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Dystonia is a functionally disabling movement disorder characterized by abnormal movements and postures.
Although substantial recent progress has been made in identifying genetic factors, the pathophysiology of
the disease remains a mystery. A provocative suggestion gaining broader acceptance is that some aspect of
neural plasticity may be abnormal. There is also evidence that, at least in some forms of dystonia,
sensorimotor “use” may be a contributing factor. Most empirical evidence of abnormal plasticity in dystonia
comes from measures of sensorimotor cortical organization and physiology. However, the basal ganglia also
play a critical role in sensorimotor function. Furthermore, the basal ganglia are prominently implicated in
traditional models of dystonia, are the primary targets of stereotactic neurosurgical interventions, and
provide a neural substrate for sensorimotor learning inﬂuenced by neuromodulators. Our working
hypothesis is that abnormal plasticity in the basal ganglia is a critical link between the etiology and
pathophysiology of dystonia. In this review we set up the background for this hypothesis by integrating a
large body of disparate indirect evidence that dystonia may involve abnormalities in synaptic plasticity in the
striatum. After reviewing evidence implicating the striatum in dystonia, we focus on the inﬂuence of two
neuromodulatory systems: dopamine and acetylcholine. For both of these neuromodulators, we ﬁrst
describe the evidence for abnormalities in dystonia and then the means by which it may inﬂuence striatal
synaptic plasticity. Collectively, the evidence suggests that many different forms of dystonia may involve
abnormal plasticity in the striatum. An improved understanding of these altered plastic processes would
help inform our understanding of the pathophysiology of dystonia, and, given the role of the striatum in
sensorimotor learning, provide a principled basis for designing therapies aimed at the dynamic processes
linking etiology to pathophysiology of the disease.
© 2009 Elsevier Inc. All rights reserved.
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Abbreviations: 3-NP, 3-nitropropionic acid; 6-OHDA, 6-hydroxydopamine; ACh, acetylcholine; D1R, D1-family dopamine receptor; D2R, D2-family dopamine receptor; DA,
dopamine; DAR, dopamine receptor; DBS, deep brain stimulation; DRD, dopa-responsive dystonia; DYTbNN, The Nth form of dystonia identiﬁed by genetic linkage; FS, fast-spiking
interneuron; GPe/GPi, globus pallidus (internal segment/external segment); HFS, high frequency stimulation; L-DOPA, levodopa; lHb, lateral habenular nucleus; LID, levodopainduced dyskinesia; LTD, long-term depression; LTP, long-term potentiation; mAChR, muscarinic ACh receptor (e.g. M1R, M4R); MEP, motor-evoked potential; mGluR, metabotropic
glutamate receptor; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MSN, medium spiny neuron; NOS, nitric oxide synthase; PD, Parkinson's disease; PPN, pedunculopontine
nucleus; SNc/SNr, substantia nigra pars compacta/reticulata; STDP, spike-timing-dependent plasticity; STN, subthalamic nucleus; TANs, tonically active neurons; nILT, thalamic
intralaminar nuclei; TMS, transcranial magnetic stimulation.
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Introduction
Dystonia is the third most common movement disorder after
Parkinson's disease and essential tremor. It is expressed as involuntary excessive and sustained muscle activity producing abnormal
movements and postures. It can be focal, involving only cranial,
cervical, or limb musculature, or generalized, involving most of the
body. Onset varies from early childhood to late adulthood and the
symptoms can be functionally disabling. Although it is not degenerative, it is chronic with a remission rate of less than 5%. Treatments are
symptomatic and only partially effective. See Jankovic (2009) for a
recent review of how hyperkinetic disorders, including dystonia, are
clinically characterized and managed. Over 15 genetic forms have
thus far been identiﬁed that may predispose one for various forms of
dystonia. However, for most of these, the penetrance is low and many
forms of the disease still have no identiﬁable genetic determinant.
Furthermore, the speciﬁc genes, proteins for which they code, and the
functions of those proteins, have only begun to be understood. Thus,
despite substantial recent progress (Vidailhet et al., 2009), the genetic
and non-genetic factors in the pathophysiology of dystonia remain a
mystery.
Plasticity has come to be viewed as one of the most basic of brain
functions (Pascual-Leone et al., 2005) and several investigators have
suggested that abnormal plasticity is a key factor in the pathophysiology of dystonia (Altenmuller, 2003; Berardelli et al., 1998; Hallett,
1998, 2001, 2006; Quartarone et al., 2009, 2006b; Rosenkranz et al.,
2007; Sanger and Merzenich, 2000; Schenk and Mai, 2001; TorresRussotto and Perlmutter, 2008). More speciﬁcally, Quartarone and
others (Hallett, 2002; Quartarone et al., 2008, 2006b; Sanger and
Merzenich, 2000; Torres-Russotto and Perlmutter, 2008) have
suggested that two factors jointly underlie the pathophysiology of
dystonia: “use-dependent” environmental factors like peripheral
injury or repetitive training and subtly abnormal mechanisms of
plasticity. Much of the empirical evidence for abnormal plasticity in
dystonia derives from changes in the plasticity of reﬂexes and changes
in the organization of the cortex. Blepharospasm patients, who exhibit
involuntary contractions of the periocular musculature, demonstrate
an enhanced ability to potentiate the trigeminal blink reﬂex
(Quartarone et al., 2006a). However, the neural substrates for this
abnormal reﬂex plasticity are unclear because reﬂexes can be
modulated by descending signals from suprasegmental sensorimotor
areas (Anastasopoulos et al., 2009; Berardelli et al., 1998; Mink, 1996;
Rea and Ebner, 1991). The abnormal plasticity in motor cortical areas
in dystonia (Edwards et al., 2006) is manifest as enlarged, smeared, or
disorganized components of the homunculus in primary motor cortex
(Berardelli et al., 1998; Byrnes et al., 1998; Thickbroom et al., 2003).
Also, motor evoked potentials (MEPs) are hyperexcitable in dystonia
(Chen, 2000; Siebner et al., 1999) and the facilitatory and inhibitory
effects of theta burst stimulation transcranial magnetic stimulation
(TMS) on the MEP are longer lasting in dystonia patients than in
controls (Huang et al., 2005). Somatosensory cortical areas exhibit
similar patterns of abnormal plasticity in dystonia, including larger
and dedifferentiated somatotopy (Bara-Jimenez et al., 1998; Cuny et
al., 2008; Elbert et al., 1998; Meunier et al., 2001). Systems-level
associative plasticity involving somatosensory and motor cortical
areas, measured with TMS and paired associative stimulation-induced
increases in subsequent single-pulse somatosensory-evoked potential
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and MEP amplitudes, is enhanced in focal hand dystonia patients
(Tamura et al., 2009). Depending on its timing, paired associative
stimulation can induce both facilitatory and inhibitory effects on MEPs
that are exacerbated in dystonics compared to controls (Quartarone et
al., 2003; Weise et al., 2006). Some of these topographic and
physiologic abnormalities in cortex are also evident in basal ganglia
(Lenz et al., 1998; Vitek et al., 1999) and thalamus (Lenz et al., 1999),
so there may be abnormal plasticity throughout the greater basal
ganglia thalamocortical network (Quartarone et al., 2009). Abnormal
plasticity in reﬂexes and cortical areas may be modulated by or even
secondary to abnormal plasticity in basal ganglia (Berardelli, 2006;
Berardelli et al., 1998; Hallett, 2009; Vitek, 2002). Unfortunately
plasticity is experimentally more difﬁcult to investigate in basal
ganglia than in reﬂexes or cortex.
There are several reasons why abnormal plasticity in the basal
ganglia may also play an important role in dystonia: (1) the basal
ganglia have long been considered a nexus of pathophysiology in
dystonia (Guehl et al., 2009; Oppenheim, 1911; Sheehy and Marsden,
1982), including interpretations from lesion (Bhatia and Marsden,
1994) and functional imaging studies (Blood et al., 2004; Meunier et
al., 2003), (2) basal ganglia dysfunction has been implicated in several
models of movement disorder pathophysiology, including dystonia
(Albin et al., 1989; DeLong, 1990; Gale et al., 2008; Mink, 1996, 2003;
Nambu et al., 2000, 2002; Vitek, 2002), (3) the basal ganglia, and most
commonly their primary output structure the globus pallidus
internum (GPi), are the most common targets for ablative and deep
brain stimulation (DBS) treatment of dystonia, (4) the basal ganglia
play a prominent role in procedural and sensorimotor learning
(Adamovich et al., 2001; Bar-Gad et al., 2003; Barnes et al., 2005;
Berns and Sejnowski, 1998; Frank et al., 2004; Graybiel, 2008; Horvitz,
2009; Krebs et al., 2001; Kreitzer and Malenka, 2008; Messier et al.,
2007; Packard and Knowlton, 2002; Pisani et al., 2005; Williams and
Eskandar, 2006; Yin and Knowlton, 2006) and sensorimotor integration and learning are impaired in dystonia (Abbruzzese et al., 2001;
Doyon, 2008; Ghilardi et al., 2003; Sharma et al., 2005; Tamburin et al.,
2002), and (5) sensorimotor learning is associated with neural
plasticity in both healthy (Graybiel et al., 2000; Rosenkranz et al.,
2007) and dystonic individuals (Quartarone et al., 2006b). Contemporary views of the function of the basal ganglia continue to evolve.
The cortical-basal ganglia network has come to be seen as the
“fundamental unit of function at the level of behavior” (Yin and
Knowlton, 2006, p. 471). Some investigators have even suggested that
the classic view of the basal ganglia role in motor modulation may in
fact be secondary to a more general purpose role in learning
(Wickens, 2009). Thus, the basal ganglia likely play a role not only
in the expression of dystonia but also perhaps the process by which
dysfunctional motor behavior is implicitly “learned” during the
development of dystonia. Nevertheless, the role of basal ganglia
plasticity in dystonia remains poorly understood.
Our working hypothesis is that abnormal plasticity in the basal
ganglia is a critical link between the etiology and pathophysiology of
dystonia. In this review we set up the background for this hypothesis
by integrating a large body of indirect evidence that dystonia may
involve abnormalities in synaptic plasticity in the primary input
nucleus of the basal ganglia, the striatum. After summarizing striatal
afferents and efferents in the context of the greater basal ganglia
network, we review evidence implicating the striatum in dystonia.
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We then turn to the cellular constituents of the striatum and the
synapses among them. Two neuromodulatory systems, dopamine
(DA) and acetylcholine (ACh), have diffuse and diverse inﬂuences
throughout the striatum. For both of these neuromodulators, we ﬁrst
describe the evidence for abnormalities in dystonia and then how
they may inﬂuence striatal synaptic plasticity.
Basal ganglia network
The basic components of the basal ganglia thalamocortical
network are depicted in Fig. 1. There are many good reviews of
functional neuroanatomy of the basal ganglia (e.g. see the recent
review in Utter and Basso (2008)). The main output from the basal
ganglia is from the GPi and substantia nigra pars reticulata (SNr) to
motor thalamic nuclei (ventral anterior and ventrolateral), which
project primarily to frontal cortical areas but also back to striatum
(McFarland and Haber, 2001). The striatum is the largest nuclei
among the basal ganglia. It is also the primary input gateway to the
basal ganglia, and therefore well positioned to play a prominent role
in any plastic processes in the basal ganglia. The striatum consists of
the caudate, putamen, and nucleus accumbens. As the putamen is the
predominant striatal component involved in motor control, subsequent references to “striatum” will generally refer to the putamen.
The output (“striatofugal”) pathways from the striatum originate
from only the medium spiny neurons (MSNs). MSNs, also known as
“spiny projection neurons,” are so called because of the densely
spinous morphology of their dendritic processes. They constitute
approximately 95% of the neurons in the primate striatum. Although
the striatum forms the primary input structure of the basal ganglia a
notable exception is the so-called hyperdirect pathway from cortex to
GPi via the subthalamic nucleus (STN). The striatum receives
convergent glutamatergic input from two primary sources: the vast
majority of cortex and the intralaminar nuclei of the thalamus (nILT).
The nILT comprise primarily the centromedian/parafasicular complex. The centromedian portion provides the primary projection to
the sensorimotor striatum. In addition to preserving a grossly
segregated parallel loop structure for limbic, associative, and motor
functions (Alexander et al., 1986; Parent and Hazrati, 1995), the broad
convergent cortical input and large MSN dendritic arborizations also
provide, within the somatomotor divisions, an anatomical substrate
for the integration of abstract sensory representational and motor
planning information. The nILT inputs to striatum have been the

