in neostriatal neurons.
Adv. Neurol. 60, 40–52.

Konradi, C., and Heckers, S. (1995).
Haloperidol-induced Fos expres-
sion in striatum is dependent
upon transcription factor cyclic
AMP response element bind-
ing protein. Neuroscience 65,
1051–1061.

Kravitz, A. V., Freeze, B. S., Parker, P.
R., Kay, K., Thwin, M. T., Deis-
seroth, K., and Kreitzer, A. C. (2010).
Regulation of parkinsonian motor
behaviours by optogenetic control of
basal ganglia circuitry. Nature 466,
622–626.

Kull, B., Svenningsson, P., and Fred-
holm, B. B. (2000). Adenosine A(2A)
receptors are colocalized with and
activate g(olf) in rat striatum. Mol.
Pharmacol. 58, 771–777.

Kuzhikandathil, E. V., Yu, W., and
Oxford, G. S. (1998). Human
dopamine D3 and D2L receptors
couple to inward rectifier potassium
channels in mammalian cell lines.
Mol. Cell. Neurosci. 12, 390–402.

Lebel, M., Chagniel, L., Bureau, G., and
Cyr, M. (2010). Striatal inhibition
of PKA prevents levodopa-induced
behavioural and molecular changes
in the hemiparkinsonian rat. Neuro-
biol. Dis. 38, 59–67.

Li, J., Guo, Y., Schroeder, F. A., Youngs,
R. M., Schmidt, T. W., Ferris,
C., Konradi, C., and Akbarian, S.
(2004). Dopamine D2-like antago-
nists induce chromatin remodeling
in striatal neurons through cyclic
AMP-protein kinase A and NMDA
receptor signaling. J. Neurochem. 90,
1117–1131.

Liu, J. C., Defazio, R. A., Espinosa-
Jeffrey, A., Cepeda, C., De Vellis, J.,
and Levine, M. S. (2004). Calcium
modulates dopamine potentiation
of N -methyl-d-aspartate responses:
electrophysiological and imaging
evidence. J. Neurosci. Res. 76,
315–322.

MacGibbon, G. A., Lawlor, P. A.,
Bravo, R., and Dragunow, M. (1994).
Clozapine and haloperidol produce
a differential pattern of immedi-
ate early gene expression in rat
caudate-putamen, nucleus accum-
bens, lateral septum and islands of
Calleja. Brain Res. Mol. Brain Res. 23,
21–32.

MacGibbon, G. A., Lawlor, P. A.,
Hughes, P., Young, D., and Dra-
gunow, M. (1995). Differential

expression of inducible transcrip-
tion factors in basal ganglia neu-
rons. Brain Res. Mol. Brain Res. 34,
294–302.

Mangiavacchi, S., and Wolf, M. E.
(2004). D1 dopamine receptor stim-
ulation increases the rate of AMPA
receptor insertion onto the surface
of cultured nucleus accumbens neu-
rons through a pathway dependent
on protein kinase A. J. Neurochem.
88, 1261–1271.

Mattingly, R. R. (1999). Phosphory-
lation of serine 916 of Ras-GRF1
contributes to the activation of
exchange factor activity by mus-
carinic receptors. J. Biol. Chem. 274,
37379–37384.

Miller, J. C. (1990). Induction of c-fos
mRNA expression in rat striatum by
neuroleptic drugs. J. Neurochem. 54,
1453–1455.

Miyamoto, S., Duncan, G. E., Marx,
C. E., and Lieberman, J. A. (2005).
Treatments for schizophrenia: a crit-
ical review of pharmacology and
mechanisms of action of antipsy-
chotic drugs. Mol. Psychiatry 10,
79–104.

Mons, N., and Cooper, D. M. (1994).
Selective expression of one Ca(2+)-
inhibitable adenylyl cyclase in
dopaminergically innervated rat
brain regions. Brain Res. Mol. Brain
Res. 22, 236–244.

Nestler, E. J., Barrot, M., and Self,
D. W. (2001). DeltaFosB: a sus-
tained molecular switch for addic-
tion. Proc. Natl. Acad. Sci. U.S.A. 98,
11042–11046.

Nishi, A., Snyder, G. L., and Green-
gard, P. (1997). Bidirectional regu-
lation of DARPP-32 phosphoryla-
tion by dopamine. J. Neurosci. 17,
8147–8155.

Nowak, S. J., and Corces, V. G. (2004).
Phosphorylation of histone H3:
a balancing act between chromo-
some condensation and transcrip-
tional activation. Trends Genet. 20,
214–220.

Obeso, J. A., Olanow, C. W., and Nutt, J.
G. (2000). Levodopa motor compli-
cations in Parkinson’s disease. Trends
Neurosci. 23, S2–S7.

Parr-Brownlie, L. C., and Hyland, B.
I. (2005). Bradykinesia induced by
dopamine D2 receptor blockade
is associated with reduced motor
cortex activity. J. Neurosci. 25,
5700–5709.

Pavon, N., Martin, A. B., Mendialdua,
A., and Moratalla, R. (2006). ERK
phosphorylation and FosB expres-
sion are associated with l-DOPA-
induced dyskinesia in hemiparkin-
sonian mice. Biol. Psychiatry 59,
64–74.

Frontiers in Neuroanatomy www.frontiersin.org July 2011 | Volume 5 | Article 38 | 173

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Bonito-Oliva et al. Dopaminergic drugs and striatal signaling

Picconi, B., Centonze, D., Hakans-
son, K., Bernardi, G., Greengard,
P., Fisone, G., Cenci, M. A., and
Calabresi, P. (2003). Loss of bidi-
rectional striatal synaptic plasticity
in l-DOPA-induced dyskinesia. Nat.
Neurosci. 6, 501–506.

Pozzi, L., Hakansson, K., Usiello, A.,
Borgkvist, A., Lindskog, M., Green-
gard, P., and Fisone, G. (2003).
Opposite regulation by typical and
atypical anti-psychotics of ERK1/2,
CREB and Elk-1 phosphorylation
in mouse dorsal striatum. J. Neu-
rochem. 86, 451–459.

Robertson, G. S., and Fibiger, H. C.
(1992). Neuroleptics increase c-fos
expression in the forebrain: con-
trasting effects of haloperidol and
clozapine. Neuroscience 46, 315–328.

Robertson, G. S., Vincent, S. R., and
Fibiger, H. C. (1992). D1 and D2
dopamine receptors differentially
regulate c-fos expression in stria-
tonigral and striatopallidal neurons.
Neuroscience 49, 285–296.

Robinson, S. W., and Caron, M.
G. (1997). Selective inhibition of
adenylyl cyclase type V by the
dopamine D3 receptor. Mol. Phar-
macol. 52, 508–514.

Roche, K. W., O’Brien, R. J., Mammen,
A. L., Bernhardt, J., and Huganir,
R. L. (1996). Characterization of
multiple phosphorylation sites on
the AMPA receptor GluR1 subunit.
Neuron 16, 1179–1188.

Santini, E., Alcacer, C., Cacciatore, S.,
Heiman, M., Herve, D., Greengard,
P., Girault, J. A., Valjent, E., and
Fisone, G. (2009). l-DOPA acti-
vates ERK signaling and phospho-
rylates histone H3 in the striatoni-
gral medium spiny neurons of hemi-
parkinsonian mice. J. Neurochem.
108, 621–633.

Santini, E., Sgambato-Faure, V., Li,
Q., Savasta, M., Dovero, S., Fisone,
G., and Bezard, E. (2010). Distinct
changes in cAMP and extracellular
signal-regulated protein kinase sig-
nalling in l-DOPA-induced dyski-
nesia. PLoS ONE 5, e12322. doi:
10.1371/journal.pone.0012322

Santini, E., Valjent, E., and Fisone,
G. (2008). Parkinson’s disease:
levodopa-induced dyskinesia and
signal transduction. FEBS J. 275,
1392–1399.

Santini, E., Valjent, E., Usiello, A., Carta,
M., Borgkvist, A., Girault, J. A.,
Herve, D., Greengard, P., and Fisone,
G. (2007). Critical involvement of
cAMP/DARPP-32 and extracellular

signal-regulated protein kinase sig-
naling in l-DOPA-induced dyskine-
sia. J. Neurosci. 27, 6995–7005.

Schiffmann, S. N., Jacobs, O., and
Vanderhaegen, J. J. (1991). Stri-
atal restricted adenosine A2 receptor
(RDC8) is expressed by enkephalin
but not by substance P neurons:
an in situ hybridization histo-
chemistry study. J. Neurochem. 57,
1062–1067.

Schuster, S., Nadjar, A., Guo, J. T., Li,
Q., Ittrich, C., Hengerer, B., and
Bezard, E. (2008). The 3-hydroxy-
3-methylglutaryl-CoA reductase
inhibitor lovastatin reduces severity
of l-DOPA-induced abnormal
involuntary movements in exper-
imental Parkinson’s disease. J.
Neurosci. 28, 4311–4316.

Seeman, P., Lee, T., Chau-Wong,
M., and Wong, K. (1976). Anti-
psychotic drug doses and neurolep-
tic/dopamine receptors. Nature 261,
717–719.

Snyder, G. L.,Allen, P. B., Fienberg,A. A.,
Valle, C. G., Huganir, R. L., Nairn, A.
C., and Greengard, P. (2000). Reg-
ulation of phosphorylation of the
GluR1 AMPA receptor in the neos-
triatum by dopamine and psychos-
timulants in vivo. J. Neurosci. 20,
4480–4488.

Snyder, G. L., Fienberg, A. A., Huganir,
R. L., and Greengard, P. (1998).
A dopamine/D1 receptor/protein
kinase A/dopamine- and cAMP-
regulated phosphoprotein (Mr 32
kDa)/protein phosphatase-1 path-
way regulates dephosphorylation of
the NMDA receptor. J. Neurosci. 18,
10297–10303.

Stipanovich, A., Valjent, E., Matamales,
M., Nishi, A., Ahn, J. H., Maroteaux,
M., Bertran-Gonzalez, J., Brami-
Cherrier, K., Enslen, H., Corbille, A.
G., Filhol, O., Nairn, A. C., Green-
gard, P., Herve, D., and Girault, J.
A. (2008). A phosphatase cascade
by which rewarding stimuli control
nucleosomal response. Nature 453,
879–884.

Stoof, J. C., and Kebabian, J. W. (1981).
Opposing roles for D-1 and D-
2 dopamine receptors in efflux of
cyclic AMP from rat neostriatum.
Nature 294, 366–368.

Surmeier, D. J., Bargas, J., Hemmings,
H. C. Jr., Nairn, A. C., and Green-
gard, P. (1995). Modulation of cal-
cium currents by a D1 dopaminergic
protein kinase/phosphatase cascade
in rat neostriatal neurons. Neuron
14, 385–397.

Surmeier, D. J., Ding, J., Day, M., Wang,
Z., and Shen, W. (2007). D1 and
D2 dopamine-receptor modulation
of striatal glutamatergic signaling
in striatal medium spiny neurons.
Trends Neurosci. 30, 228–235.

Svenningsson, P., Lindskog, M., Ledent,
C., Parmentier, M., Greengard, P.,
Fredholm, B. B., and Fisone, G.
(2000). Regulation of the phos-
phorylation of the dopamine- and
cAMP-regulated phosphoprotein of
32 kDa in vivo by dopamine D1,
dopamine D2, and adenosine A2A
receptors. Proc. Natl. Acad. Sci.
U.S.A. 97, 1856–1860.

Svenningsson, P., Lindskog, M.,
Rognoni, F., Fredholm, B. B., Green-
gard, P., and Fisone, G. (1998).
Activation of adenosine A2A and
dopamine D1 receptors stimulates
cyclic AMP-dependent phospho-
rylation of DARPP-32 in distinct
populations of striatal projection
neurons. Neuroscience 84, 223–228.

Tekumalla, P. K., Calon, F., Rah-
man, Z., Birdi, S., Rajput, A. H.,
Hornykiewicz, O., Di Paolo, T.,
Bedard, P. J., and Nestler, E. J. (2001).
Elevated levels of DeltaFosB and
RGS9 in striatum in Parkinson’s dis-
ease. Biol. Psychiatry 50, 813–816.

Thomas, G. M., and Huganir, R. L.
(2004). MAPK cascade signalling
and synaptic plasticity. Nat. Rev.
Neurosci. 5, 173–183.

Thomson, S., Clayton, A. L., Hazzalin,
C. A., Rose, S., Barratt, M. J., and
Mahadevan, L. C. (1999). The nucle-
osomal response associated with
immediate-early gene induction is
mediated via alternative MAP kinase
cascades: MSK1 as a potential his-
tone H3/HMG-14 kinase. EMBO J.
18, 4779–4793.

Valjent, E., Bertran-Gonzalez, J., Herve,
D., Fisone, G., and Girault, J. A.
(2009). Looking BAC at striatal sig-
naling: cell-specific analysis in new
transgenic mice. Trends Neurosci. 32,
538–547.

Valjent, E., Corvol, J. C., Pages, C.,
Besson, M. J., Maldonado, R.,
and Caboche, J. (2000). Involve-
ment of the extracellular signal-
regulated kinase cascade for cocaine-
rewarding properties. J. Neurosci. 20,
8701–8709.

Valjent, E., Pascoli, V., Svenningsson, P.,
Paul, S., Enslen, H., Corvol, J. C.,
Stipanovich, A., Caboche, J., Lom-
broso, P. J., Nairn, A. C., Greengard,
P., Herve, D., and Girault, J. A.
(2005). Regulation of a protein

phosphatase cascade allows conver-
gent dopamine and glutamate sig-
nals to activate ERK in the stria-
tum. Proc. Natl. Acad. Sci. U.S.A. 102,
491–496.

Westin, J. E., Vercammen, L., Strome,
E. M., Konradi, C., and Cenci, M.
A. (2007). Spatiotemporal pattern
of striatal ERK1/2 phosphorylation
in a rat model of l-DOPA-induced
dyskinesia and the role of dopamine
D1 receptors. Biol. Psychiatry 62,
800–810.

Wickens, J. R., and Wilson, C. J. (1998).
Regulation of action-potential firing
in spiny neurons of the rat neos-
triatum in vivo. J. Neurophysiol. 79,
2358–2364.

Wickman, K. D., Iniguez-Lluhl, J.
A., Davenport, P. A., Taussig, R.,
Krapivinsky, G. B., Linder, M.
E., Gilman, A. G., and Clapham,
D. E. (1994). Recombinant G-
protein beta gamma-subunits acti-
vate the muscarinic-gated atrial
potassium channel. Nature 368,
255–257.

Xie, G. Q., Wang, S. J., Li, J., Cui, S.
Z., Zhou, R., Chen, L., and Yuan,
X. R. (2009). Ethanol attenuates the
HFS-induced, ERK-mediated LTP in
a dose-dependent manner in rat
striatum. Alcohol. Clin. Exp. Res. 33,
121–128.

Zhuang, X., Belluscio, L., and Hen,
R. (2000). G(olf)alpha mediates
dopamine D1 receptor signaling. J.
Neurosci. 20, RC91.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 11 May 2011; accepted: 27 June
2011; published online: 12 July 2011.
Citation: Bonito-Oliva A, Feyder M
and Fisone G (2011) Deciphering the
actions of antiparkinsonian and antipsy-
chotic drugs on cAMP/DARPP-32 sig-
naling. Front. Neuroanat. 5:38. doi:
10.3389/fnana.2011.00038
Copyright © 2011 Bonito-Oliva, Fey-
der and Fisone. This is an open-access
article subject to a non-exclusive license
between the authors and Frontiers Media
SA, which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and other Frontiers conditions are
complied with.

Frontiers in Neuroanatomy www.frontiersin.org July 2011 | Volume 5 | Article 38 | 174

http://dx.doi.org/10.3389/fnana.2011.00038
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


NEUROANATOMY
REVIEW ARTICLE

published: 23 August 2011
doi: 10.3389/fnana.2011.00055

Huntington’s disease and striatal signaling
Emmanuel Roze1,2, Emma Cahill 1, Elodie Martin1, Cecilia Bonnet 3, Peter Vanhoutte1, Sandrine Betuing1 and
Jocelyne Caboche1*
1 UMRS 952, INSERM, UMR 7224, CNRS Université Pierre et Marie Curie – Paris-6, Paris, France
2 Pôle des Maladies du Système Nerveux, Département de Neurologie, Hopital Pitié-Salpétrière, Assistance publique-Hôpitaux de Paris, Paris, France
3 Department of Neurology, First Faculty of Medicine, Charles University in Prague and General University Hospital, Prague, Czech Republic

Edited by:
Emmanuel Valjent, Université
Montpellier 1&2, France

Reviewed by:
Michelle E. Ehrlich, Mount Sinai
School of Medicine, USA
Sandrine Humbert, Institut
Curie–INSERM U1005–CNRS
UMR3306, France

*Correspondence:
Jocelyne Caboche, Laboratoire de
Physiopathologie des Maladies du
Système Nerveux Central, Université
Pierre et Marie Curie, 9 Quai Saint
Bernard, 75005 Paris, France.
e-mail: jocelyne.caboche@snv.
jussieu.fr

Huntington’s Disease (HD) is the most frequent neurodegenerative disease caused by an
expansion of polyglutamines (CAG).The main clinical manifestations of HD are chorea, cog-
nitive impairment, and psychiatric disorders.The transmission of HD is autosomal dominant
with a complete penetrance. HD has a single genetic cause, a well-defined neuropathol-
ogy, and informative pre-manifest genetic testing of the disease is available. Striatal atrophy
begins as early as 15 years before disease onset and continues throughout the period of
manifest illness.Therefore, patients could theoretically benefit from therapy at early stages
of the disease. One important characteristic of HD is the striatal vulnerability to neurode-
generation, despite similar expression of the protein in other brain areas. Aggregation of the
mutated Huntingtin (HTT), impaired axonal transport, excitotoxicity, transcriptional dysreg-
ulation as well as mitochondrial dysfunction, and energy deficits, are all part of the cellular
events that underlie neuronal dysfunction and striatal death. Among these non-exclusive
mechanisms, an alteration of striatal signaling is thought to orchestrate the downstream
events involved in the cascade of striatal dysfunction.

Keywords: polyglutamine, Huntingtin, excitotoxicity, mitochondrial dysfunctions, transcriptional deregulation

CLINICAL ASPECTS
Huntington’s disease (HD) is a fatal disorder with a general preva-
lence of about 10 per 100,000 births, with some regions of the
world having a higher prevalence of up to 700 per 100,000 (Harper,
1992; Paradisi et al., 2008). The typical age of onset is usually
between 35 and 50 years but is very variable ranging from 1 to
85 years or more. The disease begins before 30 years of age in
about 15% of patients and is then referred to as juvenile HD.
The duration of the disease from onset to death is about 15–
20 years. Clinical features of HD can be divided into three groups:
movement disorders, cognitive impairment, and psychiatric man-
ifestations. Chorea is the most characteristic movement disorder
of classical HD and is characterized by brief, involuntary, abnor-
mal movements, which appear unpredictably in all the parts of
the body (Quinn and Schrag, 1998). As the disease progresses, the
choreic movements generally tend to diminish and be replaced by
akineto-rigid parkinsonism that can be associated with dystonic
postures (Penney et al., 1990; Kremer et al., 1992). At an advanced
stage of the disease, a high proportion of HD patients have falls
(Busse et al., 2009), and a loss of independent ambulation, which
may precipitate admission to nursing homes (Wheelock et al.,
2003). Other movement disorders can be occasionally observed
during the course of the disease, including tics (Kerbeshian et al.,
1991; Jankovic et al., 1995) and myoclonia (Vogel et al., 1991;
Carella et al., 1993; Thompson et al., 1994). Cognitive impairment
plays a major role in the functional decline and loss of autonomy
of the patients. It can precede motor symptoms or occur during
the course of the disease, and usually leads, in turn, to dementia.
Cognitive alteration has a sub-cortical profile with predominant
impairment of executive/attention functions (Caine et al., 1978;

Bamford et al., 1995; Ho et al., 2003; Peinemann et al., 2005).
Instrumental functions (language, praxia, and gnosis) and mem-
ory are generally better preserved in HD than in other types of
dementia (Caine et al., 1977; Hodges et al., 1990; Pillon et al.,
1993, 1994). Neurobehavioral symptoms are very frequent. They
can be the initial manifestations of the disease or occur at any
time during the course of the disease (Shiwach and Norbury, 1994;
Kirkwood et al., 2002). Irritability, agitation, apathy, anxiety, social
withdrawal, impulsiveness, alcohol abuse, obsessive–compulsive
disorder (Cummings and Cunningham, 1992; Patzold and Brune,
2002), hostility, and sexual disorders are common (Pflanz et al.,
1991; Fedoroff et al., 1994; Paulsen et al., 2001). Mood disorders are
very frequent along HD, including depression (Caine and Shoul-
son, 1983; Folstein et al., 1983; Di Maio et al., 1993; Cummings,
1995; Jensen et al., 1998) and manic episodes (Mendez, 2000).
Various types of psychotic disorders can also be observed (Cum-
mings, 1995; Rosenblatt and Leroi, 2000). HD patients have a risk
of suicide that is 10 times higher than in the general population.
Sleep disorders and weight loss are also frequently encountered in
HD patients (Morton et al., 2005; Arnulf et al., 2008; Aziz et al.,
2008; Videnovic et al., 2009).

Contrary to patients with typical HD, those with the juve-
nile form (or the Westphal variant) do not display chorea.
These forms are characterized by a combination of progressive
akineto-rigid parkinsonism, dystonia, ataxia, dementia, and psy-
chiatric disorders (Siesling et al., 1997; Gonzalez-Alegre and Afifi,
2006). Seizures can also occur. Patients with childhood-onset HD
can develop non-specific encephalopathy resulting in seizures,
myoclonus, and rapid cognitive deterioration (Siesling et al., 1997;
Gambardella et al., 2001; Gonzalez-Alegre and Afifi, 2006).
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GENETICS
The mutation responsible for HD is located at the 5′ terminal part
of the HTT gene on chromosome 4p16.3 (The Huntington Col-
laborative Research Group, 1993). The mutation consists of an
unstable expansion of the CAG repeat sequence, located in exon
1, at the NH2-terminal part of the protein. The mutated pro-
tein causes neuronal dysfunction and death, particularly in the
striatum and cortex, although it is ubiquitously expressed. The
penetrance of the mutation is almost complete. The HTT gene
is normal when it contains less than 27 CAG repeats. Between 27
and 35 CAG repeats do not cause HD but may expand in succes-
sive generations. Intermediate alleles (between 36 and 39 repeats)
repetitions are usually associated with late onset disease and may
express a variable penetrance as the patient may die before disease
onset. Individuals with 39 CAG repeats or greater will develop
symptoms of HD (Kenney et al., 2007; Reynolds, 2008; Semaka
et al., 2008). About 10% of HD patients have no family history
of HD (Goldberg et al., 1993; Davis et al., 1994), with some of
these patients receiving the mutant allele from an asymptomatic
father with an intermediate allele. Such alleles do not cause HD
but show instability on replication and tend to expand in succes-
sive generation with greater instability in spermatogenesis than in
oogenesis (Zuhlke et al., 1993; Ranen et al., 1995). This instability
of increased number of CAG repeats over successive generations
explains the phenomenon of genetic anticipation, which is defined
by the tendency of an earlier disease onset in successive genera-
tions (Goldberg et al., 1993; Myers et al., 1993; Alford et al., 1996).
The age of onset cannot be predicted from the CAG repeat length
in clinical practice. However, the number of repeats inversely cor-
relates with the age of onset (Andrew et al., 1993; Duyao et al.,
1993; Snell et al., 1993; Wexler et al., 2004; Andresen et al., 2007).

NEUROPATHOLOGY
Brain weight may be reduced by as much as 25–30% in advanced
HD cases. Gross pathology of HD is limited to the brain, with
atrophy predominating in the caudate–putamen and to a lesser
extent, the cerebral cortex. The neuropathological signature of HD
is the prominent striatal neuron loss and the presence of intranu-
clear inclusion bodies, which mainly consist of the accumula-
tion of abnormal expansion of polyglutamines [Exp-Huntingtin
(HTT)]. A grading system for the striatal neuropathology was
established using macroscopic and microscopic criteria (Vonsat-
tel’s grade; Vonsattel et al., 1985). It defines five grades ranging
from 0 to 4 with increasing severity. The grade correlates closely
with the extent of clinical disability. The most vulnerable neu-
ronal population is the medium spiny neurons (MSNs) of the
striatum. According to the Vonsattel’s grade, the striato-pallidal
MSNs, which express enkephalin and dopaminergic D2 recep-
tors, degenerate first (grade 2). Then striato-nigral MSNs which
express substance P and dopaminergic D1 receptors degenerate
(grade 3). The degeneration of MSNs occurs according to a dorso-
ventral and medio-lateral gradient and is associated with a reduced
expression of substance P, leu-enkephalin, calcineurin, calbindin,
histamine H2-receptors, dopamine receptors, cannabinoid recep-
tors, and Adenosine A2 receptors (Goto et al., 1989; Martinez-Mir
et al., 1991; Richfield et al., 1991; Richfield and Herkenham,
1994). The striatal interneurons, aspiny striatal cholinergic, and

somatostatine containing neurons, are relatively spared (Lange
et al., 1976; Dawbarn et al., 1985; Ferrante et al., 1985, 1987, 1991).
Another characteristic neuropathological change is a modification
of the dendritic arborization of spiny neurons, with an axonal
retraction before cell death (Graveland et al., 1985; Kiechle et al.,
2002).

MOLECULAR MECHANISMS OF THE DISEASE
Whether neuronal degeneration in HD is due to the loss of nor-
mal HTT properties or a gain of toxic functions, or both, is
not fully elucidated. In addition, age-related “normal” alterations
in cellular functioning may accelerate HD pathogenesis (Diguet
et al., 2009). Importantly, HTT is required for normal embry-
onic development as the loss of the protein leads to lethality of
mouse embryos around day 8.5 (Duyao et al., 1995; Zeitlin et al.,
1995) and the selective knockdown of the protein in neurons and
testis produces apoptosis in these tissues (Dragatsis et al., 2000).
The wild-type HTT is a ubiquitous protein, expressed in most
cells of the organism and within virtually all cellular compart-
ments (DiFiglia et al., 1997; Gutekunst et al., 1999; Kegel et al.,
2002, 2005; Hoffner et al., 2005; Caviston et al., 2007; Rockabrand
et al., 2007; Strehlow et al., 2007). Cell-based assays have focused
on striatal specific cell-autonomous effects of Exp-HTT on HD
neuropathology, since striatal but not cortical neurons in culture,
show spontaneous degeneration in presence of Exp-HTT (Saudou
et al., 1998; Arrasate et al., 2004; Garcia et al., 2004). Evidence in
favor of cell-autonomous effects also include that a lentiviral medi-
ated delivery of Exp-HTT to rat striatum results in a progressive
pathology characterized by the appearance of ubiquitinated HTT
aggregates, loss of dopamine- and cAMP-regulated phosphopro-
tein of 32 kDa (DARPP-32) staining, and cell death (De Almeida
et al., 2002). Nevertheless, in a genetic model with striatal specific
expression of Exp-HTT, cell-autonomous nuclear accumulation
of Exp-HTT aggregates in striatal neurons were observed, but no
significant locomotor deficits nor striatal neuropathology, were
found (Gu et al., 2007). This work suggested a“two-hit”hypothesis
in which both cell-autonomous toxicity and pathological cell–cell
interactions are critical to HD pathogenesis.

Huntingtin has multiple interacting partners, some of them
exhibiting enhanced binding with Exp-HTT, while a handful pre-
fer associating with the wild-type HTT (Harjes and Wanker, 2003;
Li and Li, 2004). Among the binding partners of HTT are a dozen
transcription factors which appear to affect the transcriptional
profile in HD brain tissue or cells (Luthi-Carter et al., 2000, 2002;
Sipione et al., 2002; Sugars and Rubinsztein, 2003; Zhai et al.,
2005; Kuhn et al., 2007). HTT is also considered as a scaffold pro-
tein, orchestrating the intracellular trafficking, signaling pathways,
and transcriptional activity that are required for neuronal home-
ostasis; these functions being strongly hindered by the Exp-HTT
expression (see below). Exp-HTT is cleaved by various intracel-
lular proteases, including caspases, and this proteolytic processing
plays a key role in the pathophysiology of HD since the cleaved N-
terminal fragment is much more toxic than the full-length mutant
protein. These cleaved versions of Exp-HTT can also undergo
aggregate formation (Scherzinger et al., 1997; Huang et al., 1998;
Perutz et al., 2002), which is thought to interfere with normal cel-
lular functioning. Aggregates of insoluble proteins are found in the
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brain of HD patients and in various HD models. They are enriched
in striatal neurons and first appear in the neuropil of striatal MSNs
(Li et al., 2000, 2001; Lee et al., 2004). By sequestering the wild-type
HTT (Martindale et al., 1998) or associated proteins involved in
transcription (Kazantsev et al., 1999; Steffan et al., 2000; Nucifora
et al., 2001) or transport (Gunawardena et al., 2003; Trushina et al.,
2004), these aggregates are thought to alter the fate of neuronal
cells. Aggregate-mediated toxicity could be attributed to defects in
RNA synthesis, cell survival, microtubule-dependent trafficking,
or the ubiquitin–proteasome system (DiFiglia et al., 1997; Harjes
and Wanker, 2003; Li and Li, 2004; Bennett et al., 2007). Never-
theless, the toxicity of aggregates still remains an issue of debate.
Several studies have indicated that Exp-HTT aggregates are con-
nected with neurodegeneration or cytotoxicity (Davies et al., 1997;
DiFiglia et al., 1997; Ordway et al., 1997), whereas other studies
have suggested that aggregate formation is either not intimately
correlated with cytotoxicity (Saudou et al., 1998; Arrasate et al.,
2004; Slow et al., 2005; Sawada et al., 2007; Mitra et al., 2009) or
plays a protective role in cells (Arrasate et al., 2004; Mitra et al.,
2009). Some authors argue that smaller oligomeric aggregates may
be more toxic than larger ones (Gong et al., 2008). Furthermore,
Exp-HTT can misfold into distinct β-sheet aggregates, called amy-
loids, which can be either toxic or non-toxic depending on their
conformation (Nekooki-Machida et al., 2009). Aggregate toxicity
can also depend on the cellular compartment in which they are
localized, for example they could be more toxic in the neurites
than in the nucleus (Li et al., 2000, 2001; Lee et al., 2004). Impor-
tantly, aggregates cannot be cleared by the ubiquitin–proteasome
system (Bence et al., 2001; Jana et al., 2001; Verhoef et al., 2002;
Venkatraman et al., 2004) and alter the normal efficacy of the
clearance-machinery (Bennett et al., 2007; Hunter et al., 2007).
The lower basal activity of the ubiquitin–proteasome system in
neurons as compared to glial cells may account for the preferential
accumulation of aggregates in neurons (Tydlacka et al., 2008). It is
noteworthy that inhibiting the aggregation of Exp-HTT can alle-
viate the symptoms in various models of HD (Carmichael et al.,
2000; Jana et al., 2000; Vacher et al., 2005; Ravikumar et al., 2006;
Chopra et al., 2007; Herbst and Wanker, 2007; Perrin et al., 2007;
Sarkar et al., 2007; Seo et al., 2007).

CHANGES IN AXONAL TRANSPORT AND SYNAPTIC
DYSFUNCTION
Vesicular transport is altered in HD and is linked to a subsequent
synaptic dysfunction (Gunawardena et al., 2003; Szebenyi et al.,
2003; Gauthier et al., 2004; Trushina et al., 2004; Caviston and
Holzbaur, 2009; Sinadinos et al., 2009). These defaults of traffick-
ing are mainly due to an impaired interaction between Exp-HTT
and motor proteins (Szebenyi et al., 2003; Lee et al., 2004), but
can also be a consequence of neuritic aggregates that act as phys-
ical roadblocks (Gunawardena et al., 2003; Szebenyi et al., 2003;
Trushina et al., 2004). According to the non-autonomous theory,
the“neurotrophin disorder hypothesis”is the most widely accepted
(Zuccato and Cattaneo, 2009). The release of brain derived neu-
rotrophic factor (BDNF) from cortical afferences, which provides
an important neurotrophic support to striatal neurons, is impaired
in HD. Transcriptional dysregulation of BDNF in cortical neu-
rons was first described (Zuccato et al., 2001; see Transcriptional

Dysregulation chapter below). Then, altered axonal transport
deficit of BDNF from cortical neurons, was shown to participate
in the default of BDNF release in the striatum (Gauthier et al.,
2004). Wild-type HTT interacts with the molecular motor com-
plex that transports organelles along the microtubules in axons
(Gauthier et al., 2004; Caviston and Holzbaur, 2009). This interac-
tion is altered in HD, due to Exp-HTT expression, which decreases
axonal transport and the release of BDNF from cortical neurons
to their terminals within the striatum (Figure 1). This is thought
to participate in the striatal vulnerability in HD. One approach

FIGURE 1 | Altered striatal signaling pathways in HD. Afferent
corticostriatal and nigro-striatal projections modulate striatal signaling,
which is impaired in Huntington’s Disease (HD). Neurotrophic factor BDNF
release from cortical afferences is decreased in cortico-striatal synapses as
a consequence of Exp-HTT-mediated down-regulation of bdnf transcription
and axonal transport in cortical neurons. A shift from synaptic to
extrasynaptic NMDAR-dependent signaling participates to striatal neurons
to death. In a physiological condition, calcium influx through synaptic
NMDAR promotes activation of the MAPkinase/ERK signaling pathway
along with its nuclear target, the MSK-1 protein, which phosphorylates the
transcription factor CREB. MSK-1 activation promotes chromatin
remodeling, which is crucial for CREB-mediated pgc-1α transcription, a key
gene involved in mitochondria biogenesis. Synaptic NMDARs also promote
formation of non-toxic Exp-HTT inclusion via TRIC. In HD, localization and
activity of extrasynaptic NMDAR are enhanced by Exp-HTT, which promotes
neuronal cell injury and death. The toxic effect of extrasynaptic NMDAR is
partly due to (i) the upregulation of Rhes expression that disaggregates the
non-toxic Exp-HTT inclusions (ii) to an impairment of mitochondrial
functions and (iii) to a decrease of the ERK/MSK-1/CREB signaling module
to the pgc-1α promoter. Dopamine release from nigro-striatal inputs
promotes oxidative stress via the production of reactive oxygen species
(ROS), which potentiates activation of the pro-apoptotic JNK pathway
induced by Exp-HTT. In addition, Dopamine potentiates Exp-HTT-mediated
striatal neurons death through activation of the Rho/ROCK signaling
pathway downstream D2R.
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to compensate for the defective BDNF transport is to mimic the
phosphorylation of Exp-HTT on Ser421, in order to restore the
interaction between Exp-HTT and dynactin, and their association
with microtubules (Colin et al., 2008). Interestingly, increasing
tubulin acetylation using a specific histone deacetylase (HDAC6)
inhibitor restores the recruitment of motor proteins, including
kinesin-1 and dynein to microtubules, and increases BDNF axonal
transport in cortical neurons (Dompierre et al., 2007).

Huntingtin is also involved in the trafficking and secretion
of vesicles from the Golgi apparatus (Strehlow et al., 2007). In
particular, it promotes, acting in concert with transglutaminase 2
(TGase 2) and HJSJ1b, the budding of vesicles containing BDNF
from the Golgi to the cytoplasm (Borrell-Pages et al., 2006a; Del
Toro et al., 2006). Modulation of TGase 2 and HJSJ1b expres-
sion by cystamine or cysteamine increases the release of BDNF
in mice and monkey models of HD (Borrell-Pages et al., 2006b).
The trafficking of neural proteins from the Golgi is also regulated
by HTT-interacting protein 14 (HIP14), which normally inter-
acts with HTT to regulate the trafficking of neuronal proteins and
their synaptic release through palmitoylation of cysteine string
protein (CSP; Yanai et al., 2006; Ohyama et al., 2007). Finally, Exp-
HTT increases c-Jun-Kinase3 (JNK3) activity, which phosphory-
lates kinesin on Ser176 and reduces its binding to microtubules
(Morfini et al., 2009). Thus, inhibition of the neuron-specific JNK3
can also protect from defects in fast axonal transport induced by
Exp-HTT.

EXCITOTOXICITY AND STRIATAL SIGNALING
In HD, increased glutamate levels within the striatum are thought
to arise from reduction of glial glutamate uptake (Liévens et al.,
2001; Behrens et al., 2002). This is because of selective down-
regulation of the glutamate transporter GLT1, which is mainly
expressed in astrocytes. In Drosophila glia, Exp-HTT antagonize
epidermal growth factor receptor (EGFR) Ras-extracellular signal-
regulated kinase (ERK) signaling pathway, resulting in down-
regulation of the glutamate transporter levels (Liévens et al., 2006).
In addition, the expression of glutamine synthetase, an enzyme
that converts glutamate to glutamine in glia, was also found to
be altered (Liévens et al., 2001; Behrens et al., 2002). These find-
ings demonstrated that the HD mutation results in a progressively
deranged glutamate handling in the brain, beginning before the
onset of symptoms in mice. They also provided evidence for a
contribution of excitotoxicity to the pathophysiology of HD.

NMDAR-MEDIATED EXCITOTOXICITY IN HD
Ineffective management of Ca2+ homeostasis by striatal neurons
ultimately leads to cell death via numerous signaling pathways.
This excitotoxicity mostly implicates the N -Methyl-d-Aspartate
type glutamate receptors (NMDAR) due to their high calcium
permeability and slow activation/deactivation kinetics (Rothman
and Olney, 1995; Dingledine et al., 1999; Cull-Candy et al., 2001).
The earliest evidence in support of a role for NMDAR-mediated
excitotoxicity in HD came from rodent studies where the admin-
istration of NMDAR agonists mimicked some clinical and patho-
logical features of the disease (Beal et al., 1986; Sanberg et al.,
1989; Ferrante et al., 1993). Studies have since switched from
these chemical HD models to genetic mouse models where the

expression of Exp-HTT protein has been linked to NMDAR-
mediated excitotoxicity (Levine et al., 1999; Cepeda et al., 2001;
Zeron et al., 2004). However, comparisons between HD models
are complicated as the mRNA and protein expression levels of the
NMDAR subunits vary between models and the disease state (Fan
et al., 2007). Furthermore, age-related dependence to excitotoxi-
city has been recently highlighted in the transgenic YAC128 HD
mice model, which display enhanced sensitivity to excitotoxicity
in the early phase of the disease, prior to development of cognitive
dysfunction and motor abnormalities, and resistance to excitotoxic
stress as the disease progresses (Graham et al., 2009).