subject of much less research than the cortical inputs and less is
known about their functional signiﬁcance (for a good review, see
Smith et al. (2004)). One hypothesis is that they mediate attention to
multimodal sensory information (Kimura et al., 2004; Minamimoto
and Kimura, 2002). Regardless of their function at the behavioral
level, they probably play an important and underappreciated role in
striatal function and plasticity: the nILT inputs have higher glutamate
release probability than cortical inputs (Ding et al., 2008) and surgical
interventions in nILT, in the form of lesions (Cooper, 1976) and DBS
(Caparros-Lefebvre et al., 1999), provide relief to dystonia symptoms.
Another important category of inputs to the striatum are the
ascending neuromodulatory projections from multiple brain stem
nuclei, including DA from the substantia nigra pars compacta (SNc),
ACh from the pedunculopontine nucleus (PPN), and others, such as
serotonin (5-HT) from the dorsal raphe nucleus, which will not be
discussed here. Although the diffuse projections of these neuromodulatory systems enable them to inﬂuence plasticity in many brain
regions well beyond the basal ganglia, in the present review we focus
on their inﬂuence in the striatum. These neuromodulatory systems
have differential effects on basal ganglia pathways that originate from
MSNs in the striatum. The “direct” pathway from the striatum to the
GPi/SNr (usually called the “striatonigral” projection in rodents) is
classically thought to involve MSNs expressing predominantly DARs
of the Gs-coupled D1R dopamine receptor family. The “indirect”
pathway (usually called the “striatopallidal” projection in rodents,
referring to either of two polysynaptic pathways from striatum to
GPi/SNr: striatum to globus pallidus externum (GPe) to GPi or
striatum to STN to GPe to GPi) is associated with MSNs expressing
predominantly DARs of the Gi-coupled D2R family (Gerfen et al.,
1990). There are also striosomal compartments embedded in the
striatal matrix which contain D1R-predominant MSNs projecting not
to pallidal structures but to the SNc (Gerfen, 1992).
There is a small but growing body of evidence that D1Rs and D2Rs
are extensively colocalized on MSNs in the striatum (Aizman et al.,
2000; Surmeier et al., 1996). Accordingly, the extent to which the
differential expression of D1Rs and D2Rs maps to “direct” or “indirect”
MSN projections remains unclear. In conjunction with the possibility
that MSN axons projecting to GPi might make collateral en passant
synapses within GPe, the long-held distinction between “direct” and
“indirect” pathways may not be the best way to characterize circuitry
and pharmacology through the striatum (Nambu, 2008). Nevertheless, most contemporary research on striatal synaptic physiology

Fig. 1. Simpliﬁed schematic of primary network involving the basal ganglia, including extrinsic neuromodulatory inputs. Solid lines with triangular arrowheads depict excitatory
projections. Dashed lines with oval arrowheads depict inhibitory projections. (Abbreviations: Thal_VA/VL—thalamic ventral anterior and ventrolateral nuclei).
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makes the distinction between the D1R- versus D2R-predominant
MSN projections, and the present review follows this convention.
The striatum and dystonia
Historically, there is very limited evidence for structural or
histological abnormalities in postmortem analyses of brain tissues
from patients with primary dystonia (Holton et al., 2008), with only a
few case reports of neuronal loss or astrocytic gliosis in striatum (Gibb
et al., 1992; Waters et al., 1993). However, dystonia can be secondary
to putamenal lesions with (Starostarubinstein et al., 1987) or without
Wilson's disease, and the symptomatic expression is proportional to
the lesion extent (Bhatia and Marsden, 1994; Palﬁ et al., 2000).
Furthermore, the topographic expression of secondary dystonia
symptoms is consistent with lesion localization within putamen
(Krystkowiak et al., 1998). Among primary dystonias and secondary
dystonias without overt striatal pathology, there is some albeit limited
evidence for subtle changes in striatal structure and function. In
primary dystonias, there is conﬂicting data about putamenal volume,
some reporting increases (Black et al., 1998; Etgen et al., 2006) and
some reporting decreases (Obermann et al., 2007). It is unclear
whether changes in putamenal volume are a causal factor or
potentially a compensatory result of the disorder. In patients positive
for the DYT1 genetic form of dystonia (caused by mutations in TOR1A,
the gene that codes for torsinA, and is typically generalized with
childhood onset) there is a negative correlation between putamenal
volume and dystonic symptoms, i.e. smaller volume corresponds to
exaggerated symptoms (Draganski et al., 2009). There may also be
network changes involving the putamen: mice expressing human
mutant torsinA (Grundmann et al., 2007) and dystonia patients with
involvement of the cervical musculature (Colosimo et al., 2005;
Fabbrini et al., 2008) exhibit increased fractional anisotropy in
diffusion tensor images in putamen bilaterally. Curiously, no such
differences from healthy controls were found in blepharospasm
patients (Fabbrini et al., 2008). Delmaire et al. (2009) interpreted
increased fractional anisotropy in the posterior limb of the internal
capsule in focal hand dystonia patients as evidence for abnormalities
in corticostriatal projections. Furthermore, the putamen is hyperechogenic on transcranial sonography images in adult onset primary
dystonia (Becker et al., 1997; Naumann et al., 1996). Although
interpretation of this measure remains unclear, it may be more
sensitive than MRI, because it was abnormal in seven out of ten
cervical dystonia patients, compared with only one out of ten
abnormalities seen with MRI (Becker et al., 1997). In cases where
there is no structural abnormality in striatum, there may be subtle yet
functionally signiﬁcant changes in physiology not detectable with
structural assays.
Metabolic measures of striatal activity in dystonia are mixed. There
is decreased striatal glucose utilization in (especially manifesting)
DYT6 carriers (Carbon et al., 2004). Focal hand dystonia patients show
stronger decreases in striatal glucose consumption in response to
repetitive TMS than controls (Siebner et al., 2003). Other forms of
dystonia exhibit the opposite trend. In the dtsz mutant hamster model
of paroxysmal dystonia, an NADH ﬂuorescence measure of striatal
metabolism was reversibly increased during dystonic episodes
(Hamann et al., 2009). DYT1 carriers exhibit increased glucose
utilization in striatum compared to controls (Eidelberg et al., 1998).
Importantly, this was not simply a result of motor symptoms, because
it was present in both the awake and sleep states. TorsinA is an ATPbinding protein, and the striatum is particularly metabolically active.
The plastic changes in response to forebrain ischemia involves an
increase in torsinA transcript levels over several days in striatum and,
possibly, remodeling of basal ganglia circuits (Zhao et al., 2008b). The
striatum is particularly sensitive to metabolic challenge (Nishino et
al., 2000) and stroke, vascular malformation, or perinatal asphyxia
(Bressman, 2000) can induce secondary dystonias. This has also been
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demonstrated with animal models using nitropropionic acid (3-NP).
3-NP is a mitochondrial toxin found in moldy sugarcane (Liu et al.,
1992). It is commonly used in animal models of Huntington's disease
because at sufﬁcient dosage there is cell death in striatum (Beal et al.,
1993). However, lower doses provide a model of metabolic challenge
and induce a dystonia-like state: a single injection can induce
hindlimb dystonia 4 h later in rats (Akopian et al., 2008). The T2weighted MRI signal intensity in the striatum was correlated with
dyskinesias produced in the 3-NP lesion primate model (Palﬁ et al.,
2000). Dyskinesias represent a constellation of generally hyperkinetic
clinical features, frequently but not always including dystonic
symptoms. When interpreting the delayed onset of dyskinesias
produced weeks after terminating the 3-NP treatment, Palﬁ et al.
(2000) suggested that the development of dystonic symptoms may
reﬂect reorganization of the corticostriatal projections. Thus the
response to metabolic challenges may involve subtle changes in
striatal circuitry.
Striatal abnormalities could impair function throughout the whole
cortical–subcortical sensorimotor system (Guehl et al., 2009). The
striatum mediates a wide array of sensorimotor mappings and these
mappings are plastic. Given the inﬂuence of striatum over basal
ganglia output (via the GPi/SNr) to thalamus and back to motor
cortical areas, the basal ganglia have been attributed a role in “sensory
gating,” ﬁltering what sensory information is “passed” to the motor
system (Kaji, 2001; Murase et al., 2000). Dystonia involves somatosensory dysfunction (Murase et al., 2000), including spatial acuity
deﬁcits proportional to striatal volume (Walsh et al., 2009). The
somatotopic disorganization seen in motor and somatosensory
cortical areas of dystonia patients is also present in the striatum
(Delmaire et al., 2005). The question remains what role striatal
synaptic plasticity might play in dystonia. It may be that an
abnormally plastic striatum predisposes individuals to dystonia
(Martella et al., 2009). In subsequent sections, we introduce the
cellular constituents of the striatum and the forms of synaptic
plasticity they exhibit before characterizing how they are inﬂuenced
by the neuromodulators.
Striatal constituents and plasticity
Striatal synaptic plasticity plays an important role in procedural
and sensorimotor learning (Graybiel et al., 2000; Horvitz, 2009;
Kreitzer and Malenka, 2008; Pisani et al., 2005; Yin and Knowlton,
2006). Much of that research has implicated plasticity speciﬁcally in
corticostriatal synapses (Kreitzer and Malenka, 2008). Corticostriatal
potentiation is correlated with learning rate in an intracranial selfstimulation paradigm involving stimulation of DA neurons in SNc
(Reynolds et al., 2001) and this was interpreted as a cellular
instantiation of sensorimotor learning, i.e. how context-sensitive
motor behavior is shaped (Reynolds et al., 2001; Wickens et al., 2003).
This corticostriatal synapse is the best studied of the synapses in the
striatum and its modulation by DA is discussed at length in a later
section.
There are many types of synapses within the striatum at which
plasticity is likely to play a role in the functional forms of learning that
the structure putatively subserves. In addition to the MSNs, the
striatum contains a few classes of aspiny interneurons shown in Fig. 2:
cholinergic neurons that ﬁre autonomously in vivo at 3–9 Hz without
synaptic input activity (therefore often referred to as “tonically active”
neurons, or “TANs”), and two classes of GABAergic interneurons
characterized physiologically and histochemically: “fast-spiking” (FS)
cells staining positive for parvalbumin and “low-threshold spiking”
cells staining for somatostatin, neuropeptide Y, and nitric oxide
synthase (NOS). The striatum receives glutamatergic inputs from two
primary sources: the cortex and the thalamus. The cortical inputs to
the striatum synapse onto all of the striatal cell classes. Because these
cortical afferents activate the cell classes in the order GABAergic
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Fig. 2. Schematic of neuromodulatory receptors in striatum. Excitatory and inhibitory projections as depicted in Fig. 1. DARs in red, AChRs in green, and glutamate receptors in grey.
(⁎) denotes pathway-dependent receptor expression, i.e. DARs on MSN spine shafts are primarily D1Rs on “direct” pathway MSNs and D2Rs on the “indirect” pathway MSNs and
M1Rs on both “direct” and “indirect” pathway MSNs, but M4Rs on “direct” pathway MSNs only. Presynaptic processes depicted without speciﬁc postsynaptic targets denote
incomplete information on these synapses. Omitted for simplicity: GABA receptors as well as myriad intracellular signaling cascades and their downstream effects on ion channel
families and receptor expression/trafﬁcking. (Abbreviations: Glu—glutamate; LTS—low-threshold spiking interneuron; NO—nitric oxide). Based in part on ﬁgures in (Breakeﬁeld et
al., 2008; Kreitzer, 2009; Kreitzer and Malenka, 2008; Pisani et al., 2007; Surmeier et al., 2007).

interneurons, TANs, then MSNs (Fino et al., 2008), the local
interneurons are likely to play an important modulatory role on
how cortical inputs inﬂuence MSNs. Indeed this has been demonstrated in vivo, whereby FS interneurons in particular exhibit a strong
feedforward inhibitory inﬂuence on MSNs, especially in the macroscopically desynchronized “awake” state (Mallet et al., 2005). This
may explain why, in dtsz hamsters, the slowed development of
parvalbumin-positive FS interneurons in striatum (Gernert et al.,
2000; Hamann et al., 2007) corresponds to dystonic attacks, because
the reduced feedforward inhibition from FS interneurons may
disinhibit the MSN cells.
Within the striatum's local circuits, there are not only strong
feedforward inﬂuences from the GABAergic interneurons (Tepper et
al., 2004) but also weaker feedback inﬂuences. For example, there is
evidence that TAN ﬁring induces polysynaptic GABAA-mediated
inhibition of TANs (Sullivan et al., 2008). Also, MSN axon collaterals
provide lateral inhibitory feedback connections to other MSNs, with
D2R MSNs exhibiting stronger local inhibition than D1R MSNs
(Taverna et al., 2008). These synapses may be differentially modulated by DARs (e.g. inhibited by D2Rs) in a fashion consistent with the
differential D1R/D2R modulation of cortical inputs to MSNs. The
synapses exhibit DA-dependent short-term forms of synaptic plasticity (Czubayko and Plenz, 2002; Taverna et al., 2008) and LTP induced
by high-frequency stimulation (HFS) (Rueda-Orozco et al., 2009).
Glutamatergic synapses onto MSNs exhibit spike-timing-dependent plasticity (STDP) whereby LTP (requiring metabotropic glutamate receptor (mGluR) activation) is induced by post–pre ﬁring and
LTD (requiring NMDAR activation) is induced by pre-post ﬁring order
(Fino et al., 2008). This STDP “rule” is opposite that found in the
cerebral cortex and hippocampus, perhaps because the MSN is an
inhibitory neuron, in which LTP and LTD have the opposite effect on
the output (see (Wickens, 2009) for a discussion of the interpretation

of these results). Corticostriatal LTD may require NO (Calabresi et al.,
1999), which is released when HFS is used to induce long-lasting
depolarizations in NOS+ interneurons (Kawaguchi et al., 1995).
Because NOS+ interneurons have axonal arborization ﬁelds larger
than TANs, they probably have a more topographically diffuse
inﬂuence on MSNs than TANs. In any case, understanding plasticity
in the full complement of feedforward and feedback intrastriatal
connections remains an important challenge for the ﬁeld (Plenz,
2003).
Importantly, as depicted in Fig. 2, there is a wide distribution of
neuromodulator receptors of different types on several of the cell
classes in striatum. Our understanding of all of the synaptic
connections within striatum and the relative contribution of synaptic
versus extra-synaptic inﬂuence of the neuromodulators remains
incomplete. Accordingly, some of the presynaptic processes are
intentionally depicted in Fig. 2 without a speciﬁc postsynaptic target.
Likewise, many constituents of the intracellular pathways in pre- and
post-synaptic cells have been omitted. Although their inﬂuence on a
vast array of ion channel families has already been identiﬁed, the
complete details are still being resolved and are beyond the scope of
this review. Nevertheless, the broad distribution of DA and ACh
receptors among all of the striatal cell classes could provide a
substrate for many different forms of synaptic plasticity.
The nILT inputs to striatum are the dominant inﬂuences on TANs
(Lapper and Bolam, 1992), where they facilitate ACh release via
NMDA glutamate receptors, not AMPARs (Consolo et al., 1996). The
inﬂuence of nILT inputs to MSNs is probably quite different from the
cortical inputs, because the nILT inputs target dendritic shafts not
spines (Smith et al., 2004). Thus, these two glutamatergic sources
probably have distinctly different functions in striatal plasticity. The
spatial relationship between glutamate and DA afferents onto MSN
dendritic processes is also likely important. Unlike the close proximity
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between DA terminals and cortical afferents to MSNs, DA terminals
and nILT inputs are relatively more spatially segregated on MSN
dendritic processes (Smith et al., 1994), consistent with a more diffuse
attention-mediating role stipulated for the nILT inputs. Strikingly,
there is also evidence for a limited number of DA cells intrinsic to the
human striatum (Cossette et al., 2005). Although their function
remains to be elucidated, the number of such cells may be responsive
to extrinsic DA input to the striatum, because it increases after nigral
DA lesions (Huot and Parent, 2007; Tashiro et al., 1989).
Several good reviews on synaptic physiology and plasticity in the
striatum have been published in the past few years (Centonze et al.,
2003c; Kreitzer, 2009; Kreitzer and Malenka, 2008; Pisani et al., 2007;
Pisani et al., 2005; Surmeier et al., 2007). In the balance of this review,
we will consider in turn evidence that the DA and ACh systems are
affected in dystonia and, in both cases, highlight evidence for their
inﬂuence on synaptic plasticity in the striatum. Because of space
limitations, we have intentionally omitted other factors such as
serotonin, norepinephrine, and the endocannabinoid and neurotrophic systems, all of which probably make important contributions
to striatal synaptic plasticity.
DA in dystonia: general considerations
DA's inﬂuence in dystonia is varied, complex, and sometimes
paradoxical. Despite some SNc DA cell loss with normal aging (CruzSanchez et al., 1997; Itoh et al., 1996) and unlike Parkinson's disease,
there is historically no evidence for abnormal cellular degeneration of
nigral DA cells in dystonia. Nevertheless, reduced striatal DA
(Perlmutter et al., 1997b; Tabbal et al., 2006), or more commonly a
general DA dysfunction (Augood et al., 2004, 1999; Breakeﬁeld et al.,
2008; Perlmutter and Mink, 2004), have been suggested as factors in
dystonia (see also Wichmann (2008) for a recent review). When
midbrain strokes produce a dystonia, the severity of the symptoms is
correlated with the degree of DA denervation in the striatum
(Vidailhet et al., 1999). In a postmortem study of two cases of
childhood onset generalized dystonia, one of the cases exhibited
below normal levels of DA in the striatum (Hornykiewicz et al., 1986).
DAergic control of the trigeminal blink reﬂex circuit starts to decline
in the 40- to 60-year age range (Peshori et al., 2001), perhaps related
to the natural age-related decline in DA cells and consistent with the
distribution of onset age for blepharospasm (Martino et al., 2005).
Deﬁciencies in the DA system may induce dystonia by changing reﬂex
excitability: the trigeminal blink reﬂex exhibits increased excitability
after SNc DA cell loss (Basso et al., 1993). On the other hand, striatal
DA release is increased in the dtsz dystonia model, although only
transiently during dystonic attacks (Hamann and Richter, 2004). In
healthy basal ganglia, excessive DA has behavioral effects with
similarities to involuntary motor functions in dystonia, increasing
stereotyped and compulsive behaviors (Graybiel et al., 2000; Ridley,
1994; Voon et al., 2006). Curiously, symptomatic response to
modulation of the DA system varies widely: some dystonia patients
beneﬁt from DA agonists and some from DA depleting agents (Lang,
1988). It is also worth noting the association of dystonia with both
excessive and deﬁcient striatal DA is consistent with the dystonias
seen in both “on” and “off” states in L-DOPA treated Parkinson's
disease (PD). Thus it may be that either too little or too much DA in
striatum, perhaps depending on the developmental life stage of the
individual, can have a causal inﬂuence on dystonia (Breakeﬁeld et al.,
2008). In either case, abnormal striatal DA could modify DA's
inﬂuence on striatal synaptic plasticity.
An important factor in DA's striatal inﬂuences is likely to be DAR
regulation. Striatal DAR binding is decreased in humans with focal
dystonia (Chase et al., 1988; Naumann et al., 1998; Perlmutter et al.,
1997a) and, to a large but nonsigniﬁcant degree, in DYT1 patients
(Augood et al., 2002). The DAR blocker haloperidol ameliorates
symptoms in a primate model of cervical dystonia induced by
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mesencephalic lesions (Battista et al., 1976). D1R and D2R binding
are unchanged in a mouse model of DYT1 dystonia (Balcioglu et al.,
2007; Zhao et al., 2008a). In the dtsz model of dystonia, however, D1R
and D2R binding are decreased in dorsal striatum (Nobrega et al., 1996)
and corticostriatal LTP is increased (Kohling et al., 2004). In cervical
dystonia (Placzek et al., 2001) and blepharospasm (Misbahuddin et al.,
2002), a polymorphism has been implicated in the gene coding for the
D5R, which is part of the D1R family of DARs. There is, however, a
larger body of evidence suggesting that D2R-mediated function in the
striatum is preferentially impaired in dystonia (Defazio et al., 2007;
Perlmutter et al., 1997a; Tabbal et al., 2006). Mutations in D2R genes
have been associated with DYT11 myoclonus-dystonia (Klein et al.,
1999) which, along with dopa-responsive dystonia (DRD) and DYT12,
constitutes one of the “dystonia-plus” syndromes. D2R availability is
reduced in striatum in DYT1 patients and carriers (Carbon et al.,
2009). Although striatal D2R binding is increased in DRD (Rinne et al.,
2004), it is decreased in several other forms of dystonia (Asanuma et
al., 2005; Carbon et al., 2009; Horstink et al., 1997; Naumann et al.,
1998; Perlmutter et al., 1998, 1997a). Whether DAR binding effects
reﬂect loss of neurons with DARs, some sort of dysfunction in neurons
with DARs, increased DA in synapses, DAR downregulation, or
increased DA turnover is not always clear (Carbon et al., 2009).
Although there is evidence for increased DA turnover in striatum of
DYT1 patients (Augood et al., 2002), the ﬁndings in mouse models of
DYT1 are mixed, including decreases (Dang et al., 2006), increases
(Zhao et al., 2008a), or no change (Balcioglu et al., 2007). Within the
striatum, enhanced feedforward inhibition (probably between FS
interneurons and MSNs) has also been attributed to D2R dysfunction
in a mouse model of DYT1 dystonia (Sciamanna et al., 2009).
Collectively there is more evidence for D2R- than D1R-system
abnormalities in dystonia. Importantly for the development of
dystonia, D2Rs play a role distinct from D1Rs in striatal synaptic
plasticity, as discussed later. Differential abnormalities in D1R- versus
D2R-mediated striatal synaptic plasticity may therefore be a determining factor in the clinical expression of different forms of dystonia.
DA in dystonia: speciﬁcs
Several distinct forms of dystonia involve modiﬁed DA function,
including at least four genetically-identiﬁed forms of dystonia (DYT1,
DYT3, DYT5 and DYT11), tardive dystonia, and two aspects of PD:
levodopa-induced dyskinesias (LIDs) and the early phase of the MPTP
primate model of PD.
The DYT1 form of dystonia may cause a variety of abnormalities in
the nigrostriatal DA system, as summarized in a recent commentary
by Wichmann (2008). Human SNc exhibits high levels of the torsinA
protein (Augood et al., 1999; Konakova et al., 2001; Shashidharan et
al., 2000a). Although generalized dystonia, with or without TOR1A
mutations, does not appear to change immunoreactivity to torsinAlike proteins, the SNc DA cells appear to be larger in generalized
dystonia patients than in controls (Rostasy et al., 2003). Ubiquitin
immunoreactive aggregates are found in the SNc of DYT1 patients
(McNaught et al., 2004). TOR1A mutations inﬂuence torsinA's
distribution and therefore probably also the protein's function (Cao
et al., 2005; Torres et al., 2004). TorsinA is colocalized with alphasynuclein in Lewy bodies (Sharma et al., 2001; Shashidharan et al.,
2000b) and there is evidence for Lewy bodies in some dystonia
patients (Mark et al., 1994). Thus, because alpha-synuclein couples
with the DA transporter (Lee et al., 2001), TOR1A mutations may lead
to dysfunctional presynaptic uptake by the transporter and therefore
abnormal modulation of nigrostriatal DA transmission. TorsinA may
also play a more direct role in the striatum. TorsinA preferentially
localizes to neurons in the matrix compartment of the striatum
(Konakova et al., 2001), which gives rise to both the direct and
indirect pathways from the striatum. In a DYT1 postmortem case
study, there was no cellular pathology detected in SNc but
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substantially reduced DA in rostral striatum (Furukawa et al., 2000).
Also, in mouse models of DYT1 involving TOR1A mutations,
symptomatically affected mutants have decreased striatal DA and
unaffected mutants have increased striatal DA (Shashidharan et al.,
2005). The decreased DA appears to be due to disrupted DA transport
or release, but not pre-synaptic transport or post-synaptic DARs
(Balcioglu et al., 2007). Other inﬂuences of mutant forms of torsinA
downstream from DARs remain to be elucidated but they are probably
numerous and varied because torsinA regulates protein processing
through secretory pathways in the endoplasmic reticulum (Hewett et
al., 2008) and cellular trafﬁcking of G-protein coupled receptors and
ion channels (Torres et al., 2004). Regardless of the speciﬁc
mechanisms, abnormalities in the striatal DA system are consistent
with the possibility of abnormal striatal synaptic plasticity in DYT1
dystonia, and recent evidence in a DYT1 mouse model (Martella et al.,
2009) supports this possibility.
Although more progress has been made in characterizing the DYT1
form of dystonia, there is some evidence for DA abnormalities in
DYT3, DYT5, and DYT11 forms of dystonia. In DYT3 (also known as “xlinked recessive dystonia-parkinsonism” or “Lubag”), there is neuronal degeneration speciﬁcally in the striosomal compartments of the
striatum (Goto et al., 2005) which, given their projection to SNc,
modulate DA input back to striatum. In DYT5 (also known as DRD or
Segawa's disease (Segawa et al., 1976)), the various genetic subforms
result in reduced DA production typically without loss of nigral DA
cells by interfering with tyrosine hydroxylase (Knappskog et al., 1995;
Sato et al., 2008). This rare form of dystonia responds so dramatically
to levodopa (L-DOPA) that an L-DOPA trial is merited in all early onset
dystonia without a clear alternative diagnosis (Albanese et al., 2006).
DYT11 (myoclonus dystonia) is attributed to deﬁcits in the epsilonsarcoglycan protein SGCE (Zimprich et al., 2001), which is highly
expressed in DA neurons (Chan et al., 2005) and may inﬂuence
structural morphology of neurons by mediating linkages between
cytoskeleton and the extracellular matrix. A mouse model of DYT11
has elevated levels of striatal DA (Yokoi et al., 2006). Whether
abnormalities in striatal DA are present in other genetic forms of
dystonia remains to be determined. But the myriad abnormalities
found thus far in the DYT1, 3, 5, and 11 forms suggest that DA
abnormalities may be a common, albeit subtly different, factor in
many forms of the disease.
Tardive dystonia can result from the long-term chronic administration of DAR-blocking neuroleptics (Burke and Fahn, 1982;
Kiriakakis et al., 1998) including, in some rare cases, second
generation neuroleptics (Miller et al., 2008). The slow time course is
consistent with a subtle abnormality in striatal synaptic plasticity that
induces clinically observable changes only after a protracted period.
Curiously, the post-surgical therapeutic response to GPi DBS in tardive
dystonia is typically on the order of only a few days, much faster than
the typical dystonia response to GPi DBS (Franzini et al., 2005;
Trottenberg et al., 2005), suggesting that the modiﬁed DAergic system
central to tardive dystonia may provide an abnormal plastic substrate
that accelerates the normally slow therapeutic response to DBS.
Parkinson's disease offers potentially informative clues about DA's
role in both dystonia and striatal synaptic plasticity. Nigrostriatal DA
dysfunction is a hallmark of PD and there are at least two “phases” of
PD that can exhibit features of dystonia: LIDs and early phases of the
MPTP primate. LIDs are a common motor complication of chronic
pulsatile L-DOPA treatment in PD patients. They most commonly
develop in young onset PD patients (Luquin et al., 1992), perhaps
because the system is relatively more plastic than in older patients.
They have been characterized as a dysfunctional form of motor
learning (Bedard et al., 1999; Calabresi et al., 2000b) likely involving
plasticity in the corticostriatal projections (Bezard et al., 2001;
Calabresi et al., 2008; Gubellini et al., 2004). One theory is that LIDs
develop as an inability to depotentiate from LTP, because among 6hydroxydopamine (6-OHDA) rats treated with L-DOPA, only those