TARGETING NMDAR SUBUNITS
Pharmacological analyses have indicated that striatal NMDARs
are most commonly formed from heterotetramers containing two
obligatory NMDAR type 1 subunits (GluN1, previously known
as NR1) plus a combination of two NMDAR type 2 subunits,
GluN2A and GluN2B, as heterodimers or as heterotrimers (GluN1
plus GluN2A and GluN2B). Some literature points to NMDARs
containing principally GluN2A as being pro-survival whereas
GluN2B-containing NMDARs act as the excitotoxic mediators
(Zeron et al., 2002; Liu et al., 2007). As the expression of GluN2B
is significantly higher than GluN2A in the striatum than in other
brain regions (Landwehrmeyer et al., 1995; Kuppenbender et al.,
2000), a GluN2B-mediated excitotoxicity is consistent with the
striatal vulnerability for neurodegeneration in HD. Interestingly,
recent work has demonstrated a greater contribution by GluN2A
containing NMDAR in the D1 expressing MSNs than D2 express-
ing MSNs which degenerate first in HD (Jocoy et al., 2011). In
the YAC transgenic FVB/N mouse model of HD, NMDA-induced
cell death is prevented by a specific GluN2B antagonist ifenprodil
(Zeron et al., 2002). Likewise, double mutant mice expressing Exp-
HTT and overexpressing GluN2B displayed an exacerbated striatal
degeneration (Heng et al., 2009). The logical conclusion from these
studies is that selective antagonists of GluN2B such as ifenprodil,
RO-25,6981, and CP101,606 should offer some neuroprotection.
However, the use of three different GluN2B antagonists had no
beneficial effects in the R6/2 mouse model of HD (Tallaksen-
Greene et al., 2010). In addition, both ifenprodil and RO-25,6981
increase cell death induced by oxidative stress (Papadia et al.,
2008) and blockade of spontaneous GluN2B activity exacerbates
staurosporine-induced cell death (Martel et al., 2009). Therefore,
as the outcome depends on the considered model and the par-
ticular excitotoxic insult the argument is left open as to whether
GluN2B merits specific targeting in HD excitotoxicity.

GLUTAMATE RECEPTOR LOCALIZATION AND EXCITOTOXICITY
Instead of a definite GluN2B subunit-specific implication for exci-
totoxic signaling, work by Hardingham and Bading fueled the
hypothesis that activation of extrasynaptic NMDAR (those located
at the cell body, dendritic shaft or on the neck of spines) promotes
cell death whereas stimulation of synaptic NMDAR promotes cell
survival (Hardingham and Bading, 2010). These hypotheses may
not be in complete opposition as extrasynaptic NMDAR contain
more GluN2B than synaptic ones (Tovar and Westbrook, 1999;
Steigerwald et al., 2000; Jocoy et al., 2011). Stimulation of cal-
cium entry via synaptic NMDAR is well tolerated and coupled to
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activation of the MAPkinase/ERK signaling pathway along with
its target the transcription factor cyclic AMP-response element
binding (CREB), which regulates genes such as bdnf (Hardingham
et al., 2001, 2002). On the other hand these pro-survival media-
tors are dominantly opposed by the activation of extrasynaptic
NMDAR which leads to the loss of mitochondrial membrane
potential, inhibition of ERK signaling, CREB shut off (Vanhoutte
and Bading, 2003), and an induction of a distinct genomic pro-
gram including the gene clca1a, which encodes a calcium-activated
chloride channel sufficient to kill neurons (Zhang et al., 2007).
In HD, the striatal specific signaling partners of synaptic versus
extrasynaptic NMDAR have begun to be analyzed. Ras homolog
enriched in striatum (Rhes) is localized in the striatum, where it
specifically bind to Exp-HTT and elicits both a decrease in ubiqui-
tination and an increase in sumoylation of Exp-HTT, which leads
to its disaggregation and favors the formation of neurotoxic sol-
uble microaggregates (Subramaniam et al., 2009). Okamoto et al.
(2009) found that Rhes expression is reduced when extrasynaptic
receptors are blocked, whereas antagonism of synaptic NMDAR
leads to a decrease in Exp-HTT aggregates and cell death. This
study distinguished between the two receptor pools by the use of
the uncompetitive NMDAR antagonist memantine, which selec-
tively antagonizes extrasynaptic NMDAR at low concentrations
(Rammes et al., 2008). The formation of non-toxic Exp-HTT
inclusions is dependent on synaptic NMDAR activation and the
induction of the T-complex-1 (TCP-1) subunit of TCP-1 ring
complex (TRiC), which associates with heat shock protein 70
(Hsp 70) to favor the formation of these inclusions. By con-
trast, activation of extrasynaptic NMDAR in the presence of Exp-
HTT down-regulates the protective PPAR alpha-co-activator-1α

(PGC-1α) cascade (see below) via an inhibition of ERK activa-
tion and CREB phosphorylation (Okamoto et al., 2009). Inhibi-
tion of extrasynaptic NMDAR after in vivo treatment with a low
dose of memantine over a period of 8 months increased TCP-
1 protein levels, inclusion formation, and improved the motor
function of YAC128 HD mice. By using the same approach, Mil-
nerwood et al. (2010) showed that a blockade of extrasynaptic
NMDAR restores basal levels of CREB activation and significantly
overcomes motor learning deficits of YAC128 mice. Even at pre-
symptomatic stages,YAC128 mice express more NMDAR subunits
at extrasynaptic sites than YAC18 control mice, and consequently
have a heightened response to glutamate spillover dependent on
an extrasynaptic GluN2B-containing NMDAR (Milnerwood et al.,
2010).

In addition to lateral NMDAR receptor localization, altered
NMDA receptor trafficking may also participate to neuronal exci-
totoxicity in the striatum. Accelerated NMDA receptor trafficking
and increased expression at the cell surface were found in stri-
atal neurons from the YAC72 HD mouse model (Fan et al., 2007).
This phenomenon can be related to an altered interaction between
Exp-HTT and postsynaptic density 95 (PSD-95), a scaffold pro-
tein necessary for NMDAR stability, which has been previously
described (Roche et al., 2001; Sun et al., 2001). Recently, associ-
ation of PSD-95 with GluN2B in striatal tissue has been shown
to be enhanced by Exp-HTT (Fan et al., 2009). Treatment of cul-
tured MSNs with a TAT coupled peptide that blocks binding of
GluN2B with PSD-95, reduces NMDAR surface expression in both

YAC transgenic and WT MSN and rescues cells from NMDAR
excitotoxicity.

The HIP1,which normally interacts with HTT, is involved in the
intracellular trafficking of glutamate receptors of the AMPA sub-
types. Exp-HTT, which interacts less efficiently with HIP1 than its
normal counterpart, participates to increased membranal expres-
sion of AMPA receptors and hence to excitotoxic neuronal death
in HD (Metzler et al., 2007). Altered calcium homeostasis in HD
could be due to an abnormal interaction between Exp-HTT and
the type 1 inositol 1,4,5-trisphosphate receptor (InsP3R1), which
regulates the cytoplasmic calcium clearance by the endoplasmic
reticulum (Tang et al., 2004, 2009). Disrupting the interaction
between InsP3R1 and Exp-HTT normalizes calcium signaling,
protects from glutamate-induced apoptosis in striatal neurons
in vitro, and reduces neuronal pathology and motor deficits in
a mouse model of HD in vivo.

STRIATAL VULNERABILITY: THE DOPAMINERGIC
HYPOTHESIS
In addition to the glutamatergic stimulation, some evidence indi-
cate that Dopamine (DA) stimulation may play a key role in
excitotoxicity in HD (Reynolds et al., 1998; Charvin et al., 2005,
2008; Cyr et al., 2006; Stack et al., 2007; Tang et al., 2007; Benchoua
et al., 2008); Knock-out mice for the DA transporter (DAT) show
spontaneous striatal death accompanied by behavioral alterations
that resemble HD specifically during aging (Cyr et al., 2003). In an
elegant study, a double mutant mouse strain with both enhanced
dopamine transmission and endogenous expression of a mutant
HTT gene was generated. This strain was generated by crossing
the DAT knock-out mouse with a knock-in mouse model of HD
containing 92 CAG repeats (Cyr et al., 2006). These double mutant
mice exhibited increased behavioral and neuropathological hall-
marks of HD, including neuropil aggregates in MSN projection
neurons. DA released from nigro-striatal inputs, is present in
high concentrations within the striatum and enhances sensitiv-
ity to glutamatergic inputs. It may also produce oxidative stress
via the production of reactive oxygen species (ROS), a cellular
process that increases with aging (Jakel and Maragos, 2000). In
particular, cultures of striatal neurons from R6/2 HD mice are
sensitized to DA-induced oxidative stress, leading to neuronal
autophagy (Petersen et al., 2001). ROS produced by low doses
of DA potentiate activation of the pro-apoptotic JNK pathway
induced by Exp-HTT (Garcia et al., 2004; Charvin et al., 2005),
the pharmacological inhibition of which is neuroprotective in the
R6/2 transgenic mouse model of HD (Apostol et al., 2008). DA
may also render striatal neurons more vulnerable to Exp-HTT
via dopamine receptor-mediated mechanisms (Charvin et al.,
2005, 2008). Depending on the cell line model of HD, express-
ing either the full length or truncated versions of Exp-HTT, D1,
or D2 receptors stimulation seems to be different. Full-length
Exp-HTT is required for alteration of calcium signaling (Zhang
et al., 2008). In striatal neurons from YAC128 transgenic or Q111
knock-in mice, both expressing full-length Exp-HTT, D1 recep-
tor stimulation potentiates calcium influx via NMDA receptors,
and hence excitotoxic processes, including mitochondrial depo-
larization, and caspase activation (Cepeda et al., 2001; Zeron et al.,
2002, 2004; Starling et al., 2005; Tang et al., 2007). More recently, a
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calcium-dependent activation of calpain was shown to be involved
in striatal death after convergent activation of NMDA and D1
receptors in HD cell models (Paoletti et al., 2008). Increases in cal-
cium influx lead to the cleavage of Cdk5 co-activator p35 into p25,
which enables an aberrant toxic activation of Cdk5 (Paoletti et al.,
2008). By contrast, when associated with p35 as a co-activator,
Cdk5 is known to be protective via phosphorylation of Exp-HTT
and the blockade of caspase-induced cleavage, resulting in attenu-
ated aggregate formation and toxicity (Luo et al., 2005; Anne et al.,
2007). Consistently, Cdk5/p35 suppresses the formation of aggre-
gates induced by a short fragment of Exp-HTT (exon 1), via a new,
unexpected role on microtubule stability and hence inclusion for-
mation (Kaminosono et al., 2008). Together, these data highlight
the complexity of Cdk5 activity and the importance of targeting
selectively p25 to block Exp-HTT-induced inclusion formation
and neuronal death.

A central role of DARPP-32 (Dopaminergic and cAMP-
regulated phosphoprotein) has also been proposed (Metzler et al.,
2010). DARPP-32 phosphorylation at Thr34 is induced by a D1
agonist (SKF 81297) and inhibits in turn the activity of PP1, a
phosphatase that dephosphorylates the Ser421 residue of the HTT
protein. Of interest, inhibition of PP1 can offer protection from
NMDA-induced excitotoxicity in YAC128 mice, through increased
phosphorylation of Ser421-HTT. The loss of DARPP-32 expres-
sion described in HD results in an increase of PP1 activity followed
by a decrease of Ser421-Exp-HTT phosphorylation (Metzler et al.,
2010). As its cleaved version, Exp-HTT is not sensitive to D1 ago-
nists, probably because it is not sensitive to calcium overload and
calcium-dependent proteolytic processes produced by D1 recep-
tor stimulation. By contrast, D2 receptors stimulation potentiates
Exp-HTT-induced aggregate formation, deficiency of mitochon-
drial complex II protein activity, and neuronal death (Charvin
et al., 2005; Benchoua et al., 2008). In vivo, in a rat model of
HD based on lentiviral-mediated expression of Exp-HTT exon 1
in the striatum (De Almeida et al., 2002), an early and chronic
treatment with the D2 antagonist, haloperidol decanoate, protects
striatal neurons from Exp-HTT-induced dysfunction, and aggre-
gates formation (Charvin et al., 2008). Striatal signaling mediated
by D2 receptor stimulation on Exp-HTT toxicity has been recently
elucidated. Inhibition of the Rho/ROCK pathway using selec-
tive inhibitors or knockdown of ROCK-II expression reversed
D2 agonist-mediated aggregate formation, neuritic retraction and
neuronal death induced by Exp-HTT (Deyts et al., 2009).

MITOCHONDRIAL DYSFUNCTION AND ENERGY DEFICITS
Defects in energy metabolism in brain and muscles, has long been
proposed to be involved in HD, from clinical (Djousse et al., 2002;
Hamilton et al., 2004) biochemical (Arenas et al., 1998; Turner
et al., 2007) and neuroimaging studies (Jenkins et al., 1998). In
HD patients there is strong evidence for reduced glucose consump-
tion in the brain, more specifically in the basal ganglia (Grafton
et al., 1992; Kuwert et al., 1993) as well as increased lactate con-
centrations in the basal ganglia and occipital cortex (Jenkins et al.,
1993), and lactate-to-pyruvate levels in the CSF (Jenkins et al.,
1998). Various mechanisms that underlie the energy deficit in the
HD brain have been proposed (Mochel et al., 2007; Mochel and
Haller, 2011). They include impaired oxidative phosphorylation,

oxidative stress, impaired mitochondrial calcium handling, abnor-
mal mitochondria trafficking, decreased glycolysis, and transcrip-
tional deregulation of PGC-1α. A deficiency of respiratory chain
complex II, i.e., succinate dehydrogenase (SDH), in HD has been
proposed since the observation that accidental ingestion of 3-
nitropropionic acid (3-NP), an irreversible inhibitor of SDH,
reproduces the clinical and neuropathological characteristics of
HD in humans (Brouillet et al., 1999). In rodents, systemic 3-NP
administration reproduces selective striatal degeneration, despite
an altered SDH activity in multiple brain regions (Brouillet et al.,
1998). Conversely, restoration of the complex II activity level is
neuroprotective in a cellular model of HD (Benchoua et al., 2006).
Activation of the pro-apoptotic JNK pathway is observed selec-
tively in striatal neurons of 3-NP-administered rats in vivo, and
overexpression of a dominant negative, non-phosphorylable ver-
sion of c-Jun in vitro inhibits striatal degeneration induced by
3-NP (Garcia et al., 2002). DA signaling regulates SDH enzymatic
activity (Benchoua et al., 2008) and hence may account for the vul-
nerability of striatal neurons in HD. Furthermore, as detailed in
the next section Exp-HTT-induced transcriptional dysregulation
is now thought to contribute to altered bioenergetics.

TRANSCRIPTIONAL DYSREGULATION
Transcriptional dysregulation is an early event in the neuropatho-
logical process. Altered levels of dopaminergic receptor and neu-
ropeptide mRNAs observed in patient’s brain tissues (Augood
et al., 1996, 1997) are also observed in pre-symptomatic HD’s
transgenic mice, suggesting that changes in transcription underlie
neurodegeneration rather than reflecting non-specific degrada-
tion of all RNAs in affected neurons (Cha et al., 1998, 1999).
Subsequently, multiple genes encoding neurotransmitter recep-
tors, enzymes, and proteins involved in neuron structure, stress
responses, and axonal transport were found to be dysregulated
(Luthi-Carter et al., 2000, 2002; Sugars and Rubinsztein, 2003;
Cha, 2007; Runne et al., 2007), with overlaps of altered tran-
scripts between various mouse models of HD and brain of HD
patients (Kuhn et al., 2007). Interestingly, more than 80% of clas-
sically admitted striatal-enriched genes (genes with higher relative
expression in the striatum compared with other brain regions)
are decreased in a mouse model of HD as well as in human HD
postmortem brain (Desplats et al., 2006). A down-regulation of
novel striatal-enriched genes involved in vesicle transport and
trafficking, tryptophan metabolism, and neuroinflammation were
identified more recently in both HD mouse striatum and caudate
from HD patients (Mazarei et al., 2010). Of interest, most of HD-
induced dysregulation of the striatal transcriptome can be largely
attributed to the intrinsic effects of mutant HTT, in the absence of
expression in cortical neurons (Thomas et al., 2011).

Transcriptional dysregulation can be found in large genomic
regions in a coordinated fashion and this dysregulation is associ-
ated with disease progression. Attempts were made to use tran-
scriptional dysregulation as a biomarker in HD. Genome-wide
expression profiling of the blood from HD’s patients revealed
significant differences in symptomatic patients (Borovecki et al.,
2005), but not moderate-stage patients (Runne et al., 2007).
Thus, these biomarkers need to be further validated before their
widespread use in clinical trials.
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MOLECULAR MECHANISMS OF TRANSCRIPTIONAL DYSREGULATION
IN HD
Within the nucleus Exp-HTT, under its soluble or aggregated form,
interacts with and inhibits the activity of proteins involved in the
normal transcriptional machinery. These include TATA binding
protein (TBP), transcription factor II F (TFIIF), and tyrosine-
aminotransferase II (TATII) 130 (Shimohata et al., 2000; Suhr
et al., 2001; Dunah et al., 2002; Li et al., 2002). Exp-HTT also
sequesters transcription factors involved in cell viability, includ-
ing CREB protein (CBP), p53, specificity protein 1 (Sp1), nuclear
factor-kappa B (NF-κB), nuclear receptor co-repressor (NCoR),
and CA150 (Boutell et al., 1999; Li et al., 2000; Steffan et al., 2000;
Nucifora et al., 2001; Dunah et al., 2002; Bae et al., 2005; Arango
et al., 2006). Expression levels of BDNF, and its receptor TrkB,
are decreased in the striatum of HD patient’s, suggesting a deficit
in cortical neurotrophic support of the striatum (Ferrer et al.,
2000; Zuccato et al., 2001; Lynch et al., 2007; Strand et al., 2007).
In animal models of HD, cortical BDNF expression is reduced
(Zuccato et al., 2001). Moreover, downregulating BDNF in stria-
tum in mice worsens the HD phenotype, whereas elevating BDNF
expression in the forebrain alleviates the HD phenotype (Canals
et al., 2004; Strand et al., 2007; Gharami et al., 2008; Xie et al.,
2010). The molecular mechanisms by which Exp-HTT drives the
down-regulation of BDNF expression in cortical neurons have
been unraveled. Wild-type HTT sequesters R element-1 silencing
transcription factor (REST), a transcriptional repressor of neu-
ronal survival factors including BDNF, within the cytoplasm. The
HTT mutation leads to REST release within the nucleus, where
it exerts a potent inhibitory role on the transcription of BDNF
and other neuronal genes (Zuccato et al., 2001, 2003, 2007). Fur-
thermore, REST mRNA levels are increased in R6/2 mouse model
of HD and NG108 neuronal-like model of HD. At the transcrip-
tional level, Sp1 binds to the Sp factor binding sites contained in the
promoter of REST and contributes to Exp-HTT-mediated REST
upregulation (Ravache et al., 2010). BDNF expression is also a
component of the neuroprotective transcriptional response medi-
ated by NF-κB in neurons (Lipsky et al., 2001). In addition, the loss
of BDNF expression and low levels of NF-κB activity in neurons
could lead to impairments of cognitive functions (Kaltschmidt
et al., 2005; Meffert and Baltimore, 2005), a common feature of
neurodegenerative disorders such as HD.

A LINK BETWEEN TRANSCRIPTIONAL DYSREGULATION AND ENERGY
DEFICITS IN HD
A link between Exp-HTT-induced transcriptional dysregulation
and energy deficits has been recently described. Exp-HTT binds
to the tumor suppression gene p53 more avidly than wild-type
HTT and has been reported to increase p53 protein levels, nuclear
localization and transcriptional activity in neuronal cultures and
transgenic mice (Bae et al., 2005). Augmented p53 activity medi-
ates mitochondrial membrane depolarization and decreases com-
plex IV activity, and p53 inhibition or genetic deletion ameliorates
these changes in a cell culture model. PGC-1α is a transcriptional
co-activator that regulates mitochondrial biogenesis and oxidative
phosphorylation (Cui et al., 2006; Weydt et al., 2006). A role of
PGC-1α in HD pathogenesis was suspected from the observation
of selective striatal lesions in PGC-1α knock-mice (Lin et al., 2004).

A direct link between CREB phosphorylation and transcriptional
regulation at the PGC-1α promoter has been observed in neuronal
cells (Cui et al., 2006). Impairment of the CREB/PGC-1α signal-
ing cascade by suppression of excitatory synaptic activity or by
stimulation of extracellular NMDA receptors increases the vulner-
ability of HD neuronal cells (Okamoto et al., 2009). Mitogen and
stress-activated protein kinase-1 (MSK-1),a nuclear protein kinase
activated downstream of ERK, was shown to control the expression
levels of PGC-1α via increased binding of phosphorylated-CREB
and Histone H3 at the promoter region of PGC-1α. Overexpres-
sion of MSK-1 was protective against Exp-HTT-induced striatal
dysfunctions in vitro (Roze et al., 2008) and in vivo (Martin et al.,
2011; Figure 1).