developing LIDs showed impaired synaptic depotentiation (Picconi et
al., 2003). Interestingly, the depotentiation could be prevented by D1R
activation (Picconi et al., 2003). In a separate line of research with 6OHDA rats, other researchers have shown that chronic L-DOPA
treatment increases glutamate sensitivity in corticostriatal synapses
by modifying phosphorylations of AMPARs and NMDARs (Chase and
Oh, 2000; Oh et al., 2003; Smith et al., 2007). It also appears that LDOPA treatment may inﬂuence the relative synaptic versus extrasynaptic distribution of NMDAR subunits (Gardoni et al., 2006),
thereby inﬂuencing their efﬁcacy in mediating plasticity of glutamatergic synapses onto MSNs. However, the effects of L-DOPA on striatal
function may extend beyond the corticostriatal synapse. For example,
the 6-OHDA injections in the rodent modulate the amount of the
vesicular GABA transporter in striatum, increasing its expression in
MSNs of the indirect pathway and decreasing its expression in MSNs
of the direct pathway (Wang et al., 2007). The direct pathway
decrease was reversed by systemic L-DOPA administration (Wang et
al., 2007). Interestingly, the DA ﬂuctuations inherent to the L-DOPA
treated 6-OHDA rat model of PD even result in abnormal changes to
the vascularization of the basal ganglia (Westin et al., 2006).
Collectively the results suggest that although ﬂuctuating DA has
profound effects on plasticity of the corticostriatal synapse, such
ﬂuctuations may also induce changes in many other aspects of striatal
physiology and function.
Most of the research with MPTP in non-human primates has
focused on PD pathophysiology. However, shortly after MPTP
injections but before developing a Parkinsonian proﬁle, the animals
exhibit dystonic symptoms. The relative contribution of the transient
increase in striatal DA caused by the MPTP (Irwin et al., 1990) and the
nigral DA cell loss and subsequent decrease in striatal DA is unclear.
Interestingly, there is a transient decrease in striatal DA and decrease
in D2R expression in putamen coincident with symptom onset
(Perlmutter et al., 1997b; Todd and Perlmutter, 1998). There are
also gross changes in relative levels of afferent synaptic activity in
striatum, as reﬂected in increased 2-deoxyglucose uptake (Mitchell et
al., 1990). After the PD-like presentation and a period of chronically
administering a dopaminergic medication regime, the MPTP animals
become dystonic (Crossman et al., 1987; Mitchell et al., 1990). Thus
the evidence suggests that chronic striatal DA modulation either by LDOPA or DA agonists may induce multiple forms of abnormal
plasticity in striatal synapses.
In summary, there is a broad base of evidence for abnormalities in
the striatal dopamine system in dystonia. As with other movement
disorders, most discussions of DA's role in dystonia focus on its
steady-state inﬂuence on motor activity (hyperkinetic versus hypokinetic, loss of surround inhibition, etc.). Yet DA-mediated synaptic
plasticity in striatum may be the key to understanding the dynamic
pathophysiology of LIDs (Gubellini et al., 2004) and dystonia.
Although it remains unclear which if any of the aforementioned
aspects of striatal dopamine function are causative, they are all
consistent with an abnormal striatal dopamine system that could
induce abnormal plasticity in striatal synapses because of DA's central
role in mediating synaptic plasticity.
DA in striatal synaptic plasticity
There is a wealth of evidence that the midbrain DA system
mediates many forms of learning (Frank and O'Reilly, 2006; Graybiel
et al., 2000; Montague et al., 1996) including sensorimotor learning
involving striatal synaptic plasticity (Wickens et al., 2003). Dopamine
inﬂuences many aspects of striatal local circuit physiology and
plasticity. All of the interneurons in the striatum can be modulated
by DA, because they all express DARs (Tepper et al., 2004). These
dopaminergic inﬂuences are modulated by a wide variety of
autoreceptors, heteroreceptors, and the DA transporter (Schmitz et
al., 2003). The striatum is a dominant recipient of projections from

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573

mesencephalic DA cells: DA markers in the striatum are among the
densest in the nervous system (Lavoie et al., 1989). The efﬁcacy and
plasticity of the corticostriatal synapse is a factor not only of cortical
inputs and MSN outputs, but also modulation by dopaminergic
afferents from SNc. Most research to date on DA's role in striatal
synaptic plasticity has been on the glutamatergic synapse between
cortical afferents and their MSN targets (Arbuthnott et al., 2000). In a
triadic arrangement, DA is well positioned to modulate this synapse
because the DA terminals are in close proximity to the glutamatergic
boutons on MSN dendritic spine heads (Kotter, 1994). DA terminals
onto dendrites and spine necks, combined with incomplete DA
reuptake (Cragg and Rice, 2004), also strategically position the DA
afferents to modulate the impact of cortical inputs (Rice, 2000;
Venton et al., 2003). DA plays a signiﬁcant role even in maintaining
corticostriatal synapses, as evidenced by a reduction in the number of
dendritic spines after DA denervation of the striatum (Ingham et al.,
1989; Nitsch and Riesenberg, 1995).
The steady-state inﬂuence of interactions between the D1R and
D2R systems has been a central tenet of basal ganglia function in
motor control. Not surprisingly then, the differential activation of the
two DAR families is thought to play an important role in striatal
synaptic plasticity (Calabresi et al., 1996; Schultz, 2002; Surmeier et
al., 2007), most notably but not exclusively by inﬂuencing LTP and LTD
of the corticostriatal synapse (Calabresi et al., 2000b; Centonze et al.,
2001; Kerr and Wickens, 2001). There is a complex set of intracellular
second messenger signaling pathways that are modulated by, and in
turn modulate, DARs in the striatum (Centonze et al., 2003c;
Greengard, 2001; Tang and Lovinger, 2000). These inﬂuences are
typically dependent upon the speciﬁc type of DAR receptor (Canales
and Graybiel, 2000; Vallone et al., 2000). By inﬂuencing these
intracellular signaling pathways, DAR activations inﬂuence the gating
and trafﬁcking of a wide array of ligand-gated and voltage-dependent
ion channels (Surmeier et al., 2007). The inﬂuence on voltagedependent channels is particularly important, given the sensitivity of
MSN physiology to membrane potential and the tendency of MSNs to
be in either “up” or “down” states (Gruber et al., 2003; Nicola et al.,
2000). In summary, the different types of DARs differentially
modulate intracellular signaling pathways that modify the efﬁcacy
of synapses onto the cells, and therefore their subsequent responses
to afferent activity.
There are several ways in which DARs inﬂuence striatal synaptic
plasticity. LTD of the corticostriatal synapse, which does not require
NMDAR activation (Centonze et al., 2003c), can be induced with the
brief application of mGluR1 agonist if D2R agonist is present (Kreitzer
and Malenka, 2007). It can also be induced by 100 Hz HFS of cortical
inputs (Calabresi et al., 1992a, 1994) but reversed if the SNc is
simultaneously stimulated at 20 Hz (Wickens et al., 1996). D1R and
D5R activation on NOS interneurons in striatum also facilitates
corticostriatal LTD (Centonze et al., 2003a). Curiously, although D1R
and D5Rs belong to the same “D1R” family and mediate the “direct”
pathway through the basal ganglia, they have distinct inﬂuences on
corticostriatal synaptic plasticity: LTD depends on D5Rs yet LTP
depends on D1Rs (Centonze et al., 2003a). LTP requires NMDAR
activation (allowing Ca2+ inﬂux) (Calabresi et al., 1992b; Centonze et
al., 2003c) as well as D1R activation (Centonze et al., 2003b; Kerr and
Wickens, 2001; Kitada et al., 2007). STDP in the corticostriatal synapse
requires DAR activation (Pawlak and Kerr, 2008) and can be used to
induce LTP in the direct pathway with D1Rs (Shen et al., 2008).
Curiously, DA depletion reverses this effect, such that direct pathway
STDP induces LTD instead (Kreitzer and Malenka, 2007; Shen et al.,
2008). Thus there is a complex array of mechanisms whereby the
striatal DA system can strongly inﬂuence synaptic plasticity.
The mesencephalic DA system operates at a multitude of time
scales. In the clinical context, there is the notion of steady state DA
level (as modiﬁed over the course of months and years in PD, for
example) and pulsatile DA (as driven by the decay constants of
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dopaminergic medications, over the course of minutes and hours).
However, there is a rapidly growing literature based on the putative
“prediction error” signal coded by brief phasic changes in DA cell
ﬁring that occur over the course of 10s–100s of milliseconds (Schultz,
2007). An evolving concept is that the slower temporal dynamics in
DA set the stage for the inﬂuence of relatively faster, phasic DA
(Schultz, 2007). Discussion of this “phasic” DA signal is beyond the
scope of the present review. However, the role that phasic DA
dynamics play in corticostriatal synaptic plasticity is likely a function
of its interaction with and dependence upon relatively “tonic” levels
of DA (Grace, 1991) and the relative afﬁnities of D1Rs and D2Rs (Jaber
et al., 1996; Richﬁeld et al., 1989; Trantham-Davidson et al., 2004).
D2R agonists decrease phasic ﬁring of mesencephalic DA cells (Piercey
et al., 1996) and reduce phasic DA release (Schmitz et al., 2003),
possibly due to D2R autoreceptor activation (Samuels et al., 2006). As
described earlier, LIDs may be the result of dysfunctional plastic
changes arising from the pulsatile ﬂuctuations in tonic DA level
produced by conventional oral administration of L-DOPA. Thus,
interactions among the multiple time scales of DA signaling probably
play an important role in striatal synaptic plasticity and merit further
attention by the dystonia research community.
If the DA system is so important to striatal synaptic plasticity, and
the primary source of DA in the sensorimotor striatum is the SNc, a
logical question is: what inﬂuences the SNc? The diversity of inputs to
the SNc is usually neglected in the dystonia literature. Besides the
striatal striosomes, the SNc receives afferents from the STN, the
habenula, the raphe nucleus, and the PPN. The striosomal compartment projection to SNc DA cells (Gerfen, 1992) provides a means by
which striatum can provide feedback to the SNc and may therefore
play an important role in mediating feedback signals to the striatal DA
source. Graybiel et al. (2000) have suggested that the differential
plasticity in striosomal and matrix-based pathways from the striatum
may underlie LIDs and habitual behaviors induced by DAR agonists.
The STN input is of particular clinical interest, given the increasing
interest in the mechanisms of action of STN DBS not only in PD but
also in a limited number of patients with focal dystonia (Ostrem et al.,
2008). HFS in STN not only induces synaptic plasticity locally in STN
(Shen et al., 2003), but also may be able to indirectly modulate
corticostriatal synapses by potentiating DA's inﬂuence in striatum
(Oueslati et al., 2007). The PPN projections to SNc are excitatory
(Futami et al., 1995; Pan and Hyland, 2005; Semba and Fibiger, 1992).
Recent trials of DBS in the PPN for some PD patients may provide an
opportunity to learn more about PPN modulation of motor system
plasticity. Projections from the PPN to SNc may also indirectly mediate
some of the inﬂuence of extrinsic ACh on striatal synaptic plasticity, as
discussed in subsequent sections.
ACh in dystonia
Although central ACh systems have been less well studied than
DA, there are now several pieces of evidence for abnormalities in
dystonia. Striatal cholinergic terminal density is decreased in cervical
dystonia (Albin et al., 2003). There are at least two anatomic sources
of ACh input to the striatum: cholinergic neurons in the PPN provide
an extrinsic source (Woolf and Butcher, 1986) and TANs provide an
intrinsic (and the predominant) source. The PPN can inﬂuence
striatal plasticity either directly through its projection to striatum
(Bevan and Bolam, 1995; Cragg, 2006) or indirectly through its
projection to SNc. There is decreased metabolism in brain stem areas
including the PPN in DYT1 and DYT6 manifesting patients, although
it is unclear whether this is due to modiﬁed inputs (Eidelberg et al.,
1997). DYT1 patients show perinuclear inclusion body pathology
mostly in the brainstem, including cholinergic neurons in the PPN
(McNaught et al., 2004). Mouse models of DYT1 exhibit several
abnormalities in the ACh system. The animals exhibit formation
of perinuclear inclusion bodies in the PPN and striatum and,
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interestingly, this evidence of cellular pathology is present 4–5 months
before symptom onset (Grundmann et al., 2007). The animals also show
evidence of ubiquitin immunoreactive aggregates in the PPN (Dang
et al., 2005). In the DYT1 mouse striatum, TANs exhibit altered D2R
responses, whereby D2R activation increases TAN ﬁring (Pisani et al.,
2007, 2006). There is also increased acetylcholinesterase activity in
these mice, possibly in response to the increased endogenous
ACh (Martella et al., 2009) and consistent with the partial efﬁcacy
of anticholinergic medications in generalized dystonia. TorsinA is
expressed not only in SNc DA neurons but also in TANs in striatum
and in cholinergic neurons of the PPN (Augood et al., 1999; Shahed
and Jankovic, 2007). Thus modiﬁcations to torsinA function may
adversely affect both the extrinsic and intrinsic cholinergic inﬂuences
on striatal function. Whether forms of dystonia besides DYT1,
6, and cervical exhibit abnormalities in striatal ACh remains to be
determined.
ACh in striatal synaptic plasticity
ACh's inﬂuence on striatal synaptic plasticity has not been as well
studied as that of DA. Despite the proportionally small representation
of ACh interneurons in striatum, ACh probably plays a prominent role
in striatal function (Izzo and Bolam, 1988). The vesicular ACh
transporter, a marker for cholinergic terminals, has its highest CNS
expression in the striatum. Striatal ACh appears to be important for
sensorimotor learning: the proportion of primate TANs synchronously
responding (in the form of a pause and rebound ﬁring) to a
conditioned cue increases dramatically over the course of Pavlovian
sensorimotor conditioning (Aosaki et al., 1994b). TANs inﬂuence
MSNs directly via muscarinic ACh receptors (mAChRs), which
probably instantiate how TANs are thought to modulate the
sensitivity of MSNs to contextual information from cortical inputs
(Apicella, 2007). There are several means by which striatal ACh
inﬂuences corticostriatal synaptic plasticity (Centonze et al., 2003c).
M1Rs on MSNs promote corticostriatal LTP (Calabresi et al., 2000a)
and inhibit LTD induction (Wang et al., 2006). Martella et al. (2009)
have recently demonstrated in a DYT1 mouse model that the
increased cholinergic tone in striatum and correspondingly increased
M1R activation result in several abnormalities of plasticity at the
corticostriatal synapse: increased LTP, decreased LTD, and an inability
to depotentiate from LTP. Importantly, the animals exhibited normal
synaptic physiology, normal pre-HFS AMPAR and NMDAR expressions, and the abnormalities in synaptic plasticity were not present in
hippocampus. Interestingly, striatal ACh may have differential
inﬂuences on direct versus indirect pathway MSNs, because M1Rs
differentially regulate the physiology of D1 versus D2 MSNs (Shen et
al., 2007). Furthermore, although both types of MSNs express M1Rs, it
appears that only the direct pathway MSNs express M4Rs (Ince et al.,
1997; Yan et al., 2001). ACh may also play a general, indirect
modulatory role in corticostriatal synaptic plasticity by regulating
voltage-gated Ca2+ channels on local inhibitory projections between
MSNs (Perez-Rosello et al., 2005). In summary, as with DA, there are
several mechanisms by which ACh can inﬂuence striatal synaptic
plasticity.
Early data on the relationship between TANs and DA inputs to the
striatum suggested that the two systems were reciprocally inhibitory
(DeBoer and Abercrombie, 1996; Drukarch et al., 1989; Pisani et al.,
2000). The basic idea was that they provide an antagonistic balance in
normal striatal function (Calabresi et al., 2000a; Zhou et al., 2003).
However, subsequent ﬁndings have painted a more complex picture.
ACh may directly modulate the nigral source of striatal DA, because
systemic administration of nicotine increases burst ﬁring of mesencephalic DA cells (Mereu et al., 1987). TANs, which provide most of
the ACh in the striatum, project to the presynaptic side of nigrostriatal
synapses, where they increase DA release via nAChRs and, with a
presumably different time course, decrease DA release via M4Rs

(Cragg, 2003; Rice and Cragg, 2004; Zhou et al., 2001; Zoli et al., 2002).
On DA terminals, nAChRs may modulate DA release by forming
heteromeric complexes with D2R autoreceptors (Quarta et al., 2007).
Given the diverse array of nAChR subunits present, the full
complement of AChR function in DA terminals remains far from
complete (Salminen et al., 2004). However, an emerging concept is
that striatal ACh levels can enhance the saliency of DA inputs to the
striatum by effectively amplifying the efﬁcacy of phasic DA ﬁring
(Cragg, 2006).
In addition to cholinergic modulation of striatal DA function, DA
inputs to striatum also inﬂuence TAN function. GABAergic inputs onto
TANs can be inhibited by D2R activation (Bracci et al., 2002). TAN
plasticity that occurs during Pavlovian conditioning depends on DA,
because it can be prevented by MPTP in the primate (Aosaki et al.,
1994a). DARs on TANs can either reduce (via D2Rs) (Maurice et al.,
2004; Wang et al., 2006) or increase (via D5Rs) TAN activity and even
induce LTP in glutamatergic synapses onto TANs (via D5Rs) (Suzuki et
al., 2001). The requirement of D2R activation for HFS-induced LTD in
the indirect pathway may result from the D2R's inhibitory inﬂuence
on TANs (Wang et al., 2006). Collectively the evidence suggests that
there is a complex yet carefully coordinated interaction between the
DA and ACh systems mediating plasticity at several types of striatal
synapses. The relative time dynamics of the various DARs, AChRs, and
their intracellular signaling pathways may be key to understanding
their joint inﬂuence on striatal synaptic plasticity.
Discussion
Striatal synaptic plasticity in dystonia
The breadth of indirect but convergent evidence summarized in this
review suggests that dysfunctional synaptic plasticity in the striatum
may be a pathophysiological feature common to various forms of
dystonia with very disparate clinical expressions. There is a large and
growing body of evidence for abnormalities in the DA and ACh systems
in dystonia and synaptic plasticity in the striatum is heavily inﬂuenced
by these two neuromodulators, separately and jointly (Lovinger et al.,
2003). Both neuromodulatory systems should be considered in concert,
as has been the case in studying their impact on functions of the
prefrontal cortex, because they interact with each other and jointly
inﬂuence efferent systems (Briand et al., 2007). There is also limited
evidence that both may be simultaneously affected in dystonia: in 2 out
of 4 patients examined postmortem, including 1 generalized and 1 focal
dystonia, there were neuroﬁbrillary tangles or some neuronal loss in
both of the brainstem nuclei (SNc and PPN) giving rise to striatal
projections of these neuromodulatory systems (Zweig et al., 1988).
Nevertheless, although interactions among neuromodulatory systems
may be central to plasticity in striatal synapses, these interactions are
relatively neglected in movement disorders and particularly in research
on dystonia.
Although the focus of the present review was on mechanisms of
synaptic plasticity that putatively involve strengthening or weakening
existing synapses, it should be recognized that other forms of neural
plasticity may be at work in the striatum, including not only synaptic
structure alterations (for which there is evidence from Drosophila
that torsinA may play a role (Lee et al., 2009)), synaptic pruning, and
synaptogenesis, but also even neurogenesis, for which there is
evidence in adult striatum (Luzzati et al., 2007). Further research is
needed to achieve a complete understanding of neuromodulatory
inﬂuences in striatal plasticity, how those inﬂuences are affected in
dystonia, and the implications for treating the disorder.
The two-factor hypothesis
Although the etiology of dystonia remains a mystery, its varied
presentation, the reduced penetrance exhibited by identiﬁed genetic
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factors, and its use-dependence in some forms, suggest that it may
involve the conjunction of multiple factors. Genetic inﬂuences are
likely an important but not exclusive contributing factor. Single
genetic abnormalities can lead to very different clinical expressions in
different affected individuals and different single genetic abnormalities can lead to similar clinical expressions (Defazio et al., 2007;
Draganski et al., 2009). Although polygenic interactions not yet
identiﬁed cannot be ruled out, there is a broad array of evidence
pointing to the contribution of environmental factors, and in
particular use-dependence (Altenmuller, 2003; Byl et al., 1996; Lin
and Hallett, 2009; Quartarone et al., 2006b).
The striatum is well positioned in the basal ganglia thalamocortical
network to mediate interactions between diffuse neuromodulatory
inﬂuences and the sensorimotor activations inherent to use-dependence. Thus abnormal plasticity in striatum may be an important
aspect of the subtly abnormal plasticity that, in conjunction with usedependence, constitutes a two-factor mechanism in the pathophysiology of dystonia. This concept is depicted in Fig. 3. Abnormal
plasticity in striatum may be a pathophysiological feature common to
various forms of dystonia with very disparate clinical expressions. The
relative contribution of abnormal plasticity and use-dependence may
determine the speciﬁc clinical proﬁle of individual patients. For
example, abnormal striatal plasticity may play a stronger role in
patients with early onset generalized dystonia and a relatively weaker
(but still critical) role in patients with adult-onset focal dystonia. This
concept is consistent with recent suggestions that inclusion body
pathology may be more prominent in early onset generalized forms of
dystonia (Holton et al., 2008; Wichmann, 2008), because cellular
pathologies in dopaminergic and cholinergic brain stem nuclei could
have severe adverse effects on plastic processes throughout the
striatum.
Only a few studies have thus far provided empirical evidence in
support of a neuromodulatory-mediated version of this two-factor
hypothesis. In 1997 Schicatano reported on a rat model of blepharospasm that required reduced striatal DA (via the classic 6-OHDA
lesion in SNc) and a peripheral injury induced by weakening the
obicularis oculi muscle (Schicatano et al., 1997). Some suggested that
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the resultant increased blink reﬂex was due to plasticity in
interneurons in the reﬂex pathway (Hallett, 2002). However, this
may in turn be modulated by plasticity in more central systems that
have descending inﬂuence on those interneurons, as suggested by
basal ganglia inﬂuence on reﬂexes (Rea and Ebner, 1991) and GPi DBS'
progressive inhibition of blink and spinal cord reﬂexes (Tisch et al.,
2006a; Tisch et al., 2006b). A more recent study conducted by Kuo et
al. (2008) demonstrated that the plasticity induced by a combination
of transcranial direct current stimulation and paired associative
stimulation TMS depends on DA and is modulated by ACh (Kuo et
al., 2007). Although the experimental measures were from cortex, the
close interactions between basal ganglia and cortex and the systemic
modulation of DA and ACh used in the experiments are consistent
with the role stipulated for these neuromodulators in the present
review.
From etiology to pathophysiology
Our working hypothesis is that subtle abnormalities in striatal
plasticity, some of which may arise from genetic abnormalities, may
be involved in the development of dystonia by facilitating the
transition from healthy to dystonic states. If this hypothesis is
conﬁrmed, an improved understanding of abnormal plasticity in
dystonia may help provide some of the missing links from etiological
factors in the disease to the pathophysiology seen at the time of
clinical presentation. Defazio et al. (2007) stipulate that genetic
factors should lead to detectable biological abnormalities, evident in
neurophysiological or imaging measures. Aberrant striatal plasticity
may be one such abnormality. The idea that abnormal plasticity can
provide a link between genetic factors and phenotype, as has been
suggested in autistic and psychotic spectrum disorders (Oberman and
Pascual-Leone, 2008), may also be central to dystonia. DA and ACh
probably play important roles in mediating not only moment-tomoment expression of motor dysfunction in dystonia, but also in
mediating plastic processes potentially involved in its development. A
clearer picture of the dynamics that link etiological factors to the
pathophysiology of dystonia could open avenues of research toward
therapies directed at causal inﬂuences in the disease rather than its
symptomatic effects.
Conﬁrmation of our hypothesis awaits a better understanding of
neural plasticity in the striatum, the basal ganglia thalamocortical
circuits within which it operates, and the broader sensorimotor
systems they modulate. Basal ganglia plasticity is experimentally
more difﬁcult to investigate than plasticity in reﬂexes or the
cerebral cortex. Many questions about basal ganglia plasticity will
require the use of animal models, despite the known limitations in
correspondence between the animal and human clinical phenotypes
(Wichmann, 2008). If as this review suggests striatal plasticity is
abnormal in dystonia, it will be imperative to identify and
characterize the etiological factors that could adversely affect striatal
plasticity, whether behavioral or genetic. It will be interesting, for
example, to see whether the recently identiﬁed THAP1 gene
mutations associated with DYT6 dystonia, which impair DNA binding
and may therefore affect transcriptional regulation (Fuchs et al.,
2009), might inﬂuence the expression of proteins that mediate the
inﬂuence of neuromodulators on striatal synaptic plasticity. An
improved understanding of how these “upstream” factors lead to
abnormal plasticity would ultimately facilitate the development of
interventions that could not only ameliorate dystonia symptoms but,
more importantly, reverse or prevent them in the ﬁrst place.
Acknowledgments