ACTING ON CHROMATIN REMODELING TO IMPROVE
TRANSCRIPTIONAL DYSREGULATION IN HD
Chromatin remodeling that underlies DNA decompaction was
first described in dividing cells, but is also one of the prime events
of transcription in post-mitotic mature neurons (Taniura et al.,
2007). This “above the genome” molecular mechanism, also called
an epigenetic mechanism, gates DNA access, and hence transcrip-
tion. It is critically controlled by post-translational modifications
of histones (H2A and H2B, H3 and H4), a group of highly basic
proteins tightly linked to DNA. In particular, the methylation and
acetylation state of histones is closely linked to the regions of
transcriptional activity by regulating transcription factor access to
promoter regions in the DNA. Histone acetylation at a promoter
generally increases transcription and the enzymes that catalyze
these reactions are histone acetyltransferases (HATs). By contrast,
HDACs catalyze deacetylation. Exp-HTT interacts with CBP and
blocks its intrinsic HAT activity (Steffan et al., 2001). Administra-
tion of HDACs inhibitors, including SAHA, sodium butyrate, and
phenylbutyrate, has demonstrated their therapeutic role in sev-
eral HD models (Steffan et al., 2000; Ferrante et al., 2003; Hockly
et al., 2003; Gardian et al., 2005), as they improved behavioral
performance and neuronal survival. Interestingly, administration
of a new benzamide-type HDAC inhibitor with lower potential
toxicity than previous HDAC inhibitors, HDACi 4b, also restores
the transcription of critical striatal genes and improves motor and
neuropathological phenotype of R6/2 HD mice (Thomas et al.,
2008). All these HDAC inhibitors act broadly across various classes
of HDACs (Lesort et al., 1999). Inhibitors targeting a specific class
of HDACs may result in a better benefit to side effect ratio (Pal-
los et al., 2008). Finally, it must be emphasized that the levels of
acetylated histones are not decreased globally in HD mice models,
but rather selectively in the promoters of genes that are specifically
down-regulated in HD (Sadri-Vakili et al., 2007).

Methylation of histones plays the opposite, inhibitory role on
transcription. One of the proteins involved in methyltransferase
activity at histone H3 (K9) is ERG-associated protein with SET
domain (ESET). ESET expression is increased in HD patients and
R6/2 HD mice (Ryu et al., 2006). Sp1 acts as a transcriptional
activator of the ESET promoter at guanosine–cytosine (GC)-rich
DNA binding sites (Yang et al., 2003). Inhibiting Sp1 binding
to these sites using mitramycin (a clinically approved antitumor
antibiotic) suppressed basal ESET promoter activity in a dose-
dependent manner. The combined pharmacological treatment of
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mithramycin and cystamine, down-regulates ESET gene expres-
sion and hypertrimethylation of histone H3. This treatment
significantly ameliorates the behavioral and neuropathological
phenotype of R6/2 HD mice and improves their survival. Owing
to its HEAT repeat α-solenoid structure, HTT acts as a facilitator
of the epigenetic silencer polycomb repressive complex 2 (PRC2;
Seong et al., 2010). The polyglutamine region augments PRC2
stimulation and hence H3 trimethylation on specific promoters,
including Hoxb9. In general, the DNA/RNA binding agents anthra-
cyclines are thought to provide a significant therapeutic potential
by correcting the pathological nucleosome changes and realigning
transcription. Two such agents, chromomycin and mithramycin,
were found to improve altered nucleosomal homeostasis, and by
virtue of normalizing the shift in the balance between methylation
and acetylation in HD mice, could alter a subset of down-regulated
genes accompanied by a significant improvement of the behavioral
and neuropathological phenotype observed in HD mice (Stack
et al., 2007).

The transcriptional co-repressor transglutaminase 2 (TG2),
which is up-regulated in HD, interacts physically with Histone H3
and could contribute to gene silencing via hyperpolyamination of
histone tails (McConoughey et al., 2010). The inhibition of TG2
increases PGC-1α expression, but also that of 40% of genes that
are dysregulated (Karpuj et al., 1999; Lesort et al., 1999) in HD stri-
atal neurons. Histone H2A ubiquitinylation is increased in R6/2
HD mice and the association of ubiquitinylated H2A with the pro-
moters of down-regulated genes is increased in an in vitro model
of HD (Kim et al., 2008). This transcriptional repression is res-
cued by restoration of the ubiquitinylated H2A level. In addition,
histone H2B ubiquitinylation is decreased in R6/2 HD mice and
association of ubiquitinylated H2B with promoters positively cor-
relates with transcriptional level in R6/2 mice. This transcriptional
modulation by H2 ubiquitinylation is thought to occur through
a subsequent interference with methylation of histone H3 (Kim
et al., 2008).

Histone H3 phosphorylation is also critical to induce the
nucleosomal response and gene transcription at some promot-
ers. MSK-1 is critically involved in Histone H3 phosphorylation
in the striatum (Brami-Cherrier et al., 2005, 2009). It is defi-
cient in the striatum of R6/2 mice and postmortem caudate of
HD patients (Roze et al., 2008). Restoring MSK-1 expression and
subsequent striatal H3 phosphorylation in an in vitro model

system of HD protects against neuronal alteration induced by the
Exp-HTT including neuritic retraction, aggregate formation, and
neuronal death (Roze et al., 2008). In vivo, in a rat model of HD
based on striatal lentiviral expression of Exp-HTT, overexpression
of MSK-1 induced hyperphosphorylation of H3 and CREB, along
with an overexpression of PGC-1α (Martin et al., 2011). Simi-
larly to PGC-1α, MSK-1 protects from Exp-HTT-induced striatal
dysfunctions, including DARPP-32 down-regulation and neuronal
death. Furthermore MSK-1 knock-out mice are more susceptible
to 3-NP-induced striatal lesion, and aging MSK-1 knock-out mice
show spontaneous striatal degeneration (Martin et al., 2011).

CONCLUSION
The regulation of neuronal death has been intensely investigated
and, due to its paramount implications for neurodegenerative dis-
ease, has sparked one of the most prolific research fields in the past
decades. In particular, basic research has provided novel insights
into the molecular machinery of neuronal signaling, and how it
mediates neuronal dysfunction and death in progressive neurode-
generative diseases. HD involves a complex pathological cascade
with multiple deleterious mechanisms, affecting predominantly
the striatal neurons. This striatal vulnerability to HD-induced
neuronal dysfunction reflects both the particular characteristics of
striatal neurons (cell-autonomous alterations) and their location
within the functional neuronal networks (non-cell-autonomous
alterations). The various pathological events are not proceeding
in succession but instead take place in parallel with continu-
ous reciprocal interactions. This parallel and interactive nature
should be taken into account for both the general understand-
ing of the HD-related neurodegeneration and any therapeutic
approach.
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The striatum is composed principally of GABAergic, medium spiny striatal projection neu-
rons (MSNs) that can be categorized based on their gene expression, electrophysiological
profiles, and input–output circuits. Major subdivisions of MSN populations include (1) those
in ventromedial and dorsolateral striatal regions, (2) those giving rise to the direct and indi-
rect pathways, and (3) those that lie in the striosome and matrix compartments. The first
two classificatory schemes have enabled advances in understanding of how basal ganglia
circuits contribute to disease. However, despite the large number of molecules that are
differentially expressed in the striosomes or the extra-striosomal matrix, and the evidence
that these compartments have different input–output connections, our understanding of
how this compartmentalization contributes to striatal function is still not clear. A broad view
is that the matrix contains the direct and indirect pathway MSNs that form parts of sensori-
motor and associative circuits, whereas striosomes contain MSNs that receive input from
parts of limbic cortex and project directly or indirectly to the dopamine-containing neurons
of the substantia nigra, pars compacta. Striosomes are widely distributed within the stria-
tum and are thought to exert global, as well as local, influences on striatal processing by
exchanging information with the surrounding matrix, including through interneurons that
send processes into both compartments. It has been suggested that striosomes exert and
maintain limbic control over behaviors driven by surrounding sensorimotor and associative
parts of the striatal matrix. Consistent with this possibility, imbalances between striosome
and matrix functions have been reported in relation to neurological disorders, including
Huntington’s disease, L-DOPA-induced dyskinesias, dystonia, and drug addiction. Here,
we consider how signaling imbalances between the striosomes and matrix might relate to
symptomatology in these disorders.

Keywords: striatum, medium spiny neuron, Huntington’s disease, Parkinson’s disease, dystonia, dyskinesia,

substantia nigra, CalDAG-GEF

INTRODUCTION
The striatum is the primary input side of the basal ganglia, a set
of subcortical brain regions that are important for the control of
voluntary movement and our ability to learn patterns of behavior
that maximize reward. The striatum integrates incoming infor-
mation from all regions of the cerebral cortex in order to build
motor patterns based on the current environment and desires as
well as on past experience (Graybiel, 2008; Figure 1A). Distinct,
largely parallel cortico-basal ganglia-thalamo-cortico loops have
been proposed to control different aspects of behavior (Alexander
et al., 1986) and different stages of behavioral learning (Yin et al.,
2008). There are marked changes in activity across the striatum
as animals undergo the transition from early-stage, goal-directed
motor learning to habitual, goal-independent behaviors (Thorn
et al., 2010). Lesion studies suggest that the ventromedial striatum
drives the early stages of motor learning and that the dorsolat-
eral striatum is more important for the development of habitual
behaviors (Yin et al., 2004; Atallah et al., 2007). Considering its
key function in reward-based learning, it is no surprise that the
striatum is implicated in a wide variety of behaviors. This breadth

of function is strikingly exhibited in the range of clinical disorders
for which abnormal functioning of the striatum has been found,
including not only classical motor disorders: Parkinson’s disease
(PD), Huntington’s disease (HD), and dystonia, but also habit
formation and drug addiction, impulsivity and attention-deficit
hyperactivity disorder (ADHD), compulsivity and obsessive com-
pulsive disorder, emotional control, and depression (for review,
see Graybiel and Mink, 2009).

Incoming cortical activity is modulated in the striatum by neu-
rochemicals that reflect mood, motivation, and expectation. The
striatum is heavily enriched in a number of neurochemical recep-
tor systems including those for dopamine, acetylcholine, endo-
cannabinoids, and endogenous opiates (Graybiel, 1990). Striatal
circuits for appropriate behaviors can thus be engaged accord-
ing to the neurochemical receptors that they express. For example,
medium spiny striatal projection neurons (MSNs) that are part of a
circuit that promotes movement express the Drd1 (D1) dopamine
receptor, which boosts MSN cell excitability. MSNs that are part
of a circuit that suppresses movement express the Drd2 (D2)
dopamine receptor, which diminishes excitability of this MSN
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FIGURE 1 | Neuroanatomical connections of the basal ganglia. (A)

Schematic diagram of major basal ganglia circuits with highly schematized
indications of component functions. The striatum with its matrix (M) and
striosomal (S) compartments is centered in the diagram. Four major
pathways are emphasized: the direct (1) and indirect (2) pathways, the
hyperdirect pathway (3), and the striosomal pathway (4). Reprinted with
permission from The Cognitive Neurosciences, 4th Edition (Graybiel and
Mink, 2009). (B) Model of the direct, indirect, and striosome-specific
striatal projection pathways from the dorsal striatum. The diagram is
based on a cross-section through the striatum of an adult rat,
immunostained for CalDAG-GEFII. Striosomes are shown in blue, and the
extra-striosomal matrix in orange. Shading of the striatum from medial

(right) to lateral (left) schematically indicates limbic, associative, and
sensorimotor striatal domains. Arrows flowing into the striatum are
colored to represent the relative abundance of inputs from limbic cortical
regions to striosomes and from sensorimotor and associative regions to
the matrix. Arrows exiting the striatum represent GABAergic efferent
connections from the medium spiny projection neurons (MSNs) in the
striosome and matrix compartments to their respective downstream
target nuclei. The nucleus accumbens is shown in gray. GPe, external
segment of the globus pallidus; GPi, internal segment of the globus
pallidus (entopeduncular nucleus, in rodents); SNr, substantia nigra pars
reticulata; SNc, dopamine-containing substantia nigra, pars compacta; AC,
anterior commissure; STN, subthalamic nucleus.

cell-type. Thus, dopamine has a pro-movement effect by simul-
taneously promoting and disinhibiting movement through the
so-called direct and indirect pathways, respectively (Albin et al.,
1989; Delong, 1990).

Balanced regulation of the direct and indirect pathways is
important for motor control, as evidenced by deficits associ-
ated with selective disruption of either the direct pathway (D1-
enriched), or the indirect pathway (D2-enriched). The direct path-
way MSNs target primarily two nuclei of the basal ganglia – the
internal segment of the globus pallidus (GPi), known in rodents
as the entopeduncular nucleus (EP), and the substantia nigra pars
reticulata (SNr; Figure 1B). The SNr and GPi in turn send their
outputs to brainstem nuclei and to components of the motor thal-
amus, which excite cortical areas related to motor control. The
indirect pathway MSNs project to the external pallidal segment
(GPe, often known simply as the globus pallidus in rodents), which
inversely controls these same thalamo-cortical motor circuits.
Support for this model, oversimplified as it undoubtedly is, has
flourished with the development of genetically engineered mice
and cell-type specific viral vectors in which the direct and indirect
pathways can be separately characterized and controlled, includ-
ing by optogenetic intervention (Valjent et al., 2009; Kravitz and
Kreitzer, 2011). Such studies have contributed to our understand-
ing of symptoms and therapies in movement disorders, including
PD and HD, in which there is neurodegeneration of basal ganglia
nuclei (Albin et al., 1989, 1995).

Studies of how the striatum controls movement have focused
heavily on dopamine and the direct and indirect pathways. A less
well-studied but equally distinct pair of striatal circuits originates
in striatal compartments that are known as the striosomes (or
patch) and matrix. These compartments can be defined by their
pronounced segregation of numerous neurotransmitter-related
signaling molecules (Graybiel, 1990). The striosomal compart-
ment of the dorsal striatum forms a labyrinthine, interconnected
structure that is embedded in the surrounding striatal matrix
(Pert et al., 1976; Graybiel and Ragsdale, 1978; Herkenham and
Pert, 1981; Gerfen, 1984). Whereas the main afferent connec-
tions of the matrix are related to associative and sensorimotor
regions, striosomes have predominant limbic-related connections
(Jimenez-Castellanos and Graybiel, 1987; Gerfen, 1989; Eblen and
Graybiel, 1995; Kincaid and Wilson, 1996). Both striosomes and
matrix contain MSNs that project to the direct and indirect path-
way target nuclei but, in some documented cases, to separate sub-
regions. Most, but not all, of the local connectivity of these MSNs
is with other neurons within their own compartment or with
interneurons located near the compartment borders (Somogyi
et al., 1981; Gerfen, 1984; Walker et al., 1993; Kincaid and Wilson,
1996; Tokuno et al., 2002; Levesque and Parent, 2005; Fujiyama
et al., 2006, 2011). The striosome compartment is thought to con-
tain the only striatal neurons that have direct projections to the
substantia nigra, pars compacta (SNc), which contains dopamine-
producing neurons that project back to the entire dorsal striatum
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(Gerfen, 1984; Jimenez-Castellanos and Graybiel, 1989; Tokuno
et al., 2002; Fujiyama et al., 2011).

The striosome and matrix compartments are typically defined
by their gene expression profiles. Upward of 60 genes are reported
to be differentially expressed in the striosomes and matrix
(Table 1). This review is based on the proposition that these dis-
tinct molecular expression patterns are likely to reflect specialized
processing by striosome-based circuits of the basal ganglia. As
evidence already suggests that striosomes and matrix have dif-
ferential vulnerability patterns in some basal ganglia-associated
disorders, there is a clear need to understand how these com-
partments influence behavior in health and disease. Until very
recently, the functions of striosomes and matrix have been sur-
mised primarily on the basis of their activation profiles, mainly by
immediate early gene (IEG) induction assays, and on the basis of
their distinct input–output connections. The creation of genetic
tools by which these two compartments can be selectively manip-
ulated will certainly shed light on their function. Here, we review
differences between the striosomes and matrix at the anatomical
and gene expression level and differences between these two com-
partments in a wide variety of diseases associated with abnormal
movement and emotion.

DISTINGUISHING FEATURES OF THE STRIOSOME AND
MATRIX COMPARTMENTS OF THE DORSAL STRIATUM
DEVELOPMENT OF THE STRIOSOME AND MATRIX COMPARTMENTS
A striosome-substantia nigra-striatum circuit is established rela-
tively early in the developing striatum. The striosomal neurons
are born in a discrete time-window, during the time that layer 6
neurons of the neocortex are born (Graybiel and Hickey, 1982), as
though forming an ontogenetic unit. They begin to migrate out
from the lateral ganglionic eminence earlier in development than
most matrix neurons, which are mainly born later in embryoge-
nesis. The developing striosomes correspond to the “dopamine
islands” formed by incoming dopamine-containing nigrostriatal
fibers (Olson et al., 1972; Graybiel, 1984; Moon Edley and Herken-
ham, 1984; Fishell and Van Der Kooy, 1987). Anatomical studies
suggest that the clusters of MSNs in the proto-striosomes begin
to mature just in advance of the dopamine-containing fibers that
demarcate the clusters (Newman-Gage and Graybiel, 1988). The
dopamine-containing fiber input to striosomes is nevertheless
required for the expression of some striosomal markers, including
the mu opioid receptor (Van Der Kooy and Fishell, 1992).

The protostriosomal neurons project to developing dopamine-
containing neurons in the ventral mesencephalon and secrete
Reelin (Nishikawa et al., 1999), a protein that is essential for the
lateral migration of dopamine-containing neurons that come to
form the SNc (Nishikawa et al., 2003). The neurotrophic factor,
GDNF, is also enriched in striosomes, and its expression in the
striatum is important for survival of the dopamine-containing
neurons (Lopez-Martin et al., 1999; Oo et al., 2005). As later-born
matrix neurons migrate out into the striatum, they form caudal-
to-rostral and lateral-to-medial gradients of migration, beginning
around E20 in rats (Liu and Graybiel, 1992) and at compara-
ble times in cats (Newman-Gage and Graybiel, 1988). Peri-natally,
cell-type specific expression of ephrins and their receptors serve to

compartmentalize the MSNs into striosome and matrix compart-
ments (Janis et al., 1999; Passante et al., 2008). Finally, extracellular
matrix proteins and peri-neuronal nets have dynamic compart-
mental distributions that may contribute to the consolidation of
synaptic circuits and the mature appearance of the striatum by
about P20 (Liu and Graybiel, 1992; Lee et al., 2008).

In adulthood, striosomes make up roughly 15% of the volume
in the dorsal striatum (Johnston et al., 1990) of humans, monkeys,
rats, and mice and they are largest in the rostral and medial parts
of the striatum – to be precise, the medial and anterior caudoputa-
men in rodents and the caudate nucleus and anterior putamen in
primates (Graybiel and Ragsdale, 1978). Striosome–matrix com-
partmentalization is largely, but not entirely, observed by the den-
drite and local axon collaterals of striatal neurons. MSNs have axon
collaterals that mainly synapse onto neighboring MSNs within the
same compartment, and the dendritic trees of MSNs tend to be
compartmentally confined (Walker et al., 1993; Kincaid and Wil-
son, 1996; Yung et al., 1996; Fujiyama et al., 2011). It is thought
that differential activation of striosomes and matrix could be mod-
ulated, in part, by differentially distributed striatal interneurons,
including cholinergic interneurons and somatostatin/nitric oxide
synthase-positive interneurons that tend to be located at compart-
ment borders (Graybiel et al., 1986; Kubota and Kawaguchi, 1993;
Aosaki et al., 1994; Saka et al., 2002; Miura et al., 2007).