Fig. 3. Conceptual framework for two factors in pathophysiology of dystonia. Shaded
area corresponds to dystonia, in which various forms involve different relative
contributions from the two factors.

We wish to thank two anonymous reviewers for helpful
comments on an earlier draft of this manuscript. This work was
supported in part by the National Science Foundation grant SBE-

568

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573

0542013 to the Temporal Dynamics of Learning Center, an NSF
Science of Learning Center and the National Institutes of Health
grant 2 R01 NS036449.

References
Abbruzzese, G., Marchese, R., Buccolieri, A., Gasparetto, B., Trompetto, C., 2001.
Abnormalities of sensorimotor integration in focal dystonia—a transcranial
magnetic stimulation study. Brain 124, 537–545.
Adamovich, S.V., Berkinblit, M.B., Hening, W., Sage, J., Poizner, H., 2001. The interaction
of visual and proprioceptive inputs in pointing to actual and remembered targets in
Parkinson's disease. Neuroscience 104, 1027–1041.
Aizman, O., Brismar, H., Uhlen, P., Zettergren, E., Levey, A.I., Forssberg, H., Greengard, P.,
Aperia, A., 2000. Anatomical and physiological evidence for D-1 and D-2 dopamine
receptor colocalization in neostriatal neurons. Nat. Neurosci. 3, 226–230.
Akopian, G., Crawford, C., Beal, M.F., Cappelletti, M., Jakowec, M.W., Petzinger, G.M.,
Zheng, L., Gheorghe, S.L., Reichel, C.M., Chow, R., et al., 2008. Decreased striatal
dopamine release underlies increased expression of long-term synaptic potentiation at corticostriatal synapses 24 h after 3-nitropropionic-acid-induced chemical
hypoxia. J. Neurosci. 28, 9585–9597.
Albanese, A., Barnes, M.P., Bhatia, K.P., Fernandez-Alvarez, E., Filippini, G., Gasser, T.,
Krauss, J.K., Newton, A., Rektor, I., Savoiardo, M., et al., 2006. A systematic review on
the diagnosis and treatment of primary (idiopathic) dystonia and dystonia plus
syndromes: report of an EFNS/MDS-ES Task Force. Eur. J. Neurol. 13, 433–444.
Albin, R.L., Young, A.B., Penney, J.B., 1989. The functional anatomy of basal ganglia
disorders. Trends Neurosci. 12, 366–375.
Albin, R.L., Cross, D., Cornblath, W.T., Wald, J.A., Wernette, K., Frey, K.A., Minoshima, S.,
2003. Diminished striatal [I-123]iodobenzovesamicol binding in idiopathic cervical
dystonia. Ann. Neurol. 53, 528–532.
Alexander, G.E., Delong, M.R., Strick, P.L., 1986. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu. Rev. Neurosci. 9,
357–381.
Altenmuller, E., 2003. Focal dystonia: advances in brain imaging and understanding of
ﬁne motor control in musicians. Hand Clin. 19, 523–538.
Anastasopoulos, D., Maurer, C., Nasios, G., Mergner, T., 2009. Neck rigidity in Parkinson's
disease patients is related to incomplete suppression of reﬂexive head stabilization.
Exp. Neurol. 217, 336–346.
Aosaki, T., Graybiel, A.M., Kimura, M., 1994a. Effect of the nigrostriatal dopamine system
on acquired neural responses in striatum of behaving monkeys. Science 265,
412–415.
Aosaki, T., Tsubokawa, H., Ishida, A., Watanabe, K., Graybiel, A.M., Kimura, M., 1994b.
Responses of tonically active neurons in the primate's striatum undergo
systematic changes during behavioral sensorimotor conditioning. J. Neurosci.
14, 3969–3984.
Apicella, P., 2007. Leading tonically active neurons of the striatum from reward
detection to context recognition. Trends Neurosci. 30, 299–306.
Arbuthnott, G.W., Ingham, C.A., Wickens, J.R., 2000. Dopamine and synaptic plasticity in
the neostriatum. J. Anat. 196, 587–596.
Asanuma, K., Ma, Y., Okulski, J., Dhawan, V., Chaly, T., Carbon, M., Bressman, S.B.,
Eidelberg, D., 2005. Decreased striatal D2 receptor binding in non-manifesting
carriers of the DYT1 dystonia mutation. Neurology 64, 347–349.
Augood, S.J., Martin, D.M., Ozelius, L.J., Breakeﬁeld, X.O., Penney, J.B., Standaert, D.G.,
1999. Distribution of the mRNAs encoding torsinA and torsinB in the normal adult
human brain. Ann. Neurol. 46, 761–769.
Augood, S.J., Hollingsworth, Z., Albers, D.S., Yang, L., Leung, J.C., Muller, B., Klein, C.,
Breakeﬁeld, X.O., Standaert, D.G., 2002. Dopamine transmission in DYT1 dystonia:
A biochemical and autoradiographical study. Neurology 59, 445–448.
Augood, S.J., Hollingsworth, Z., Albers, D.S., Yang, L., Leung, J., Breakeﬁeld, X.O.,
Standaert, D.G., 2004. Dopamine transmission in DYT1 dystonia. Adv. Neurol. 94,
53–60.
Balcioglu, A., Kim, M.O., Sharma, N., Cha, J.H., Breakeﬁeld, X.O., Standaert, D.G., 2007.
Dopamine release is impaired in a mouse model of DYT1 dystonia. J. Neurochem.
102, 783–788.
Bar-Gad, I., Morris, G., Bergman, H., 2003. Information processing, dimensionality
reduction and reinforcement learning in the basal ganglia. Prog. Neurobiol. 71,
439–473.
Bara-Jimenez, W., Catalan, M.J., Hallett, M., Gerloff, C., 1998. Abnormal somatosensory
homunculus in dystonia of the hand. Ann. Neurol. 44, 828–831.
Barnes, T.D., Kubota, Y., Hu, D., Jin, D.Z., Graybiel, A.M., 2005. Activity of striatal neurons
reﬂects dynamic encoding and recoding of procedural memories. Nature 437,
1158–1161.
Basso, M.A., Strecker, R.E., Evinger, C., 1993. Midbrain 6-hydroxydopamine lesions
modulate blink reﬂex excitability. Exp. Brain Res. 94, 88–96.
Battista, A.F., Goldstein, M., Miyamoto, T., Matsumoto, Y., 1976. Effect of centrally acting
drugs on experimental torticollis in monkeys. Adv. Neurol. 14, 329–338.
Beal, M.F., Brouillet, E., Jenkins, B.G., Ferrante, R.J., Kowall, N.W., Miller, J.M., Storey, E.,
Srivastava, R., Rosen, B.R., Hyman, B.T., 1993. Neurochemical and histologic
characterization of striatal excitotoxic lesions produced by the mitochondrial
toxin 3-nitropropionic acid. J. Neurosci. 13, 4181–4192.
Becker, G., Naumann, M., Scheubeck, M., Hofmann, E., Deimling, M., Lindner, A.,
Gahn, G., Reiners, C., Toyka, K.V., Reiners, K., 1997. Comparison of transcranial
sonography, magnetic resonance imaging, and single photon emission computed
tomography ﬁndings in idiopathic spasmodic torticollis. Mov. Disord. 12, 79–88.