A number of transcription factors, including Ctip2 (Arlotta
et al., 2008), RARβ (Liao et al., 2008), and Dlx1/2 (Ander-
son et al., 1997) are required for the differentiation of MSNs.
The compartment-enriched expression of multiple genes has
been found to change not only prenatally, but also during the
period between birth and maturity, as the compartmental pat-
tern matures. Remarkably, despite the limitation of anatomical
marking of post-mortem human brain sections, evidence sug-
gests that the outlines of this developmental pattern are visible
in humans. Striosomes have been identified in prenatal striatum
by histochemical (acetylcholinesterase) staining methods and a
switch in the compartmental staining with this marker occurs
during the postnatal period (Graybiel and Ragsdale, 1980). There
are also cross-species variations in compartmental gene enrich-
ment. Table 1 summarizes molecules reported to be differentially
expressed in striosomes or extra-striosomal matrix, with a bias
toward differences reported in adult animals.

COMMON AND DISTINCT EFFERENT CONNECTIONS OF THE
STRIOSOME AND MATRIX COMPARTMENTS
Definitive evidence about the connections of striosomal MSNs has
been difficult to obtain for technical reasons, but a recent study
based on single-neuron labeling now suggests that in adult rats,
striosomal MSNs may be unique among striatal MSNs in pro-
jecting directly to the SNc, which contains dopamine-producing
neurons (Fujiyama et al., 2011). This single-neuron evidence is
in accord with earlier work with classical anterograde and ret-
rograde tracing methods (Gerfen, 1985; Jimenez-Castellanos and
Graybiel, 1989; Tokuno et al., 2002). One such retrograde labeling
experiment indicated that the densocellular zone of the SNc, which
exhibits low levels of acetylcholinesterase (AchE) immunoreactiv-
ity relative to the surrounding region, is preferentially targeted by
striosomes, which are also AchE-poor (Jimenez-Castellanos and
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Table 1 | Molecules with differential expression between the striosome and matrix compartments of the dorsal striatum.

Gene/protein

abbreviation

Full name Species Reference

STRIOSOME-ENRICHED

5HT2a Serotonin receptor type 2a Human; monkey; mouse Lopez-Gimenez et al. (1999, 2001, 2002)

5HT2c Serotonin receptor type 2c Rat Ward and Dorsa (1996)

AADC Aromatic, l-amino acid decarboxylase Early postnatal mouse Kim et al. (2002)

Adora2A Adenosine receptor type 2A Early postnatal rat Schiffmann and Vanderhaeghen (1992)

Bcl-2 B-cell CLL/lymphoma 2 Monkey Bernier and Parent (1998)

C3HC4 Membrane-associated ring finger 4 Mouse Gensat (Gong et al., 2003)

CalDAG-

GEFII/RasGRP

Calcium/diacylglycerol-regulated guanine

nucleotide exchange factor II

Rat Pierret et al. (2002), Crittenden et al. (2009)

CALB2 Calretinin Mouse Davis and Puhl (2011)

CHRM Cholinergic receptors, muscarinic (ligand

binding assay)

Fetal human; E50 and adult

cat; Ferret; Rat

Nastuk and Graybiel (1985)

Cxcr4 Chemokine (C-X-C motif) receptor 4 P7 mouse Gensat (Gong et al., 2003)

DARPP-32 Dopamine and cAMP-regulated

phosphoprotein 32 kDa

P0 mouse Arlotta et al. (2008)

Drd1 Dopamine receptor D1 Human; monkey; cat; rat;

early postnatal mouse
Besson et al. (1988), Murrin and Zeng (1989),

Kim et al. (2002)
Drd4 Dopamine receptor D4 Monkey; rat; mouse Rivera et al. (2002)

CD73 Ecto-5′-nucleotidase (enzymatic assay) Rat Schoen and Graybiel (1992)

Egr1 Early growth response 1 P7 mouse Gensat (Gong et al., 2003)

EphA7 Ephrin receptor A7 P7 mouse Gensat (Gong et al., 2003)

Fam131 Family with sequence similarity 131,

member B

Mouse Gensat (Gong et al., 2003)

FoxP2 Forkhead box P2 Prenatal monkey; P3-P20 Takahashi et al. (2003, 2008)

Gαolf Olfactory type G-protein, alpha subunit Mouse Sako et al. (2010)

Gad2/Gad65 Glutamate decarboxylase 2 Mouse Gensat (Gong et al., 2003)

GDNF Glial cell line-derived neurotrophic factor Early postnatal rat Lopez-Martin et al. (1999)

GluR1 Glutamate receptor, ionotropic, AMPA 1 P0 mouse Martin et al. (1993a,b), Arlotta et al. (2008)

GRIK Glutamate receptor, ionotropic, kainate

(ligand binding assay)

Human Dure et al. (1992)

HTT Huntingtin protein Rat Kosinski et al. (1997)

IP3R Inositol 1,4,5-triphosphate receptor Monkey Fotuhi et al. (1993)

Kcnip2 Kv channel-interacting protein 2 P0 mouse Arlotta et al., 2008)

KChIP1 Kv4 potassium channel subunit potassium

channel-interacting protein 1

Monkey Mikula et al. (2009)

LSAMP Limbic system-associated membrane protein Cat Chesselet et al. (1991)

MAP2 Microtubule-associated protein 2 P0 mouse Arlotta et al. (2008)

MOR1 Opioid receptor, mu 1 Rat; mouse; P0 mouse Herkenham and Pert (1981), Arlotta et al. (2008)

Nnat Neuronatin Mouse Gensat (Gong et al., 2003)

NPY2R Neuropeptide Y receptor Y2 P7 mouse Gensat (Gong et al., 2003)

N-TAF1 TBP-associated RNA polymerase II Rat Sako et al. (2011)

Ntrk3 Neurotrophic tyrosine kinase receptor type 3 Mouse Gensat (Gong et al., 2003)

Nur77/NR4a1 Nuclear hormone receptor Mouse Davis and Puhl (2011), Gensat (Gong et al., 2003)

PBX3 Pre-B-cell leukemia homeobox 3 Prenatal monkey Takahashi et al. (2008)

PCDH OL-Protocadherin P2 mouse Redies et al. (2002)

Pdyn Prodynorphin Mouse Gensat (Gong et al., 2003)

Phactr1 Phosphatase and actin regulator P7 mouse Gensat (Gong et al., 2003)

PIK3R1 Phosphoinositide-3-kinase, regulatory

subunit 1 (alpha)

P7 mouse Gensat (Gong et al., 2003)

PLCgamma Phospholipase C, gamma Primate Fotuhi et al. (1993)

(Continued)
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Table 1 | Continued

Gene/protein

abbreviation

Full name Species Reference

PLCbeta Phospholipase C, beta Primate Fotuhi et al. (1993)

RELN Reelin P3 rat; P0 mouse Nishikawa et al. (1999), Arlotta et al. (2008)

SCG2 Secretogranin II P7 mouse Gensat (Gong et al., 2003)

SpdS Spermidine synthase Rat Krauss et al. (2006)

MATRIX-ENRICHED

5HT2a Serotonin receptor type 2a Rat Ward and Dorsa (1996)

AchE Acetylcholinesterase Monkey; cat; rat Herkenham and Pert (1981), Graybiel (1984),

Graybiel et al. (1986)
CaBP Calcium-binding protein Monkey; rat Gerfen et al. (1985)

CALB1 Calbindin 1, 28 kDa Human; monkey; rat;

embryonic rat; mouse
Martin et al. (1991), Ito et al. (1992),

Liu and Graybiel (1992), Davis and Puhl (2011)
CalDAG-

GEFI/RasGRP2

Calcium/diacylglycerol-regulated guanine

nucleotide exchange factor I

Rat; mouse Kawasaki et al. (1998), Crittenden et al. (2010a)

Cb1 Cannabinoid receptor 1 Human Villares (2007)

CDH8 Cadherin-8 P0–P8 rat Korematsu et al. (1998)

Cdk5-pY15 Cyclin-dependent kinase 5, phosphorylated

at Y15

Mouse Morigaki et al. (2011)

ChAT Choline O-acetyltransferase Human; monkey; cat Graybiel et al. (1986), Hirsch et al. (1989)

Ebf1 Early B-cell factor 1 P0 mouse Liao et al. (2005), Arlotta et al. (2008)

EphA4 Ephrin receptor A4 Rat Martone et al. (1997)

GluR Glutamate receptors, AMPA (ligand binding

assay)

Human Dure et al. (1992)

Htr4 5-hydroxytryptamine (serotonin) receptor 4 Mouse Gensat (Gong et al., 2003)

NADPH

diaphorase

NADPH diaphorase (enzymatic activity assay) Human; cat Sandell et al. (1986), Morton et al. (1993)

Preproenk Enkephalin GFP reporter mice Koshimizu et al. (2008)

SOD2 Superoxide dismutase 2, mitochondrial Human; monkey Zhang et al. (1994), Medina et al. (1996)

SST Somatostatin Rat Gerfen et al. (1985)

TH Tyrosine hydroxylase Human; monkey; early

postnatal cat; early postnatal

mouse

Graybiel (1984), Graybiel et al. (1987)

VGluT2 Vesicular glutamate transporter 2 Rat Fujiyama et al. (2006)

Differential immunoreactivity can result from differential expression in MSNs, striatal interneurons or afferents that preferentially target one compartment. When

developmental stage is not indicated, the finding was made in adults. P, postnatal day; E, embryonic day.

Graybiel, 1989). In the rat, the striatonigral fibers have been sug-
gested to form symmetric synapses on both the dendrites and cell
bodies of the dopamine-containing neurons (Somogyi et al., 1981;
Gerfen,1984; Tokuno et al.,2002; Fujiyama et al.,2011). A monosy-
naptic connection between MSNs and dopamine-producing cells
of the SNc is also consistent with electrophysiological recording
assays in rats (Lee and Tepper, 2009). If confirmed by further
work, the direct striosome-SNc projection would parallel a ven-
tral striatal input to the SNc (Somogyi et al., 1981). The striosomes
and ventral striatum are in a position to exert global control over
dopamine signaling in the dorsal striatum.

Aside from this connection, both striosomes and matrix share
in projecting to the main output nuclei of the basal ganglia, but in
different proportions. These projections are more abundant from
the large matrix compartment (Gerfen and Young, 1988; Jimenez-
Castellanos and Graybiel, 1989; Rajakumar et al., 1993; Tokuno
et al., 2002; Levesque and Parent, 2005; Fujiyama et al., 2011).

Efferents from MSNs in the matrix have consistently been found
not to project to the SNc but, rather, to project to the GPe, GPi, and
SNr (Gerfen, 1984; Kawaguchi et al., 1990; Gimenez-Amaya and
Graybiel, 1991; Levesque and Parent, 2005; Chuhma et al., 2011;
Fujiyama et al., 2011). Likewise, a juxtacellular labeling experi-
ment identified six MSNs, all located within the same striosome in
the striatum of a squirrel monkey, that had projections to the GPi,
GPe, and non-dopaminergic SNr, rather than to the dopamine-
containing SNc (Levesque and Parent, 2005). Striosomal MSNs
targeting the GPi, GPe, and SNr have also been reported in the rat.
Striosomal MSNs that target the GPi/EP are reported to innervate
specifically the regions of the GPi that in turn project to the lateral
habenula, whereas the matrix MSNs targeting GPi/EP project to
regions that are interconnected to motor regions of the thalamus
(Rajakumar et al., 1993). This pathway to the habenula is notable,
because the lateral habenula, itself interconnected with the prelim-
bic cortex, can inhibit dopamine cell firing in the SNc (Herkenham
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and Nauta, 1979; Christoph et al., 1986; Ji and Shepard, 2007; Mat-
sumoto and Hikosaka, 2007; Bromberg-Martin et al., 2010). Thus,
the striosomes appear to represent a unique dopamine- and limbic
system-related circuit that is situated to influence the associative
and sensorimotor regions of the striatum.

Based on these findings, a three-compartment model of stri-
atal efferent connectivity has been proposed, including: (1) the
direct pathway targeting the SNr with collaterals in the GPi/EP
and GPe, (2) the indirect pathway targeting only the GPe, and (3)
the striosome-specific pathway targeting the SNc, with collaterals
in the GPi/EP and GPe (Figure 1B; Graybiel et al., 2000; Fujiyama
et al., 2011). The apparently unique projection of striosomes to the
SNc, if confirmed, would place striosomes in a functionally pivotal
position to influence the dopamine system of the midbrain.

RELATIONSHIP BETWEEN THE DIRECT–INDIRECT PATHWAY DIVISIONS
AND STRIOSOME–MATRIX COMPARTMENTS
MSNs can be classified according to whether they give rise to either
the direct or indirect pathways, and they can also be classified
according to whether they are in striosomes or in the extra-
striosomal matrix. These are two distinct classificatory schemes.
Most of the neurons of direct and indirect pathways lie in the
matrix, which makes up approximately 80% of the volume of
the striatum. There is evidence that some neurons in striosomes
project to direct pathway targets, and others (fewer in num-
ber) project to indirect pathway target nuclei. Single-fiber tracing
methods have allowed definitive identification of the collaterals of
efferent axons of neurons identified as belonging to either strio-
somes or matrix. Fujiyama et al. (2011) labeled 11 striosomal
neurons that were distributed across the striatum and in differ-
ent rats, and found that 8 projected to the SNc, with collaterals in
one or more of the direct pathway targets (SNr, GPi/EP, and GPe)
and 3 exhibited an indirect pathway projection pattern, solely to
the GPe. Similarly, in the monkey labeling experiment by Parent
and colleagues, all six of the labeled striosomal neurons projected
to the direct pathway nuclei (Levesque and Parent, 2005). Thus, at
least some striosomes have an overabundance of neurons that tar-
get GPi/EP and SNr, but they may target specific regions of these
nuclei, relative to matrix MSNs. In the matrix, as a whole, the
MSNs are equally divided between the direct and indirect pathway
projection types. MSNs that target the SNc appear to be restricted
to the striosomes and are not found in the matrix.

Direct and indirect pathway MSNs are often identified by
their expression of peptides in addition to their expression of
dopamine receptors. Direct pathway D1-positive MSNs express
substance P and prodynorphin, whereas the indirect pathway
D2-positive MSNs express proenkephalin/enkephalin (Gerfen and
Young, 1988). In adult rats, an estimated 5% of MSNs in the
dorsal striatum express both D1/substance P and D2/enkephalin,
whereas co-expression in the ventral striatum may be slightly
higher (Surmeier et al., 1996; Wang et al., 2006a; Bertran-Gonzalez
et al., 2008; Perreault et al., 2010). D1/D2 heteromers have been
discovered and are thought to signal through phospholipase C,
a calcium-dependent signaling cascade, rather than through the
canonical adenylyl cyclase, cAMP-dependent dopamine receptor
signaling cascade (Lee et al., 2004; Perreault et al., 2010). Neu-
rons that co-express substance P and enkephalin have been found

in both striosomes and matrix, but may represent a greater pro-
portion of the MSNs in the striosomal compartment than in
the matrix (Besson et al., 1990; Wang et al., 2007). Furthermore,
co-expression of substance P and enkephalin was abundant in ter-
minals in the SNc, but not in the GPe, GPi, or SNr (Wang et al.,
2006a). Thus, it is possible that some of the unique subset of
striosomal neurons that target the SNc co-express D1 and D2.
This would stand in contrast to the direct pathway neurons of
the matrix, which express primarily D1. However, the expression
profiles of the striosome-specific pathway MSNs, which target the
SNc, have not yet been thoroughly analyzed. Such analysis should
take into account that the expression levels of the proteins that are
typically used to define the pathways and compartments, includ-
ing prodynorphin, mu opioid receptor, and dopamine receptors,
can change with experience (Moratalla et al., 1996; Cenci et al.,
1998; Adams et al., 2003; Jabourian et al., 2005; Perreault et al.,
2010).

In summary, data support a model in which MSNs projecting to
the SNc are confined to striosomes (striosome-specific pathway),
whereas MSNs contributing to the direct and indirect pathway
are present mainly in the matrix compartment but also in strio-
somes. The direct and indirect pathway target nuclei (GPi, SNr,
and GPe/EP) receive more inputs from MSNs in the matrix than
those in striosomes, because the matrix compartment is much
larger than the striosomal compartment. The balance of signaling
between the direct and indirect pathways is strongly influenced
by dopamine and, therefore, striosomal MSNs are in a position
to control this balance through their projection to the dopamine-
containing neurons of the SNc. Cholinergic interneurons, which
are often located at the border between striosomes and matrix,
can also control dopamine release (Threlfell and Cragg, 2011) and
the balance of direct vs. indirect pathway activation (Ding et al.,
2011).

Amemori et al. (2011) propose a model whereby striosomes
and indirect pathway MSNs select modules of previously learned
behaviors that are appropriate for the given environmental con-
text. In this model, the direct pathway selects specific actions
within each striatal module, whereas the indirect pathway serves to
select among modules. Based on contextual prediction errors orig-
inating in the limbic system, striosomes provide “responsibility
signals” that regulate the activity of adjacent matrix MSNs within
their respective modules. This modular regulation is amplified
through the indirect pathway by virtue of funneling of repre-
sentations, which serves to select modules (rather than specific
actions) based on contextual information. This model is sup-
ported by computational modeling experiments and would sup-
port context-dependent learning and faster behavioral adaptation
in a fluctuating environment.

CEREBRAL CORTEX AFFERENTS TO STRIOSOME AND MATRIX
COMPARTMENTS
Although a majority of neocortical areas may project to both strio-
somes and matrix, there are major differences in the strength of the
projections to the two compartments. In keeping with the concept
that ontogeny recapitulates phylogeny, striosomal MSNs not only
begin differentiating before matrix MSNs, but also are innervated
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by neurons in more evolutionarily conserved regions of the cere-
bral cortex, especially the limbic medial and lateral margins of
the cortical plate (Ragsdale and Graybiel, 1988; Gerfen, 1989). The
orbitofrontal, anterior cingulate, and insular cortices preferentially
innervate striosomes, whereas projections from the somatosen-
sory, motor, and association cortices terminate mainly in the
matrix (Ragsdale and Graybiel, 1990; Flaherty and Graybiel, 1994;
Eblen and Graybiel, 1995; Kincaid and Wilson, 1996; Levesque and
Parent, 1998). The amygdala, hippocampus, and nucleus accum-
bens (part of the ventral striatum) are interconnected with the
orbitofrontal, anterior cingulate, and insular cortices, supporting
the idea that the striosomes are part of a limbic circuit embed-
ded in the sensorimotor and associative striatum (Graybiel, 2008).
Indeed, in the cat, part of the amygdala itself also projects to part
of the striosomal system (Ragsdale and Graybiel, 1988).

The strong innervation of medial striosomes by limbic neocor-
tical regions that have reduced superficial layers is consistent with
the fact that striosomal MSNs receive preferential inputs from deep
cortical layer Vb (Gerfen, 1989; Eblen and Graybiel, 1995; Kincaid
and Wilson, 1996; Levesque and Parent, 1998). MSNs in the matrix
receive input from ontogenically younger, and putatively evolu-
tionarily younger, cortical layers (III–Va). This is consistent with
the finding that the somatosensory cortex, which is part of the neo-
cortex that has a well-defined upper layer Va, projects to the matrix
and not to the striosomes (Wilson, 1987; Gerfen, 1989). Neverthe-
less, the correlation between evolutionary age and compartment-
specific targeting of corticostriatal neurons is speculative and does
not fully represent the types of compartmentalized targeting that
have been observed. For example, labeling of efferents from indi-
vidual cortical regions was found to preferentially fill striosomes
dorsally but to avoid striosomes ventrally, within their striatal tar-
get zones (Ragsdale and Graybiel, 1990). The striatal target zones
themselves progressed dorso-ventrally according to the neighbor-
ing cortical regions from which they arose and thus, neighboring
striosome–matrix compartments received input from neighboring
cortical regions.