Bedard, P.J., Blanchet, P.J., Levesque, D., Soghomonian, J.J., Grondin, R., Morissette, M.,
Goulet, M., Calon, F., Falardeau, P., Gomez-Mancilla, B., et al., 1999. Pathophysiology
of L-dopa-induced dyskinesias. Mov. Disord. 14, 4–8.
Berardelli, A., 2006. New advances in the pathophysiology of focal dystonias. Brain 129,
6–7.
Berardelli, A., Rothwell, J.C., Hallett, M., Thompson, P.D., Manfredi, M., Marsden, C.D.,
1998. The pathophysiology of primary dystonia. Brain 121, 1195–1212.
Berns, G.S., Sejnowski, T.J., 1998. A computational model of how the basal ganglia
produce sequences. J. Cogn. Neurosci. 10, 108–121.
Bevan, M.D., Bolam, J.P., 1995. Cholinergic, GABAergic, and glutamate-enriched
inputs from the mesopontine tegmentum to the subthalamic nucleus in the rat.
J. Neurosci. 15, 7105–7120.
Bezard, E., Brotchie, J.M., Gross, C.E., 2001. Pathophysiology of levodopa-induced
dyskinesia: potential for new therapies. Nat. Rev., Neurosci. 2, 577–588.
Bhatia, K.P., Marsden, C.D., 1994. The behavioral and motor consequences of focal
lesions of the basal ganglia in man. Brain 117, 859–876.
Black, K.J., Ongur, D., Perlmutter, J.S., 1998. Putamen volume in idiopathic focal
dystonia. Neurology 51, 819–824.
Blood, A.J., Flaherty, A.W., Choi, J.K., Hochberg, F.H., Greve, D.N., Bonmassar, G., Rosen, B.
R., Jenkins, B.G., 2004. Basal ganglia activity remains elevated after movement in
focal hand dystonia. Ann. Neurol. 55, 744–748.
Bracci, E., Centonze, D., Bernardi, G., Calabresi, P., 2002. Dopamine excites fast-spiking
interneurons in the striatum. J. Neurophysiol. 87, 2190–2194.
Breakeﬁeld, X.O., Blood, A.J., Li, Y.Q., Hallett, M., Hanson, P.I., Standaert, D.G., 2008. The
pathophysiological basis of dystonias. Nat. Rev., Neurosci. 9, 222–234.
Bressman, S.B., 2000. Dystonia update. Clin. Neuropharmacol. 23, 239–251.
Briand, L.A., Gritton, H., Howe, W.M., Young, D.A., Sarter, M., 2007. Modulators in
concert for cognition: Modulator interactions in the prefrontal cortex. Prog.
Neurobiol. 83, 69–91.
Burke, R.E., Fahn, S., 1982. Neuroleptic malignant syndrome caused by dopamine
depleting drugs - reply. Neurology 32, -219.
Byl, N.N., Merzenich, M.M., Jenkins, W.M., 1996. A primate genesis model of focal
dystonia and repetitive strain injury .1. Learning-induced dedifferentiation of the
representation of the hand in the primary somatosensory cortex in adult monkeys.
Neurology 47, 508–520.
Byrnes, M.L., Thickbroom, G.W., Wilson, S.A., Sacco, P., Shipman, J.M., Stell, R., Mastaglia,
F.L., 1998. The corticomotor representation of upper limb muscles in writer's cramp
and changes following botulinum toxin injection. Brain 121, 977–988.
Calabresi, P., Maj, R., Pisani, A., Mercuri, N.B., Bernardi, G., 1992a. Long-term synaptic
depression in the striatum—physiological and pharmacological characterization.
J. Neurosci. 12, 4224–4233.
Calabresi, P., Pisani, A., Mercuri, N.B., Bernardi, G., 1992b. Long-term potentiation in the
striatum Is unmasked by removing the voltage-dependent magnesium block of
NMDA receptor channels. Eur. J. Neurosci. 4, 929–935.
Calabresi, P., Pisani, A., Mercuri, N.B., Bernardi, G., 1994. Postreceptor mechanisms
underlying striatal long-term depression. J. Neurosci. 14, 4871–4881.
Calabresi, P., Pisani, A., Mercuri, N.B., Bernardi, G., 1996. The corticostriatal projection:
from synaptic plasticity to dysfunctions of the basal ganglia [see comments]. Trends
Neurosci. 19, 19–24.
Calabresi, P., Gubellini, P., Centonze, D., Sancesario, G., Morello, M., Giorgi, M., Pisani, A.,
Bernardi, G., 1999. A critical role of the nitric oxide/cGMP pathway in corticostriatal
long-term depression. J. Neurosci. 19, 2489–2499.
Calabresi, P., Centonze, D., Gubellini, P., Pisani, A., Bernardi, G., 2000a. Acetylcholinemediated modulation of striatal function. Trends Neurosci. 23, 120–126.
Calabresi, P., Giacomini, P., Centonze, D., Bernardi, G., 2000b. Levodopa-induced
dyskinesia: a pathological form of striatal synaptic plasticity? Ann. Neurol. 47,
S60–S69.
Calabresi, P., Di Filippo, M., Ghiglieri, V., Picconi, B., 2008. Molecular mechanisms
underlying levodopa-induced dyskinesia. Mov. Disord. 23, S570–S579.
Canales, J.J., Graybiel, A.M., 2000. Patterns of gene expression and behavior induced by
chronic dopamine treatments. Ann. Neurol. 47, S53–S59.
Cao, S.S., Gelwix, C.C., Caldwell, K.A., Caldwell, G.A., 2005. Torsin-mediated
protection from cellular stress in the dopaminergic neurons of Caenorhabditis
elegans. J. Neurosci. 25, 3801–3812.
Caparros-Lefebvre, D., Blond, S., Feltin, M.P., Pollak, P., Benabid, A.L., 1999. Improvement
of levodopa induced dyskinesias by thalamic deep brain stimulation is related to
slight variation in electrode placement: possible involvement of the centre median
and parafascicularis complex. J. Neurol. Neurosurg. Psychiatry 67, 308–314.
Carbon, M., Su, S., Dhawan, V., Raymond, D., Bressman, S., Eidelberg, D., 2004. Regional
metabolism in primary torsion dystonia—effects of penetrance and genotype.
Neurology 62, 1384–1390.
Carbon, M., Niethammer, M., Peng, S., Raymond, D., Dhawan, V., Chaly, T., Ma, Y.,
Bressman, S., Eidelberg, D., 2009. Abnormal striatal and thalamic dopamine
neurotransmission genotype-related features of dystonia. Neurology 72,
2097–2103.
Centonze, D., Picconi, B., Gubellini, P., Bernardi, G., Calabresi, P., 2001. Dopaminergic
control of synaptic plasticity in the dorsal striatum. Eur. J. Neurosci. 13,
1071–1077.
Centonze, D., Grande, C., Saulle, E., Martin, A.B., Gubellini, P., Pavon, N., Pisani, A.,
Bernardi, G., Moratalla, R., Calabresi, P., 2003a. Distinct roles of D-1 and D-5
dopamine receptors in motor activity and striatal synaptic plasticity. J. Neurosci. 23,
8506–8512.
Centonze, D., Grande, C., Usiello, A., Gubellini, P., Erbs, E., Martin, A.B., Pisani, A.,
Tognazzi, N., Bernardi, G., Moratalla, R., et al., 2003b. Receptor subtypes involved
in the presynaptic and postsynaptic actions of dopamine on striatal interneurons.
J. Neurosci. 23, 6245–6254.

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573
Centonze, D., Gubellini, P., Pisani, A., Bernardi, G., Calabresi, P., 2003c. Dopamine,
acetylcholine and nitric oxide systems interact to induce corticostriatal synaptic
plasticity. Rev. Neurosci. 14, 207–216.
Chan, P., Gonzalez-Maeso, J., Ruf, F., Bishop, D.F., Hof, P.R., Sealfon, S.C., 2005. epsilonsarcoglycan immunoreactivity and mRNA expression in mouse brain. J. Comp.
Neurol. 482, 50–73.
Chase, T.N., Oh, J.D., 2000. Striatal dopamine- and glutamate-mediated dysregulation in
experimental parkinsonism. Trends Neurosci. 23, S86–S91.
Chase, T.N., Tamminga, C.A., Burrows, H., 1988. Positron emission tomographic studies
of regional cerebral glucose metabolism in idiopathic dystonia. Adv. Neurol. 50,
237–241.
Chen, R., 2000. Studies of human motor physiology with transcranial magnetic
stimulation. Muscle Nerve Supplement 9, S26–S32.
Colosimo, C., Pantano, P., Calistri, V., Totaro, P., Fabbrini, G., Berardelli, A., 2005.
Diffusion tensor imaging in primary cervical dystonia. J. Neurol. Neurosurg.
Psychiatry 76, 1591–1593.
Consolo, S., Baronio, P., Guidi, G., DiChiara, G., 1996. Role of the parafascicular thalamic
nucleus and N-methyl-D-aspartate transmission in the D-1-dependent control of in
vivo acetylcholine release in rat striatum. Neuroscience 71, 157–165.
Cooper, I.S., 1976. 20-year followup study of the neurosurgical treatment of dystonia
musculorum deformans. Adv. Neurol. 14, 423–452.
Cossette, M., Lecomte, F., Parent, A., 2005. Morphology and distribution of dopaminergic
neurons intrinsic to the human striatum. J. Chem. Neuroanat. 29, 1–11.
Cragg, S.J., 2003. Variable dopamine release probability and short-term plasticity
between functional domains of the primate striatum. J. Neurosci. 23, 4378–4385.
Cragg, S.J., 2006. Meaningful silences: how dopamine listens to the ACh pause. Trends
Neurosci. 29, 125–131.
Cragg, S.J., Rice, M.E., 2004. DAncing past the DAT at a DA synapse. Trends Neurosci. 27,
270–277.
Crossman, A.R., Clarke, C.E., Boyce, S., Robertson, R.G., Sambrook, M.A., 1987. MPTPinduced parkinsonism in the monkey—neurochemical pathology, complications of
treatment and pathophysiological mechanisms. Can. J. Neurol. Sci. 14, 428–435.
Cruz-Sanchez, F.F., Cardozo, A., Castejon, C., Tolosa, E., Rossi, M.L., 1997. Aging and the
nigro-striatal pathway. J. Neural Trans., Suppl. 51, 9–25.
Cuny, E., Ghorayeb, I., Guehl, D., Escola, L., Bioulac, B., Burbaud, P., 2008. Sensory motor
mismatch within the supplementary motor area in the dystonic monkey.
Neurobiol. Dis. 30, 151–161.
Czubayko, U., Plenz, D., 2002. Fast synaptic transmission between striatal spiny
projection neurons. Proc. Natl. Acad. Sci. U. S. A. 99, 15764–15769.
Dang, M.T., Yokoi, F., McNaught, K.S.P., Jengelley, T.A., Jackson, T., Li, J.Y., Li, Y.Q., 2005.
Generation and characterization of Dyt1 Delta GAG knock-in mouse as a model for
early-onset dystonia. Exp. Neurol. 196, 452–463.
Dang, M.T., Yokoi, F., Pence, M.A., Li, Y.Q., 2006. Motor deﬁcits and hyperactivity in Dyt1
knockdown mice. Neurosci. Res. 56, 470–474.
DeBoer, P., Abercrombie, E.D., 1996. Physiological release of striatal acetylcholine in
vivo: modulation by D1 and D2 dopamine receptor subtypes. J. Pharmacol. Exp.
Ther. 277, 775–783.
Defazio, G., Berardelli, A., Hallett, M., 2007. Do primary adult-onset focal dystonias share
aetiological factors? Brain 130, 1183–1193.
Delmaire, C., Krainik, A., du Montcel, S.T., Gerardin, E., Meunier, S., Mangin, J.F., Sangla,
S., Garnero, L., Vidailhet, M., Lehericy, S., 2005. Disorganized somatotopy in the
putamen of patients with focal hand dystonia. Neurology 64, 1391–1396.
Delmaire, C., Vidailhet, M., Wassermann, D., Descoteaux, M., Valabregue, R., Bourdain, F.,
Lenglet, C., Sangla, S., Terrier, A., Deriche, R., et al., 2009. Diffusion abnormalities in
the primary sensorimotor pathways in writer's cramp. Arch. Neurol. 66, 502–508.
DeLong, M.R., 1990. Primate models of movement disorders of basal ganglia origin.
Trends Neurosci. 13, 281–285.
Ding, J., Peterson, J.D., Surmeier, D.J., 2008. Corticostriatal and thalamostriatal synapses
have distinctive properties. J. Neurosci. 28, 6483–6492.
Doyon, J., 2008. Motor sequence learning and movement disorders. Curr. Opin. Neurol.
21, 478–483.
Draganski, B., Schneider, S.A., Fiorio, M., Kloppel, S., Gambarin, M., Tinazzi, M.,
Ashburner, J., Bhatia, K.P., Frackowiak, R.S.J., 2009. Genotype–phenotype interactions in primary dystonias revealed by differential changes in brain structure.
NeuroImage 47, 1141–1147.
Drukarch, B., Schepens, E., Schoffelmeer, A.N.M., Stoof, J.C., 1989. Stimulation of D-2
dopamine-receptors decreases the evoked in vitro release of [H-3]acetylcholine
from rat neostriatum - role of K+ and Ca-2+. J. Neurochem. 52, 1680–1685.
Edwards, M.J., Huang, Y.Z., Mir, P., Rothwell, J.C., Bhatia, K.P., 2006. Abnormalities in
motor cortical plasticity differentiate manifesting and nonmanifesting DYT1
carriers. Mov. Disord. 21, 2181–2186.
Eidelberg, D., Moeller, J.R., Kazumata, K., Antonini, A., Sterio, D., Dhawan, V., Spetsieris,
P., Alterman, R., Kelly, P.J., Dogali, M., et al., 1997. Metabolic correlates of pallidal
neuronal activity in Parkinson's disease. Brain 120, 1315–1324.
Eidelberg, D., Moeller, J.R., Antonini, A., Kazumata, K., Nakamura, T., Dhawan, V.,
Spetsieris, P., deLeon, D., Bressman, S.B., Fahn, S., 1998. Functional brain networks
in DYT1 dystonia. Ann. Neurol. 44, 303–312.
Elbert, T., Candia, V., Altenmuller, E., Rau, H., Sterr, A., Rockstroh, B., Pantev, C., Taub, E.,
1998. Alteration of digital representations in somatosensory cortex in focal hand
dystonia. NeuroReport 9, 3571–3575.
Etgen, T., Muhlau, M., Gaser, C., Sander, D., 2006. Bilateral grey-matter increase in the
putamen in primary blepharospasm. J. Neurol. Neurosurg. Psychiatry 77,
1017–1020.
Fabbrini, G., Pantano, P., Totaro, P., Calistri, V., Colosimo, C., Carmellini, M., Defazio, G.,
Berardelli, A., 2008. Diffusion tensor imaging in patients with primary cervical
dystonia and in patients with blepharospasm. Eur. J. Neurol. 15, 185–189.