Corticostriatal projection neurons send efferents to other
brain regions, including the brainstem, thalamus, claustrum, and
contralateral cortex (Wilson, 1987; Kincaid and Wilson, 1996;
Levesque et al., 1996). Upper layer V is enriched in intra-
telencephalic-projecting (IT-type) neurons that can bifurcate to
both hemispheres and synapse preferentially onto D1-positive
MSNs. By contrast, deep layer V is enriched in pyramidal tract-
projecting (PT-type) neurons that send collaterals preferentially to
D2-positive MSNs in the ipsilateral striatum (Reiner et al., 2003).
Axon terminals from PT-type cortical neurons were found to be
larger and more often contacted a perforated post-synaptic density,
compared to the IT-type corticostriatal terminals that contacted
direct pathway MSNs (Reiner et al., 2010). This is consistent with
the preferential activation of IEGs in enkephalin-containing neu-
rons found in response to activation of the motor cortex (Berretta
et al., 1997; Parthasarathy and Graybiel, 1997). Based on evidence
that afferents to striosomes arise preferentially from deep layers
of limbic cortex, one might expect striosomes to receive prefer-
ential PT-type inputs. However, the properties of corticostriatal
synapses, such as terminal area and post-synaptic density length,
were found to be similarly distributed between striosomes and

matrix (Fujiyama et al., 2006) and both IT-type and PT-type
projections have been detected in striosomes (Donoghue and
Herkenham, 1986; Levesque and Parent, 1998; Wang and Pickel,
1998). These findings, together with the evidence that striosomes
and matrix both have D1- and D2-dopamine receptor-expressing
MSNs, even if not in equal proportion, indicate that each com-
partment receives input from both IT-type and PT-type cortical
neurons. Reiner et al. (2010) point out that BAC mice express-
ing EGFP in either the PT neurons or the IT neurons will help
to resolve this issue of whether there is preferential compartment
targeting of one projection type.

In summary, each striatal compartment receives preferential
inputs from different cortical regions and individual corticostriatal
axons tend to innervate MSNs that are confined to a single com-
partment (Kincaid and Wilson, 1996). Nevertheless, subregions
of the striatum that encompass both striosomes and neighbor-
ing clusters of cells in the matrix (matrisomes) are innervated by
related cortical regions (Ragsdale and Graybiel, 1990; Flaherty and
Graybiel, 1995; Kincaid and Wilson, 1996). Thus, MSNs in strio-
somes and matrisomes are thought to process related information
and to communicate selectively with surrounding regions, likely
via interneurons that have dendrites that cross compartmental
borders. Such striatal interneurons include NOS/somatostatin-
positive interneurons and parvalbumin-positive interneurons,
which receive strong input from the cerebral cortex, and cholin-
ergic interneurons, which receive strong input from the thalamus
(Graybiel et al., 1986; Sandell et al., 1986; Lapper and Bolam, 1992;
Lapper et al., 1992; Kubota and Kawaguchi, 1993; Bennett and
Bolam, 1994; Aosaki et al., 1995; Kawaguchi, 1997; Saka et al.,
2002; Miura et al., 2008).

THALAMIC AND NIGRAL AFFERENTS TO STRIOSOME AND MATRIX
COMPARTMENTS
Thalamic and cortical neurons make excitatory, asymmetric
synaptic connections onto MSNs in similar proportions (Doig
et al., 2010). These inputs can be distinguished by immunostain-
ing for the vesicular glutamate transporters VGluT1 (present in
cortical terminals and also in less abundant amygdaloid termi-
nals) and VGluT2 (present in thalamic terminals), according to
evidence from numerous laboratories (Fremeau et al., 2001; Lacey
et al., 2005; Raju et al., 2006). With these markers, it was found that
inputs from the thalamus terminate on both dendritic spines and
dendritic shafts of striatal neurons (Lacey et al., 2005; Raju et al.,
2006), but the inputs to shafts are largely confined to the matrix
(Fujiyama et al., 2006; Raju et al., 2006). This compartmental selec-
tivity is likely due to the fact that inputs from the parafascicular
nucleus, one of the intralaminar nuclei of the thalamus, terminate
onto the shafts of cholinergic interneurons (Lapper and Bolam,
1992), which are abundant in the striatal matrix. The parafascic-
ular inputs also contact spines and shafts of MSNs (Lacey et al.,
2007). The intralaminar thalamic nuclei are highly interconnected
with sensorimotor cortical regions and preferentially target the
matrix (Herkenham and Pert, 1981; Ragsdale and Graybiel, 1991;
Sadikot et al., 1992). By contrast, the midline paraventricular and
rhomboid nuclei of the thalamus, which have strong connections
with the nucleus accumbens and the amygdala, have been shown in
the cat to target striosomes preferentially (Ragsdale and Graybiel,
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1991). This pattern is consistent with striosomes participating in
cortico-striato-thalamic circuits with limbic connections and the
extra-striosomal matrix participating in cortico-striato-thalamic
circuits with sensorimotor connections.

Striosomes and matrix receive dopamine-containing inputs
preferentially from distinct groups of neurons in the SNc. The dis-
tinct localization of the striosome vs. matrix targeting nigrostriatal
neurons has been better documented in rats than in primates (Joel
and Weiner, 2000), but differences have been documented in mul-
tiple species. The striosomal MSNs are innervated by a group of
densely packed dopamine-containing neurons in the ventral tier
of the SNc (the A9 cell group) and groups of clustered dopamine-
containing neurons that are intermingled with neurons of the
SNr (densocellular zone; Gerfen et al., 1987; Jimenez-Castellanos
and Graybiel, 1987; Langer and Graybiel, 1989; Prensa and Par-
ent, 2001). These results suggested that there may be reciprocal
connections between some of the striosomal system, at least of
the so-called subcallosal streak in the lateral striatum, and the
densocellular zone of the SNc (Jimenez-Castellanos and Graybiel,
1989; Prensa and Parent, 2001). Matrix neurons are preferentially
innervated by dopaminergic neurons in the dorsal tier of the SNc,
the retrorubral area (A8 cell group) and the ventral tegmental area
(VTA; A10 cell group; Gerfen et al., 1987; Jimenez-Castellanos
and Graybiel, 1987; Prensa and Parent, 2001). Nevertheless, single
dopamine-containing fibers can innervate both striosomes and
matrix (Matsuda et al., 2009) and, for example, ventral tier SNc
neurons are reported to innervate the matrix surrounding a target
striosome (Prensa and Parent, 2001). The dopamine-containing
axons innervating striosomes are reported to be thicker and to
have more varicosities than those innervating the matrix, even
when the axons are simply different branches from the same inner-
vating neuron (Gerfen et al., 1987; Prensa and Parent, 2001). The
ultrastructure of the dopamine-containing afferents is equivalent
between compartments, however, and situated so as to modulate
both cortical and thalamic excitatory inputs to MSNs (Hanley and
Bolam, 1997; Moss and Bolam, 2008). In addition to this compart-
mental organization of the nigrostriatal system is the well-known
gradient of dopamine-containing inputs whereby the medial VTA
projects to the ventral striatum and the SNc, located more laterally,
projects to the dorsal striatum.

STRIOSOMES, SIGNALING, AND DISEASE
MSNs in the striosomes and matrix exhibit remarkably simi-
lar morphology and baseline electrophysiological profiles despite
their divergent expression of numerous signaling molecules
(Kawaguchi et al., 1989; Graybiel, 1990; Trytek et al., 1996; Miura
et al., 2007). However, drug treatments that engage signaling cas-
cades linked to dopamine, acetylcholine, and opioid receptors
evoke strikingly different patterns of IEG induction and electro-
physiologically recorded activity in the two compartments (Gray-
biel et al., 1990b; Krebs et al., 1991; Moratalla et al., 1996; Canales
and Graybiel, 2000; Adams et al., 2003; Saka et al., 2004; Miura
et al., 2007). Disruption or activation of these same neurotransmit-
ter signaling cascades can lead to neurologic and neuropsychiatric
disorders. Hence, the compartmentalized patterning of activity is
likely to delineate important distinctions in the operation of the
basal ganglia.

The best documented differences in activation of striosomes
and matrix are for models of drug addiction and models of l-
DOPA-induced dyskinesia (LIDs), two hyper-kinetic disorders in
which there is hyper-responsivity of dopamine receptor signaling.
In clinical studies, differences in neurodegeneration between strio-
some and matrix compartments have been reported for HD and
dystonia, two additional disorders characterized by hyperactiva-
tion of the motor system. Differential degeneration has also been
reported in a few cases of multiple system atrophy with predom-
inantly parkinsonian features (MSA-P) and in animal models of
PD, diseases characterized by hypo-kinesia. All of these disorders
can be accompanied by mood disturbances. Differential degener-
ation of either the striosomes or the surrounding matrix would be
expected to result in an imbalance in the numerous neurotrans-
mitter signaling cascades that are differentially expressed between
the two compartments.

It is notable that drug treatments and disease states can also
induce differential activation of D1- vs. D2-expressing MSNs.
We have reviewed some of these findings here for comparative
purposes, but how these observations relate to such compart-
mentalized activation is still unclear. It is worth keeping in mind
evidence that striosomes contain a greater abundance of MSNs
that project to the direct pathway nuclei than MSNs project-
ing to indirect pathway nuclei. However, preferential activation
of D1-expressing MSNs cannot always account for predominant
striosomal activation because, in some cases, there is wide-spread
suppression of the matrix compartment, which does not have an
overabundance of D2-expressing MSNs. Furthermore, the iden-
tification of SNc-targeting MSNs in the striosomes suggests that
some of the striosomal activation is related to this special pathway.

Here, we focus on prominent neuro-molecular aspects of
each of these diseases, with an emphasis on extracellular signal-
regulated kinases 1 and 2 (ERK1/2) and protein kinase A
(PKA) signaling cascades (Figure 2), and we relate these to the
striosome/matrix imbalances that have been reported (Table 2;
Figure 3).

HUNTINGTON’S DISEASE
Huntington’s disease is a fatal neurodegenerative disease caused by
an expanded CAG repeat in the IT15 gene for Huntingtin protein
(Htt; The Huntington’s Disease Collaborative Research Group,
1993). The CAG expansion encodes a polyglutamine tract that
contributes to aggregation of the mutant Htt. HD is typified by
the death of striatal MSNs and neocortical neurons and by symp-
toms of emotional disturbances and uncontrollable, choreic motor
movements (Bates et al., 2002). HD hyper-kinesia may be linked
in part to the preferential degeneration of D2 dopamine receptor-
expressing MSNs of the indirect pathway, which normally inhibit
movement (Reiner et al., 1988; Delong, 1990; Glass et al., 2000).
Experiments regarding selective vulnerability of either striosome
or matrix compartments have yielded variable results, however
(Table 2).

Early reports indicated that tissue from individuals with early-
stage HD have more severe loss of neurons and immunomarkers
in the striosomes than in the matrix, whereas tissue from late-stage
cases have equivalent neurodegeneration between compartments
(Morton et al., 1993; Hedreen and Folstein, 1995). In mouse
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FIGURE 2 | Simplified diagram of the protein kinase A (PKA) and

extracellular signal-regulated kinase/mitogen-activated protein kinase

(ERK1/2; MAPK) signaling cascades. Both PKA and ERK cascades control
neuronal activity and immediate early gene (IEG) expression in medium
spiny projection neurons of the striatum. D1 dopamine receptors promote
the PKA cascade by activating adenylyl cyclase (AC) whereas D2 dopamine
receptors inhibit AC. D1/D2 heterodimers are positively coupled to
phospholipase C (PLC). The calcium- and diacylglycerol-regulated guanine
nucleotide exchange factors (CalDAG-GEFs), which regulate the ERK1/2
cascade, are differentially expressed in the striosome and matrix
compartments. Imbalances in striosome vs. matrix (IEG) transcription are
implicated in L-DOPA-induced dyskinesias and drug addiction.

models, in which death of MSNs is minimal but neurite pathol-
ogy is evident, there is more Htt aggregate burden and prefer-
ential volume loss in striosomes, relative to matrix (Menalled
et al., 2002; Lawhorn et al., 2008). These patterns are not uni-
versal across individuals or models, and other clinical studies even
found preferential loss of matrix markers (Ferrante et al., 1987;
Seto-Ohshima et al., 1988). Some clarity to this controversy was
provided by a study of 35 HD cases correlating symptomatol-
ogy and compartmental-specific cell loss analyzed in post-mortem
specimens (Tippett et al., 2007). In this study, reduced cell density
in striosomes is more frequently observed in striatal sections from
the brains of individuals who had presented early on with mood,
rather than motor, symptoms. The emotional symptoms in the
HD cases included depression, anxiety, and compulsively repeti-
tive behaviors. Furthermore, in a follow-up study, it was shown
that cell loss in the anterior cingulate cortex is more severe in
post-mortem tissue samples from the individuals that presented
with primarily emotional symptoms (Thu et al., 2010). Thus, neu-
rodegeneration of components of the striosome limbic loop is
associated with the emotional symptoms that characterize HD.

Considering that post-mortem analysis is typically restricted to
late-stage HD when nearly the entire brain is affected, longitudi-
nal imaging studies, including of pre-symptomatic individuals, are
providing more insight into the correlations between the complex
symptomatology and neuronal degeneration patterns that typify
HD (Rosas et al., 2008; Politis et al., 2011).

Despite the wide-spread expression of the mutant isoform of
Htt in HD, there is disproportionate cell death of striatal MSNs
and cortical pyramidal neurons, relative to loss of local interneu-
rons or to neuronal loss in other brain regions. HD leads to a
large array of cellular changes, including oxidative stress responses,
transcriptional dysregulation, and excitotoxicity. Excitotoxicity is
thought to be evoked, at least in part, by an impaired capacity to
buffer the calcium rise that follows the stimulation of glutamate
and dopamine receptors (Beal, 1998; Bezprozvanny and Hayden,
2004; Tang et al., 2007). Accordingly, disruption of either the
cortical (glutamatergic) or nigral (dopamine-containing) affer-
ents to the striatum is protective in the R6/2 mouse model of
HD (Stack et al., 2007). Neocortical stimulation, D1 dopamine
receptor activation and D2 receptor antagonism can all activate
striatal ERK1/2, which exhibits altered activation patterns in HD
models (Lievens et al., 2002; Roze et al., 2008). ERK1/2 signaling
leads to phosphorylation and activation of the transcription fac-
tors ELK1 and CREB (Figure 2) and, thereby, could contribute
to, or compensate for, the massive transcriptional dysregulation
that occurs in HD (Cha, 2007). Other relevant changes in tran-
scription factors are not discussed here, but even wildtype Htt, as
well as mutant Htt, can directly control transcription (Benn et al.,
2008).

In view of evidence that there are striosome-predominant and
matrix-predominant patterns of cell loss in individual cases of
HD, it is of special interest that two striatum-enriched molecules
that signal through ERK1/2, CalDAG-GEFI, and CalDAG-GEFII
(Figure 2), have strongly compartmentalized patterns of expres-
sion. CalDAG-GEFII (aka RasGRP) is expressed especially in strio-
somes, and CalDAG-GEFI is expressed preferentially in the matrix
compartment. The CalDAG-GEFs are severely down-regulated in
the R6/2 mouse model of HD and in post-mortem striatal tissue
from individuals with HD (Crittenden et al., 2010a,b). This down-
regulation is not a function of the preferential loss of D2-positive
neurons in HD, considering that CalDAG-GEFI and CalDAG-
GEFII are expressed in both prodynorphin and preproenkephalin-
positive striatal neurons (Toki et al., 2001). The CalDAG-GEFs
contain calcium and diacylglycerol binding domains and signal
to the ERK1/2 phosphorylation cascade (Kawasaki et al., 1998)
following the activation of cell surface receptors (Dower et al.,
2000; Guo et al., 2001; Crittenden et al., 2004). For CalDAG-
GEFI, it is known from work in a cortical slice model of HD
that knockdown of CalDAG-GEFI expression blocks at least some
of the deleterious effects of over-expressing a mutant fragment
of the Htt protein (Crittenden et al., 2010a). Thus, the down-
regulation of CalDAG-GEFI that is observed in HD may be
compensatory. The consequences of CalDAG-GEFII dysregulation
in HD models still need to be evaluated. Interestingly, in con-
trast to CalDAG-GEFI, another matrix-enriched calcium-binding
protein, calbindin-D28K, is up-regulated in HD and HD animal
models, and this change has been suggested to be protective against
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Table 2 | Diseases and disease models with disparate striosome vs. matrix properties.

Disorder/model Species Change observed Reference

Huntington’s disease Human Preferential loss of striosomal volume at early stage,

more equivalent at later stages of disease.

Morton et al. (1993)

Huntington’s disease Human Preferential loss of MSNs in striosomes in early

stage of disease.

Hedreen and Folstein (1995)

Huntington’s disease Human Preferential loss of neuronal markers in striosomes

of individuals with predominant mood disorder.

Tippett et al. (2007)

Huntington’s disease Human Preferential volume or cell loss in matrix. Ferrante et al. (1987), Seto-Ohshima et al. (1988)

Huntington’s

disease/excitotoxic insult

Rat Preferential survival of MSNs expressing matrix

immunomarker.

Figueredo-Cardenas et al. (1998)

Huntington’s disease/94Q

expanded repeat knock-in

Mouse Increased aggregate formation in striosomal MSNs. Menalled et al. (2002)

Huntington’s disease/YAC128,

full-length human huntingtin

with 128Q

Mouse Preferential volume loss in striosomes with cell loss

in both compartments.

Lawhorn et al. (2008)

Parkinson’s disease/idiopathic Human Preferential loss of cells in nigrosomes. Damier et al. (1999b)

Parkinson’s disease/MPTP Monkey Preferential loss of cells in nigrosomes and

dopamine terminals in striosomes.

Iravani et al. (2005)

Parkinson’s disease/MPTP Monkey Preferential loss of Nur77 expression in striosomes. Mahmoudi et al. (2009)

Parkinson’s disease/MPTP Monkey Preferential loss of dopamine terminals in matrix. Moratalla et al. (1992)

Parkinson’s disease/MPTP Monkey Preferential preservation of 5-HT1A receptor

immunostaining in striosomes.

Frechilla et al. (2001)

Parkinson’s disease/MPTP Dog Preferential loss of dopamine terminals in matrix. Turner et al. (1988)

Dopamine deficiency/weaver

mutation

Mouse Preferential loss of dopamine terminals in

striosomes.

Graybiel et al. (1990c)

Parkinson’s disease with

l-DOPA-induced dyskinesia

Human Up-regulation of prodynorphin in striosomes. Henry et al. (2003)

l-DOPA-induced dyskinesia Monkey Up-regulation of prodynorphin in striosomes Henry et al. (2003)

l-DOPA-induced dyskinesia Monkey Up-regulation of Nur77 in rostral striosomes. Mahmoudi et al. (2009)

Multiple System Atrophy Human Preferential loss of MSNs in the matrix compartment

in mid-phase of disease.
Goto and Hirano (1990), Ito et al. (1992), Sato et al.

(2007)
Dystonia DYT3 Human Preferential loss of MSNs in the striosome

compartment in dystonic phase of disease.

Goto et al. (2005)

Dopamine-responsive

dystonia/Pts mutation

Mouse Preferential loss of tyrosine hydroxylase in

striosomal compartment.

Sato et al. (2008)

Drug addiction/cocaine Human Increased dynorphin in striosomes of caudate

nucleus.

Hurd and Herkenham (1993)

Drug addiction/cocaine Monkey Increased striosome to matrix ratio of IEG induction. Hurd and Herkenham (1993), Saka et al. (2004)

Drug addiction/psychomotor

stimulants

Rat Increased striosome to matrix ratio of IEG induction. Graybiel et al. (1990b), Moratalla et al. (1996),

Canales and Graybiel (2000)
Drug

addiction/methamphetamine

Rat Increased preprodynorphin expression in striosomes

of rostral striatum.
Graybiel et al. (1990b), Moratalla et al. (1996),

Canales and Graybiel (2000), Adams et al.

(2003)
Drug addiction/MDMA Mouse Preferential loss of dopamine terminals in

striosomes.

Adams et al. (2003), Granado et al. (2008)

Drug

addiction/methamphetamine

Mouse Preferential loss of dopamine terminals in

striosomes.

Granado et al. (2008), Granado et al. (2010)

Neonatal hypoxic ischemia Rat Preferential survival of striatal neurons that express

matrix marker.

Burke and Baimbridge (1993)

Suicide Human Increased dynorphin in striosomes of caudate

nucleus.

Hurd et al. (1997)

Schizophrenia Human Increased asymmetrical axospinous synapses in

striosomes of putamen and in matrix of caudate

nucleus.

Roberts et al. (2005)
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FIGURE 3 | Models of striosome–matrix signaling imbalances in

disease. Schematic diagram illustrating relative activity or cell density
(dense stipple for high activity, sparse stipple for low activity) found in
studies of human brain and brains of animal models. For the diseases or
disease models listed, observations were made of either a relative
imbalance in MSN cell density, immunomarker expression or IEG
induction favoring the striosomes (A) or matrix (B), relative to the

opposite compartment. The diagram is based on a cross-section through
the striatum of an adult human, immunostained for choline
acetyltransferase. Medial is to the right. CN, caudate nucleus; P,
putamen; IC, internal capsule; LID, L-DOPA-induced dyskinesia; MSA-P,
multiple system atrophy with parkinsonian features; HD, Huntington’s
disease; DYT3, X-linked dystonia-parkinsonism; DRD,
dopamine-responsive dystonia (DYT5).

calcium-induced excitotoxicity (Huang et al., 1995; Sun et al.,
2005). Most striatum-enriched genes are down-regulated in HD
however (Desplats et al., 2006), which may be a compensatory
response to the differential vulnerability of the MSN cell-type to
mutant Htt expression.

PARKINSON’S DISEASE AND PARKINSONISM
Parkinsonian disorders are characterized by difficulty initiating
movements, bradykinesia, muscle rigidity, and postural instability.
Idiopathic PD is an age-related neurodegenerative disease sec-
ond only to Alzheimer’s disease in prevalence. PD is typified by
degeneration of dopamine-containing neurons in the SNc, which
results in the loss of the dopamine-containing innervation of
the striatum, usually with a progression of loss from posterior
regions (putamen) that are important for the execution of volun-
tary movements toward anterior regions (caudate nucleus) that
are more associative and limbic in function (Kish et al., 1988). PD
is now thought to arise from an interaction between the environ-
ment and genetic susceptibility. Exposure to mitochondrial toxins,
such as the pesticide rotenone or MPTP-tainted drugs of abuse,
are well-documented risk factors (Shulman et al., 2011). A num-
ber of genetic mutations can lead to PD, including mutations in
SNCA, which encodes alpha-synuclein and for which there is a
gene dosage effect that correlates with the severity of disease (Sin-
gleton et al., 2003; Chartier-Harlin et al., 2004; Farrer et al., 2004).
The pathologic SNc hallmark of PD has long been identified as the
large cytoplasmic inclusions known as Lewy bodies, and these are
highly enriched in alpha-synuclein protein.

Different groups of dopaminergic neurons within the SNc
appear to have different vulnerability to cell death in PD. For exam-
ple, the loss of neurons within the densely packed cell groups called
nigrosomes correlates with disease duration, whereas dopamine-
containing neurons in surrounding parts of the SNc are less vul-
nerable (Damier et al., 1999b). The “nigrosomes” of the substantia
nigra share with the striosomes of the dorsal striatum the char-
acteristic of being weakly immunoreactive for calbindin-D28k,
relative to other nigral regions (Damier et al., 1999a). A study

assessing neuronal loss in a single section through the caudal
SNc of 20 PD cases and 36 control cases found preferential loss
of pigmented cells in the ventro-lateral SNc in PD, relative to
age-related loss of more dorsally located pigmented neurons in
controls (Fearnley and Lees, 1991). A second study also reported
increased vulnerability of neurons located in the ventro-lateral
SNc that are calbindin-D28k-negative (Yamada et al., 1990), but
this pattern is not uniform across studies and is likely dependent
on the individual and how the SNc subregions are defined (Hirsch
et al., 1988; Gibb, 1992). Direct measurements of differential stri-
atal loss of dopamine-containing terminals in striosomes or matrix
have not yet been possible because in nearly all PD cases that come
to autopsy, the depletion of dopamine is so extensive that markers
of the nigrostriatal innervation yield little or no signal.

Differential loss of dopamine terminals in the strio-
somes, relative to matrix, is observed in a mouse model of
dopamine deficiency, weaver, which carries a mutation in the
GIRK2/Kir3.2/KCNJ6 gene that encodes a G-protein-activated
inwardly rectifying potassium channel (Graybiel et al., 1990c).
However, systemic deficits in weaver mice, including in the cere-
bellum, preclude simple interpretation of motor effects from their
striosomal dopamine deficiency. Overall, results from neurotoxin-
induced dopamine depletion in animal models of PD have
been mixed, with some reporting increased dopamine termi-
nal loss from striosomes and others increased loss from matrix
(Table 2). This inconsistency may be related to the fact that the
site of intracerebral neurotoxin injection influences the pattern of
compartment-selective terminal loss (Zahm, 1991). These stud-
ies are further confounded by the fact that the immunomarker
typically used to label dopamine terminals, anti-tyrosine hydrox-
ylase (TH) immunoserum, shows higher immunoreactivity in the
matrix than in striosomes of normative animals in some species.
This differential anti-TH immunoreactivity is observed promi-
nently in primates, including in humans, and weakly in rodents
(Graybiel et al., 1987). This mosaic pattern of TH immunostain-
ing was found to be preserved in several post-mortem PD cases,
but could only be assessed in the most ventral parts of the caudate
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nucleus and putamen that were not fully depleted of this marker
(Graybiel et al., 1990a). Immunostains for the matrix or striosome
MSNs themselves also show grossly normal mosaic staining pat-
terns in striatal sections from individuals with idiopathic PD or
in cases of parkinsonism-dementia complex of Guam (Ito et al.,
1992, 1993).

In a rare form of parkinsonism, MSA-P, differential matrix vs.
striosome MSN degeneration has been reported. In MSA-P, there
is degeneration of multiple neuronal types, including MSNs and
nigral neurons. Analysis of brain sections through the striatum
obtained from individuals that died with MSA-P and control cases
showed preferential loss of the matrix marker, calbindin-D28k,
and maintenance of a striosome immunomarker in the individ-
uals with MSA-P (Goto and Hirano, 1990; Ito et al., 1992; Sato
et al., 2007). It was suggested that, in MSA-P, there is selective
loss of matrix MSNs in early stages of disease that progresses to
loss of MSNs in both compartments by late stages of disease (Sato
et al., 2007). Early loss of matrix signaling in MSA-P is consis-
tent with the course of dopamine terminal loss in more common
forms of PD, in which terminal loss progresses forward from the
caudal putamen, which is relatively poor in striosomes (Graybiel
and Ragsdale, 1978).

Considering the heterogeneity of PD-related disorders, it is
tempting to speculate that a consistent compartmentalized pat-
tern of dopamine terminal degeneration might be found if patients
were classified according to detailed symptomatology, as has been
reported for HD (Tippett et al., 2007; Rosas et al., 2008; Thu
et al., 2010). As we discuss in the following section, the best evi-
dence to date for the status of striosomes and matrix in PD brains
comes from work on the expression of preproenkephalin opioids
in post-mortem sections from PD brains. In these, striosomes are
clearly preserved and over-activated in the brains of patients who
experienced dyskinesias as side effects of treatment (Henry et al.,
2003).

L-DOPA-INDUCED DYSKINESIAS
The most widely available treatment for PD is dopamine replace-
ment therapy by oral administration of the dopamine precursor,
l-3,4-dihydroxyphenylalanine (l-DOPA). However, as the dis-
ease progresses and the dopamine depletion becomes increasingly
more severe, l-DOPA treatment often produces debilitating invol-
untary movements referred to as LIDs. LIDs are likely evoked, at
least in part, by hyper-responsivity of MSNs to pulsatile dopamine
receptor stimulation during ongoing corticostriatal activation of
glutamate receptors (Jenner, 2008). Thus, treatment for these
side effects typically requires reducing the l-DOPA dosage to
suboptimal levels.

In rodent and non-human primate models, the occurrence of
LIDs is correlated with activation of both D1 and D2 dopamine
receptors and hyperactivation of the pro-movement direct path-
way (Gerfen et al., 1995, 2002, 2008; Jenner, 2008; Berthet et al.,
2009; Meurers et al., 2009; Cenci and Konradi, 2010). Stimula-
tion of D1 and glutamate receptors leads to the activation of
two key protein kinase cascades, denoted by their central kinase
mediators: PKA and ERK1/2 (Figure 2). D1 is known to sig-
nal through G-protein coupled receptors to activate adenylyl
cyclase for the generation of cAMP. cAMP, in turn, activates PKA,

which site-specifically phosphorylates the dopamine and cAMP-
regulated phosphoprotein 32 kDa (DARPP-32). DARPP-32 inter-
sects with the ERK1/2 cascade by blocking protein phosphatases
that would normally deactivate ERK1/2 (Valjent et al., 2005; San-
tini et al., 2007). PKA and ERK1/2 control chromatin remodeling
and phosphorylate the CREB and ELK transcription factors that
converge to drive expression of numerous IEGs, including, for
example, c-Fos (Valjent et al., 2005; Santini et al., 2007, 2009). The
induction of numerous IEGs has been observed in D1-positive
MSNs in normal animals treated with dopamine receptor agonists,
and this induction is dramatically increased in the dopamine-
depleted striatum of animals treated with l-DOPA (Valjent et al.,
2005; Santini et al., 2007, 2009). Protein translation is also activated
in D1-positive MSNs of animal models of LIDs, via activation of
mammalian target of rapamycin (mTOR) and ERK1/2 (Santini
et al., 2009). Several studies indicate that in models of LIDs, there
is a switch from PKA- to ERK1/2-mediated signaling in driving
IEG expression (Andersson et al., 2001; Gerfen et al., 2002). Nev-
ertheless, inhibition of ERK1/2, PKA, or mTOR in the striatum
attenuates the development of LIDs in animal models (Gerfen
et al., 2002; Westin et al., 2007; Darmopil et al., 2009; Santini et al.,
2009; Lebel et al., 2010). The wide-spread expression and func-
tions of ERK1/2, PKA, and mTOR make them poor targets for
therapeutic intervention, however. Evidence from IEG induction
assays in human and animal models suggests that there is a strio-
some to matrix imbalance in signaling cascades that parallels the
development of LIDs. Strikingly striosome-predominant increases
in the expression of prodynorphin (also called preproenkephalin
B) have been documented in post-mortem striatal sections from
parkinsonian humans with LIDs (Henry et al., 2003). In monkeys,
the IEG Nur77 is dysregulated in striosomes following dopamine
depletion with and without dopamine replacement treatments
(Mahmoudi et al., 2009). In the anterior caudate nucleus of mon-
keys with dopamine depletion only, Nur77 is down-regulated
in striosomes, relative to levels in control monkeys. By con-
trast, following dopamine depletion with subsequent l-DOPA
treatment, Nur77 is strongly up-regulated in striosomal neurons.
The degree of Nur77 up-regulation is inversely correlated with
the severity of the LIDs, suggesting that the Nur77 modulation
is compensatory. Striosome-predominant IEG induction is also
observed in the dopamine-depleted striatum, relative to control
striatum, in rat models of LIDs (Cenci et al., 1999; Saka et al.,
1999).

This heightened IEG activity in striosomes may be related
to activation of the striosome-specific pathway to the SNc
(Figure 1B) or to the predominance of D1-positive neurons in
striosomes of some species, relative to matrix (Table 1). These pos-
sibilities have not been directly assessed, but gene induction studies
show increased IEG expression in D1-positive neurons, relative
to changes in D2-positive neurons, in rat models of LIDs (Ger-
fen, 2003; Santini et al., 2009; Bateup et al., 2010). Furthermore,
there may be increased signal transduction from D1 receptors in
striosomes in LIDs, considering that Gαolf, the G-protein that
is coupled to the D1 receptor, is elevated in post-mortem tis-
sue from individuals who died with a diagnosis of PD (Corvol
et al., 2004). Gαolf is enriched in striosomes in normal mice (Sako
et al., 2010). An imbalance in striosome to matrix activity may
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also be related to the finding that selective antagonists of mu opi-
oid receptors dramatically reduce LIDs in non-human primate
models (Koprich et al., 2011). Mu opioid receptor activation con-
tributes to differential activation of striosomes over matrix (Miura
et al., 2007), but whether mu opioid receptor antagonists reduce
excessive striosome to matrix activity in LIDs has not yet been
reported.

Increasing evidence suggests that ERK1/2-mediated IEG induc-
tion in LIDs may involve the striosome-enriched gene, CalDAG-
GEFII (Kawasaki et al., 1998; Dower et al., 2000; Pierret et al.,
2002; Crittenden et al., 2009). CalDAG-GEFII, an ERK1/2 acti-
vator, is strongly up-regulated in a rat model of LIDs, and has
a striking striosome-enriched pattern. By contrast, the matrix-
enriched gene, CalDAG-GEFI, is down-regulated in the same
model. The dysregulation of both of these genes was found to
occur in proportion to the severity of LIDs that were expressed
premortem in rats (Crittenden et al., 2009). Genetic deletion of
another ERK1/2 activator, Ras-GRF1, partially alleviates the devel-
opment of LIDs in a mouse model, and combined Ras-GRF1 and
ERK1/2 knockdown reduces LIDs in a monkey model (Fasano
et al., 2010). LIDs are further reduced in the Ras-GRF1 knock-
out mice by treatment with doses of ERK1/2 antagonists that are
too low to be effective in control mice. These results suggest that
there are multiple pathways to ERK1/2 activation in LIDs and that
Ras-GRF1 and CalDAG-GEFII might, together, fully activate this
pathway.

Recent studies highlight evidence that ERK1/2 activation in
MSNs is high in the early stages of LIDs induction but decreases
with prolonged treatment, despite the maintenance of the dysk-
inetic behaviors (Santini et al., 2010; Ding et al., 2011). By con-
trast, striatal DARPP-32 phosphorylation is highest in dopamine-
depleted animals that received prolonged l-DOPA treatment.
These results led to the proposal that ERK1/2 cascades are
important for the priming that constitutes excessive responses of
dopamine-depleted animals to the first-ever l-DOPA treatment,
whereas cAMP/PKA/DARPP-32 signaling cascades are important
for the maintenance of LIDs. However, activated ERK1/2 has been
found in cholinergic interneurons of parkinsonian rodent models
after prolonged l-DOPA treatment, indicating that ERK1/2 may
be critical in MSNs for LID priming and in a sparsely distributed
striatal interneuron for LID maintenance (Ding et al., 2011).

Taken together, this evidence strongly suggests that MSNs in
striosomes are over-activated, relative to matrix MSNs, in LIDs.
This differential activation is likely related to PKA and ERK1/2
activation in striatal MSNs (likely involving the CalDAG-GEFs and
Ras-GRF1), and in striatal cholinergic interneurons. Strikingly,
increased IEG activation of striosomes relative to matrix is also
evoked by over-stimulation of the dopamine system with drugs of
abuse. Such over-stimulation elicits repetitive motor and cogni-
tive behaviors that share features with LIDs that are observed in a
subpopulation of individuals with PD (Voon et al., 2009). There
is a strong and direct correlation between the severity of repetitive
behaviors induced by dopamine receptor agonists and the ratio of
striosome to matrix IEG up-regulation, further suggesting a link
between these different hyper-kinetic states (Canales and Graybiel,
2000; Graybiel et al., 2000).

DYSTONIA
Dystonia presents as twisting limb movements or sustained abnor-
mal body postures that are attributed to failures in motor control
and sensory integration by the cortico-basal ganglia-thalamic loop
(Kaji et al., 2005). Electromyographic recordings from the mus-
cles of patients with dystonia have shown that, during a dystonic
event, there is co-contraction of opposing muscles or activation of
muscle groups neighboring those that are normally used (Cohen
and Hallett, 1988; Fahn, 1989). Dystonia can appear in childhood
or in adulthood and can involve a single body part (focal), a group
of adjacent body parts (segmental) or the whole body (gener-
alized). As with PD, the susceptibility to disease genes and risk
factors is variable (Roze et al., 2009; Schmidt et al., 2009). Dys-
tonia can be evoked by a wide variety of phenomena, including
repetitive motor tasks, anti-psychotic medications, brain damage,
environmental factors, neurological disease (e.g., PD and HD) and
genetic mutations. Intense repetition of a specific motor task, such
as playing a musical instrument or typing, can predispose indi-
viduals to focal dystonias, including writer’s cramp (Byl et al.,
1996; Roze et al., 2009). In a review of 158 hemidystonia cases
involving stroke, head trauma, or perinatal hypoxia as precipitat-
ing factors, 60% were found to have lesions in the contralateral
striatum (Chuang et al., 2002). However, disruptions to the stria-
tum, neocortex, GPi, VTA, thalamus, cerebellum, and brain stem
can all produce forms of dystonia-like symptoms in animal models
(Guehl et al., 2009). Dystonia is also associated with complications
of childbirth (Bressman, 2000), presumably because of the hyper-
sensitivity of the neonatal basal ganglia to hypoxia. The latency
between the precipitating event and the onset of dystonia is often
months to years, supporting the hypothesis that aberrant neuro-
plasticity in the striatum and/or neocortex contributes to dystonia
(Byl et al., 1996; Quartarone et al., 2003; Peterson et al., 2010). Dis-
organization of the somatotopy in the somatosensory and motor
cortices and in the basal ganglia has been observed in dystonia
(Lenz et al., 1998; Vitek et al., 1999; Quartarone et al., 2008; Del-
maire et al., 2009; Tamura et al., 2009). This may bear relevance
to the fact that touching a body region near the affected mus-
cle groups can sometimes alleviate symptoms – a long-recognized
phenomenon referred to as a “sensory trick.”

Given the heterogeneity in the etiology of dystonia, it is to be
expected that there are multiple cellular signaling abnormalities.
However, there is a scarcity of reports on signaling mechanisms
in dystonia, relative to the many such studies in models of PD,
LID, and HD. Dopamine and acetylcholine signaling are known
to be important in several forms of dystonia. The clearest exam-
ple of this is dopamine-responsive dystonia (DRD; also known
as Segawa’s disease or DYT5). DRD is an autosomal dominant
genetic disorder that is usually produced by loss of function muta-
tions in GTP cyclohydrolase 1 (GCH1; Ichinose et al., 1994; Ludecke
et al., 1996; Thony and Blau, 1997, 2006). GCH1 is in the pathway
for synthesis of tetrahydrobiopterin (BH4), an essential cofactor
for the dopamine-synthesizing protein, TH. Therefore, in DRD,
there is likely a deficiency in dopamine, and related biogenic
amines, throughout development. Age of onset is variable but
often early, and symptoms range from focal to generalized dysto-
nia to developmental delay (Segawa, 2011). Many of the symptoms
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are alleviated by l-DOPA administration, and LIDs are typically
not a complication.

Loss of dopamine in adulthood is also associated with dys-
tonia, as a secondary symptom of PD. In addition, the classical
anti-psychotic medications that antagonize D2 receptor signaling
precipitate acute or tardive dystonia in a significant proportion of
patients and in animal models (Kiriakakis et al., 1998). Moderate
abnormalities in D2 receptor binding and expression are observed
in cases of focal and generalized dystonia (Tanabe et al., 2009), but
whether the defects are in post-synaptic D2 receptors on MSNs, in
presynaptic D2 autoreceptors that inhibit dopamine release or in
D2-positive striatal interneurons remains controversial (Playford
et al., 1993; Naumann et al., 1998; Napolitano et al., 2010).

Dopamine and acetylcholine signaling are tightly interrelated
in the striatum and anticholinergic drugs improve dystonic symp-
toms in some patients and animal models (Bressman, 2000). Clues
to the relevance of acetylcholine signaling in dystonia come from
animal models of DYT1. DYT1 is produced by a mutation in
torsinA (Ozelius et al., 1997), which is expressed widely but is
enriched in the cholinergic interneurons of the striatum (thought
to correspond mainly to the physiologically identified tonically
active neurons, or TANs) and in dopaminergic neurons of the SNc
(Shashidharan et al., 2000; Oberlin et al., 2004). D2 is expressed
in cholinergic interneurons and can, under certain conditions,
inhibit their activation and thereby permit long-term depression
(LTD) in MSNs (Wang et al., 2006b). However, in slice record-
ings from the mouse model of DYT1, the effect is reversed such
that D2 agonists activate cholinergic interneurons and MSNs fail
to undergo LTD (Pisani et al., 2003). This failure of MSN neu-
roplasticity is rescued by blocking acetylcholine receptors. Thus,
anticholinergics may serve to restore normal plasticity of MSNs in
DYT1 models. Because cholinergic interneurons control striosome
to matrix activity ratios (Saka et al., 2002), it is possible that anti-
cholinergic therapies change the communication between these
striatal compartments as well.

The most direct case made for a striosome to matrix imbal-
ance in some types of dystonia comes from post-mortem analy-
ses of striatal tissue from individuals with X-linked dystonia-
parkinsonism (DYT3). DYT3 is caused by mutations in the tran-
scription factor TAF1 and manifests as adult-onset dystonia, often
generalized, that progresses to parkinsonism (Makino et al., 2007).
Histological analyses of post-mortem striatal sections from five
people with DYT3 who died during the dystonic phase and two
people who died during the parkinsonian phase led to the dis-
covery of severe striosome degeneration in the individuals with
dystonia (Goto et al., 2005). Analyses suggested that gliosis and
MSN loss is confined to the striosomal compartment in the indi-
viduals in the dystonic phase whereas MSN degeneration spreads
to both compartments in the individuals in the parkinsonian phase
of the disease. Striatal projections into the GPi, GPe, and substan-
tia nigra all appear to be significantly depleted in a presented DYT3
case. TH staining for dopaminergic neurons in the substantia nigra
was patchy, suggesting that there was also ventral midbrain pathol-
ogy. Thus, DYT3 appears to cause degeneration of MSNs in the
striosome compartment in the early phase of the disease and then
progresses to cause degeneration of MSNs in the matrix compart-
ment as well. This preferential loss of striosomal MSNs fits with

the expression of N-TAF1, the neuron-specific isoform of TAF1
that is implicated as causative in DYT3. In the rat, N-TAF1 expres-
sion is strikingly enriched in striosomal MSNs, relative to the low
expression in the extra-striosomal matrix (Sako et al., 2011).

Support for the possibility that striosomes are differentially
affected in other forms of dystonia comes from a mouse model
of an unusual form of DRD. To generate this mouse line, a muta-
tion was introduced into 6-pyruvoyl tetrahydropterin synthase,
an enzyme that is required for BH4 synthesis and that was found
to be mutated in a human case of DRD (Hanihara et al., 1997).
These mutant mice exhibit abnormal hindlimb clasping and slow
beam-crossing behavior, suggestive of dystonic and parkinson-
ian symptoms. A postnatal, striosome-predominant loss of TH
protein is observed. The pattern of TH depletion also exhibits
similarities to that observed in PD in that it was depleted in a
caudal-to-rostral gradient and preserved in the nucleus accumbens
(Sato et al., 2008). Unlike in PD however, this DRD mouse model
shows preservation of SNc integrity, based on immunostaining
of brain sections for markers of dopaminergic neurons. Thus, it
appears that 6-pyruvoyl tetrahydropterin synthase is required for
TH expression in the terminals of dopaminergic neurons targeting
the striosomes, suggesting that preferential dopamine loss in the
striosomes may occur in DRD. Clinical studies have yet to test this
idea, however.

DRUG ADDICTION
Drug addiction is generally agreed to involve the repeated and
escalating use of psychoactive drugs, despite adverse consequences
such as loss of employment, friends, and family ties (Diagnostic
and Statistical Manual of Mental Disorders IV). Only ∼15% of
people and animals who experience a highly addictive drug esca-
late their use to the point of addiction (Deroche-Gamonet et al.,
2004). Susceptibility to drug addiction has environmental com-
ponents (in particular, repeated drug administration) and genetic
components. Twin studies suggest that as much as 50% of the
susceptibility may be genetic (Kreek et al., 2005). Relapse after
withdrawal is associated, in both humans and animal models, with
stress, re-exposure to the drug, or re-exposure to environmental
cues associated with the drug (Sinha, 2008). Cues and experiences
that promote reinstatement of drug use can activate the same brain
regions as the drugs themselves, suggesting that they share neuro-
circuitry and underlying molecular mechanisms (Childress et al.,
1999; Volkow et al., 2006).

It is widely agreed that there are differential effects of drugs of
abuse on signaling pathways in the ventromedial and dorsolateral
striatum, in the direct and indirect pathways, and in striosome and
matrix compartments. Human brain imaging studies have shown
that acute drug exposure activates limbic structures including the
nucleus accumbens and amygdala and that repeated use expands
the region of activation to include the dorsal striatum and neocor-
tex (Breiter et al., 1997; Volkow et al., 2006; Porrino et al., 2007).
This changing pattern of activation might be related to the change
in self-reported effects of the drug: in the early phases, individuals
describe hedonic effects of the drug but in late phases of addic-
tion the effects are more likely to be described as “filling a hole”
(Robinson and Berridge, 2008). This contrast fits with the notion
that the ventromedial striatum and nucleus accumbens mediate
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goal-oriented behaviors (e.g., early, hedonia-seeking drug use)
whereas the dorsolateral striatum and some neocortical regions
mediate habitual behaviors (e.g., late, compulsive drug use; Yin
et al., 2004; Barnes et al., 2005; Atallah et al., 2007). Considering
that drugs of abuse and associated cues activate the dopamine sys-
tem (Di Chiara and Imperato, 1988), the transition from ventral to
dorsal striatum activity with repeated drug use may be influenced
by indirectly recursive corticostriatal circuitry and an apparently
progressive connectivity of the striatonigral loop (Haber et al.,
2000; Ikemoto, 2007). This possibility has been supported by stud-
ies in rats in which physical disruption of this ventral to dorsal
striatal connectivity pattern was shown to interfere with the devel-
opment of habitual responding for drug access (Belin and Everitt,
2008). Thus, the development of a drug-taking habit may rely on
the dorsal striatum, and other brain regions, that normally mediate
the acquisition of motor and cognitive habits.

Locomotor and highly repetitive and idiosyncratic motor
behaviors (stereotypies) are elicited in humans and animals
under the influence psychomotor stimulants such as cocaine and
amphetamine. These motoric responses to drugs of abuse escalate
with repeated treatments, a phenomenon that is termed sensiti-
zation and that is thought to be related to drug addiction (Vezina
and Leyton, 2009). There is strong evidence that both PKA and
ERK1/2 cascades in MSNs mediate acute and sensitized responses
to psychomotor stimulants (Ferguson and Robinson, 2004; Shi
and Mcginty, 2006; Girault et al., 2007; Russo et al., 2010). Genetic
deletion of DARPP-32 (a key effector of the PKA cascade) and
inhibitors of MEK1 (an upstream activator of ERK1/2) each block
sensitization to drugs of abuse (Valjent et al., 2005). Immuno-
histochemistry for phosphorylation of activating sites on various
members of the PKA and ERK1/2 cascades show that drugs of
abuse activate these cascades primarily in D1-expressing neurons
(Valjent et al., 2005; Bertran-Gonzalez et al., 2008). Likewise, Delta
FosB, an IEG that is downstream of both signaling cascades, is
activated preferentially in D1-expressing neurons following drug
treatments (Berretta et al., 1992; Hope et al., 1994; Moratalla
et al., 1996; Zachariou et al., 2006; Fasano et al., 2009). Acti-
vation of D2-positive MSNs is not observed in most reports of
MSN activation by drugs of abuse (Bertran-Gonzalez et al., 2008),
but this finding may depend on the context in which the drug is
taken, given that the activation of D2-positive MSNs is observed
when drugs are administered in a novel cage (Badiani et al., 1999;
Ferguson and Robinson, 2004; Vezina and Leyton, 2009). Further-
more, it is widely recognized that normal acute and sensitized
responses to drugs of abuse are dependent on both D1- and D2-
type dopamine receptor activation (Xu et al., 1994; Caine et al.,
2002, 2007; Capper-Loup et al., 2002; Barrett et al., 2004; Bateup
et al., 2010). Pharmacologic or genetic studies indicating a D2-
dependence of drug responses do not typically specify the cell-type
of action. Therefore, it may be that D2 activity is required in
non-MSN cell types such as cholinergic interneurons, which are
sparsely distributed in the striatum. Cholinergic interneurons are
implicated in the development of LIDs (Ding et al., 2011) and are
required for the increased striosome over matrix activity ratios
associated with drugs of abuse (Saka et al., 2002). Psychomotor
stimulants have also been shown to signal through D1/D2 het-
erodimers (Perreault et al., 2010). Thus, D2 expression in MSNs,

striatal interneurons, dopamine-producing axon terminals, and
D1/D2 heteromers may all be important for particular aspects
of drug responsivity. Histochemical examination of post-mortem
brains from cocaine addicts who tested positive for cocaine at
autopsy, showed that mRNA for dynorphin was selectively ele-
vated in striosomes in the caudate nucleus (Hurd and Herkenham,
1993). In animal models, strong behavioral responses to psy-
chomotor stimulants, administered by intraperitoneal injection in
the home cage, is correlated with a profound change in IEG induc-
tion in the striosome vs. matrix compartments, favoring increased
activation in striosomes (Graybiel et al., 1990b; Canales and Gray-
biel, 2000; Vanderschuren et al., 2002; Glickstein and Schmauss,
2004; Saka et al., 2004). At very high doses, or with repeated treat-
ments, psychomotor stimulants suppress locomotion in favor of
a limited number of spatially confined stereotypies (Lyon and
Robbins, 1975). In rats and monkeys, there is a direct correla-
tion between the intensity of drug-induced stereotypy and the
increased striosome to matrix ratio of IEG induction in the dor-
solateral quadrant of the striatum (Canales and Graybiel, 2000;
Saka et al., 2004). Based on this correlation, it was suggested that
increased striosome activity and repressed matrix activity in this
zone, together, could predict the degree of repetitive behavior
expressed. The possibility that increased activity in the striosomes
promotes stereotypies whereas activity in the matrix permits flex-
ibility in motor behaviors is consistent with several additional
studies. First, rats with a self-stimulation electrode implanted in
or near a striosome learn to bar-press more frequently for stim-
ulation than rats in which the stimulating electrode is implanted
in the matrix (White and Hiroi, 1998). Second, metabolic label-
ing studies show that rats moving freely or under gentle restraint
in their home cage have preferential activation of MSNs in the
matrix compartment (Brown et al., 2002). Third, knockout mice
that lack CalDAG-GEFI, an ERK1/2 regulator that is selectively
enriched in the matrix compartment, show enhanced stereotypy
responses to amphetamine, relative to sibling controls (Crittenden
et al., 2006). Importantly, the CalDAG-GEFI knockout mice have
normal locomotor responses to low doses of amphetamine, and
locomote normally in the absence of drug, suggesting that disrup-
tion of matrix function specifically promotes stereotypies induced
by high doses of amphetamine. The possibility that differential
signaling in the striosomes vs. matrix is related to the switch from
goal-oriented behavior to habitual, goal-independent behaviors
that compare to drug-induced stereotypy is reviewed by Canales
(2005).

Vanderschuren et al. (2002) showed that increased striosome to
matrix activity was also observed in adult rats treated with a single
high dose, or with repeated low doses, of amphetamine and sug-
gested that the compartmental ratio change was correlated with
overall drug response rather than specifically with stereotypies.
However, this study did not rate stereotypic behaviors and even
low doses of stimulant drug can induce intermittent stereotyp-
ies such as sniffing. A single high dose of methylphenidate, an
indirect dopamine receptor agonist that is prescribed to children
for ADHD, also induces preferential IEG expression in striosomes
of adolescent mice (Davis and Puhl, 2011). In follow-up cell cul-
ture studies, methylphenidate appeared to be acting through D1
and cAMP-mediated signaling cascades, which are enriched in
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striosomes (Davis and Puhl, 2011). Likewise, in a study of spon-
taneous stereotypies in deer mice, it was found that there is an
increase in direct over indirect pathway activity, relative to non-
stereotypic controls (Tanimura et al., 2011). The stereotypic deer
mice do not show changes in striosome to matrix activity, as mea-
sured by cytochrome oxidase histochemistry, however. Together,
these studies indicate that an increased striosome to matrix activ-
ity ratio is correlated with hyper-responsivity to psychomotor
stimulants.

Although one study found that deletion of a matrix-enriched
signaling molecule (CalDAG-GEFI) is sufficient to promote drug-
induced stereotypies (Crittenden et al., 2006), other studies show
that an increase in striosome to matrix IEG activity is not necessary
to elicit stereotypy. In rats, ablation of cholinergic and nitric oxide
synthase-positive interneurons prevents the compartmentalized
IEG induction ratio, but not the sensitization of drug-associated
stereotypies (Saka et al., 2002). Additionally, mice lacking D2 show
increased stereotypy responses to D1-type dopamine receptor ago-
nists but do not exhibit increased striosome to matrix ratios of
IEG induction (Glickstein and Schmauss, 2004). By contrast, mice
with striosome, but not matrix, overexpression of the negative
mGluR1/5 modulator, Homer1a, show enhanced locomotor and
stereotypy responses to amphetamine (Tappe and Kuner, 2006).
These mice may not have decreased mGluR1/5 signaling how-
ever, as they show strong and patchy (presumably striosomal) IEG
induction in the striatum. Evidence that there is not a simple
correlation between increased striosome function and increased
responses to drugs of abuse comes from mice in which rostral
striosomes fail to develop (Liao et al., 2008). Mice lacking RARβ,
a transcription factor that is required for formation of rostral
striosomes, exhibit enhanced repetitive behavioral responses to
apomorphine. At a dose of apomorphine that does not affect
behaviors of control mice, mice lacking RARβ show increased
stereotypic responses. These results could be interpreted to indi-
cate that increased striosome to matrix activity normally serves to
dampen stereotypies. Alternatively, any striosome to matrix imbal-
ance, regardless of direction, might predispose to drug-induced
stereotypies. In addition, how the selective disruption of strio-
some or matrix function influences behavioral responses to drugs
of abuse could depend on the context of drug exposure and which
region of the striatum is activated. This apparent complexity is
not surprising considering that different drugs of abuse induce
distinct patterns of striosome and matrix IEG induction across
the caudal–rostral and medial–lateral gradients of the striatum,
and that there are differences in the connectivity and transmit-
ter/modulator expression patterns of the striosomes themselves
in different striatal regions (Graybiel et al., 1990b; Hurd and
Herkenham, 1993; Wang et al., 1994; Tan et al., 2000; Adams et al.,
2001).

Repeated treatment of rats with drugs of abuse also activates
IEG expression in the cholinergic interneurons that reside at the
compartment borders (Moratalla et al., 1996). This finding is likely
related to the observation that prolonged l-DOPA treatment of PD
models induces ERK activation in cholinergic interneurons (Ding
et al., 2011). Moreover, pharmacological disruption of choliner-
gic signaling modulates stereotypy responses to drugs of abuse
with a dependence on medial–lateral striatal gradients (Ohmori

et al., 1995; Aliane et al., 2011). Ablation of cholinergic interneu-
rons disrupts the increased striosome to matrix activity ratio in
response to the direct dopamine receptor agonist, apomorphine
(Saka et al., 2002). The CalDAG-GEFI knockout mice that have
exaggerated drug-induced stereotypies have defective cholinergic
signaling as well (Crittenden et al., 2006). Thus, cholinergic mod-
ulation of drug responses may occur, in part, through control of
striosome to matrix activity ratios.

Studies in animal models suggest that the striosome and matrix
compartments are differentially vulnerable to the loss of dopamine
terminals that is caused by drug abuse. Treatment of mice with
high doses of either methamphetamine or MDMA (“ecstasy”)
causes selective degeneration of dopaminergic inputs to the strio-
somes, relative to the surrounding matrix (Granado et al., 2008,
2010). This selective vulnerability was suggested to be related
to the relatively lower striosomal levels of superoxide dismu-
tase 2 (SOD2; Zhang et al., 1994; Medina et al., 1996), which
neutralizes the reactive oxygen species that are a byproduct of
dopamine metabolism. Another possibility is that the enriched
vascularization of striosomes (Breuer et al., 2005) causes them to
have increased exposure to injected drugs. Striosomal immuno-
markers are selectively depleted in rats treated with excitotoxic
drugs or that undergo neonatal hypoxia (Burke and Baimbridge,
1993; Figueredo-Cardenas et al., 1998). The anti-apoptosis fac-
tor, Bcl-2, and the neurotrophic factor, GDNF, are enriched in
striosomal neurons, suggesting that they may have compensatory
anti-neurodegeneration mechanisms in place (Bernier and Parent,
1998; Lopez-Martin et al., 1999; Oo et al., 2005). There remain only
a few cases in which brains of drug abusers were processed to detect
striosomes, and cell death was not assayed in this study, but the
selective striosomal enhancement of the opioid, dynorphin, could
relate to striatum-based disruption of limbic-related behaviors in
addition to effects attributable to the ventral striatum itself (Hurd
and Herkenham, 1993).

In summary, normal and dopamine-depleted animals show
a strong correlation between the degree of striosome to matrix
ratio of MSN activation and the degree of behavioral response to
dopamine agonists or drugs of abuse. New genetic tools that allow
the specific activation or repression of genes in defined subsets of
striosomal and matrix MSNs will allow us to better understand
the meaning of this correlation.

CONCLUSION
Striosomes are heavily innervated by limbic cortices, which may be
related to the preferential degeneration of striosomes and cingu-
late cortex in individuals with mood disorders associated with HD.
Striosomes are also implicated in limbic control of motor behav-
iors based on findings that drug addicts and suicide victims exhibit
preferentially increased striosomal expression of prodynorphin,
relative to control individuals. Evidence for imbalance between
striosome and matrix functions in PD is primarily associated
with l-DOPA treatment that can produce dyskinesias. In some
individuals, LIDs are associated with mood disruptions and com-
pulsive behaviors that resemble behaviors seen in drug addicts.
Animal models and a few clinical studies support the idea that
there are similarities between the excessive dopamine signaling
that occurs in MSNs of individuals with LIDs and in drug abuse.
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Hyperactivation of D1-positive MSNs and increased striosome to
matrix activity ratios have been observed in models of both dis-
orders. Inhibitors of PKA and ERK signaling can alleviate LIDs
and drug sensitization but more specific targets are needed for
therapeutic development. Dystonic symptoms of rigidity can co-
occur with the basal ganglia disorders of HD, PD, and LIDs and
several small clinical studies indicate differential degeneration of
striosome vs. matrix MSNs in hereditary forms of dystonia. The
striosome-specific pathway to the SNc may be important for some
aspects of HD, LIDs, dystonia, and drug addiction, which have
overlapping symptoms of hyperactivation of the motor system
and mood disturbances.

Much remains to be determined about the relevance of
striosome–matrix architecture to human neurologic and neu-
ropsychiatric disorders. First and foremost, striosomes have so far
been below-threshold for reliable detection by human brain imag-
ing methods currently in use, so that evidence is restricted to rare
post-mortem specimens. Even in instances in which observations
have been made on human brains, they are necessarily incom-
plete. And importantly, even though there is mounting evidence
that some aspects of repetitive behavior may be related to excessive

striosomal signaling, there are still no studies for some human dis-
orders in which repetitive behaviors are common symptoms, such
as in autism spectrum disorders. Technical advances are close to
overcoming some of these limitations, and promise insights into
the functions of the highly developed striosomal system of the
human striatum.
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