569

Fino, E., Deniau, J.M., Venance, L., 2008. Cell-speciﬁc spike-timing-dependent
plasticity in GABAergic and cholinergic interneurons in corticostriatal rat brain
slices. J. Physiol.-London 586, 265–282.
Frank, M.J., O'Reilly, R.C., 2006. A mechanistic account of striatal dopamine function in
human cognition: psychopharmacological studies with cabergoline and haloperidol. Behav. Neurosci. 120, 497–517.
Frank, M.J., Seeberger, L.C., O'Reilly, R.C., 2004. By carrot or by stick: cognitive
reinforcement learning in Parkinsonism. Science 306, 1940–1943.
Franzini, A., Marras, C., Ferroli, P., Zorzi, G., Bugiani, O., Romito, L., Broggi, G., 2005. Longterm high-frequency bilateral pallidal stimulation for neuroleptic-induced tardive
dystonia - Report of two cases. J. Neurosurg. 102, 721–725.
Fuchs, T., Gavarini, S., Saunders-Pullman, R., Raymond, D., Ehrlich, M.E., Bressman, S.B.,
Ozelius, L.J., 2009. Mutations in the THAP1 gene are responsible for DYT6 primary
torsion dystonia. Nat. Genet. 41, 286–288.
Furukawa, Y., Hornykiewicz, O., Fahn, S., Kish, S.J., 2000. Striatal dopamine in earlyonset primary torsion dystonia with the DYT1 mutation. Neurology 54, 1193–1195.
Futami, T., Takakusaki, K., Kitai, S.T., 1995. Glutamatergic and cholinergic inputs from
the pedunculopontine tegmental nucleus to dopamine neurons in the substantia
nigra pars compacta. Neurosci. Res. 21, 331–342.
Gale, J.T., Amirnovin, R., Williains, Z.M., Flaherty, A.W., Eskandar, E.N., 2008. From
symphony to cacophony: pathophysiology of the human basal ganglia in Parkinson
disease. Neurosci. Biobehav. Rev. 32, 378–387.
Gardoni, F., Picconi, B., Ghiglieri, V., Polli, F., Bagetta, V., Bernardi, G., Cattabeni, F., Di
Luca, M., Calabresi, P., 2006. A critical interaction between NR2B and MAGUK in LDOPA induced dyskinesia. J. Neurosci. 26, 2914–2922.
Gerfen, C.R., 1992. The neostriatal mosaic—multiple levels of compartmental organization in the basal ganglia. Annu. Rev. Neurosci. 15, 285–320.
Gerfen, C.R., Engber, T.M., Mahan, L.C., Susel, Z., Chase, T.N., Monsma, F.J., Sibley, D.R.,
1990. D1 and D2 dopamine receptor regulated gene-expression of striatonigral and
striatopallidal neurons. Science 250, 1429–1432.
Gernert, M., Hamann, M., Bennay, M., Loscher, W., Richter, A., 2000. Deﬁcit of striatal
parvalbumin-reactive GABAergic interneurons and decreased basal ganglia output
in a genetic rodent model of idiopathic paroxysmal dystonia. J. Neurosci. 20,
7052–7058.
Ghilardi, M.F., Carbon, M., Silvestri, G., Dhawan, V., Tagliati, M., Bressman, S., Ghez, C.,
Eidelberg, D., 2003. Impaired sequence learning in carriers of the DYT1 dystonia
mutation. Ann. Neurol. 54, 102–109.
Gibb, W.R.G., Kilford, L., Marsden, C.D., 1992. Severe generalized dystonia associated
with a mosaic pattern of striatal gliosis. Mov. Disord. 7, 217–223.
Goto, S., Lee, L.V., Munoz, E.L., Tooyama, I., Tamiya, G., Makino, S., Ando, S., Dantes, M.B.,
Yamada, K., Matsumoto, S., et al., 2005. Functional anatomy of the basal ganglia in
X-linked recessive dystonia-parkinsonism. Ann. Neurol. 58, 7–17.
Grace, A.A., 1991. Phasic versus tonic dopamine release and the modulation of
dopamine system responsivity—a hypothesis for the etiology of schizophrenia.
Neuroscience 41, 1–24.
Graybiel, A.M., 2008. Habits, rituals, and the evaluative brain. Annu. Rev. Neurosci. 31,
359–387.
Graybiel, A.M., Canales, J.J., Capper-Loup, C., 2000. Levodopa-induced dyskinesias
and dopamine-dependent stereotypies: a new hypothesis. Trends Neurosci. 23,
S71–77.
Greengard, P., 2001. The neurobiology of dopamine signaling. Biosci. Rep. 21, 247–269.
Gruber, A.J., Solla, S.A., Surmeier, D.J., Houk, J.C., 2003. Modulation of striatal single units
by expected reward: a spiny neuron model displaying dopamine-induced
bistability. J. Neurophysiol. 90, 1095–1114.
Grundmann, K., Reischmann, B., Vanhoutte, G., Hubener, J., Teismann, P., Hauser, T.K.,
Bonin, M., Wilbertz, J., Horn, S., Nguyen, H.P., et al., 2007. Overexpression of human
wildtype torsinA and human Delta GAG torsinA in a transgenic mouse model
causes phenotypic abnormalities. Neurobiol. Dis. 27, 190–206.
Gubellini, P., Pisani, A., Centonze, D., Bernardi, G., Calabresi, P., 2004. Metabotropic
glutamate receptors and striatal synaptic plasticity: implications for neurological
diseases. Prog. Neurobiol. 74, 271–300.
Guehl, D., Cuny, E., Ghorayeb, I., Michelet, T., Bioulac, B., Burbaud, P., 2009. Primate
models of dystonia. Prog. Neurobiol. 87, 118–131.
Hallett, M., 1998. The neurophysiology of dystonia. Arch. Neurol. 55, 601–603.
Hallett, M., 2001. Plasticity and basal ganglia disorders. In: Kultas-Ilinsky, K., Ilinsky, I.A.
(Eds.), Basal ganglia and thalamus in health and movement disorders. Kluwer
Academic/Plenum Publishers, New York, pp. 197–204.
Hallett, M., 2002. Blepharospasm: recent advances. Neurology 59, 1306–1312.
Hallett, M., 2006. Pathophysiology of dystonia. J. Neural Trans., Suppl. 70, 485–488.
Hallett, M., 2009. Dystonia: a sensory and motor disorder of short latency inhibition.
Ann. Neurol. 66, 125–126.
Hamann, M., Richter, A., 2004. Striatal increase of extracellular dopamine levels during
dystonic episodes in a genetic model of paroxysmal dyskinesia. Neurobiol. Dis. 16,
78–84.
Hamann, M., Richter, A., Meillasson, F.V., Nitsch, C., Ebert, U., 2007. Age-related
changes in parvalbumin-positive interneurons in the striatum, but not in the
sensorimotor cortex in dystonic brains of the dt(sz) mutant hamster. Brain Res.
1150, 190–199.
Hamann, M., Richter, A., Fink, H., Rex, A., 2009. Altered nicotinamide adenine
dinucleotide (NADH) ﬂuorescence in dt(sz) mutant hamsters reﬂects differences
in striatal metabolism between severe and mild dystonia. J. Neurosci. Res. 87,
776–783.
Hewett, J.W., Nery, F.C., Niland, B., Ge, P., Tan, P., Hadwiger, P., Tannous, B.A., Sah,
D.W.Y., Breakeﬁeld, X.O., 2008. siRNA knock-down of mutant torsinA restores
processing through secretory pathway in DYT1 dystonia cells. Hum. Mol. Genet.
17, 1436–1445.

570

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573

Holton, J.L., Schneider, S.A., Ganesharajah, T., Gandhi, S., Strand, C., Shashidharan, P.,
Barreto, J., Wood, N.W., Lees, A.J., Bhatia, K.P., et al., 2008. Neuropathology of
primary adult-onset dystonia. Neurology 70, 695–699.
Hornykiewicz, O., Kish, S.J., Becker, L.E., Farley, I., Shannak, K., 1986. Brain
neurotransmitters in dystonia musculorum deformans. N. Engl. J. Med. 315,
347–353.
Horstink, C.A., Praamstra, P., Horstink, M.W.I.M., Berger, H.J.C., Booij, J., VanRoyen, E.A.,
1997. Low striatal D2 receptor binding as assessed by [I-123]IBZM SPECT in
patients with writer's cramp. J. Neurol. Neurosurg. Psychiatry 62, 672–673.
Horvitz, J.C., 2009. Stimulus-response and response-outcome learning mechanisms in
the striatum. Behav. Brain Res. 199, 129–140.
Huang, Y.Z., Edwards, M.J., Rounis, E., Bhatia, K.P., Rothwell, J.C., 2005. Theta burst
stimulation of the human motor cortex. Neuron 45, 201–206.
Huot, P., Parent, A., 2007. Dopaminergic neurons intrinsic to the striatum. J. Neurochem.
101, 1441–1447.
Ince, E., Ciliax, B.J., Levey, A.I., 1997. Differential expression of D1 and D2 dopamine and
m4 muscarinic acetylcholine receptor proteins in identiﬁed striatonigral neurons.
Synapse 27, 357–366.
Ingham, C.A., Hood, S.H., Arbuthnott, G.W., 1989. Spine density on neostriatal
neurons changes with 6-hydroxydopamine lesions and with age. Brain Res. 503,
334–338.
Irwin, I., Delanney, L.E., Forno, L.S., Finnegan, K.T., Dimonte, D.A., Langston, J.W., 1990.
The evolution of nigrostriatal neurochemical changes in the MPTP-treated squirrel
monkey. Brain Res. 531, 242–252.
Itoh, K., Weis, S., Mehraein, P., MullerHocker, J., 1996. Cytochrome c oxidase defects of
the human substantia nigra in normal aging. Neurobiol. Aging 17, 843–848.
Izzo, P.N., Bolam, J.P., 1988. Cholinergic synaptic input to different parts of spiny
striatonigral neurons in the rat. J. Comp. Neurol. 269, 219–234.
Jaber, M., Robinson, S.W., Missale, C., Caron, M.G., 1996. Dopamine receptors and brain
function. Neuropharmacology 35, 1503–1519.
Jankovic, J., 2009. Treatment of hyperkinetic movement disorders. Lancet Neurol. 8,
844–856.
Kaji, R., 2001. Basal ganglia as a sensory gating devise for motor control. J. Med. Invest.
48, 142–146.
Kawaguchi, Y., Wilson, C.J., Augood, S.J., Emson, P.C., 1995. Striatal interneurons—
chemical, physiological and morphological characterization. Trends Neurosci. 18,
527–535.
Kerr, J.N.D., Wickens, J.R., 2001. Dopamine D-1/D-5 receptor activation is required for
long-term potentiation in the rat neostriatum in vitro. J. Neurophysiol. 85, 117–124.
Kimura, M., Minamimoto, T., Matsumoto, N., Hori, Y., 2004. Monitoring and switching of
cortico-basal ganglia loop functions by the thalamo-striatal system. Neurosci. Res.
48, 355–360.
Kiriakakis, V., Bhatia, K.P., Quinn, N.P., Marsden, C.D., 1998. The natural history of
tardive dystonia - A long-term follow-up study of 107 cases. Brain 121, 2053–2066.
Kitada, T., Pisani, A., Porter, D.R., Yamaguchi, H., Tscherter, A., Martella, G., Bonsi, P.,
Zhang, C., Pothos, E.N., Shen, J., 2007. Impaired dopamine release and synaptic
plasticity in the striatum of PINK1-deﬁcient mice. Proc. Natl. Acad. Sci. U. S. A. 104,
11441–11446.
Klein, C., Brin, M.F., Kramer, P., Sena-Esteves, M., de Leon, D., Doheny, D., Bressman, S.,
Fahn, S., Breakeﬁeld, X.O., Ozelius, L.J., 1999. Association of a missense change in the
D2 dopamine receptor with myoclonus dystonia. Proc. Natl. Acad. Sci. U. S. A. 96,
5173–5176.
Knappskog, P.M., Flatmark, T., Mallet, J., Ludecke, B., Bartholome, K., 1995. Recessively
inherited L-Dopa-responsive dystonia caused by a point mutation (Q381k) in the
tyrosine-hydroxylase gene. Hum. Mol. Genet. 4, 1209–1212.
Kohling, R., Koch, U.R., Hamann, M., Richter, A., 2004. Increased excitability in corticostriatal synaptic pathway in a model of paroxysmal dystonia. Neurobiol. Dis. 16,
236–245.
Konakova, M., Huynh, D.P., Yong, W., Pulst, S.M., 2001. Cellular distribution of torsin A
and torsin B in normal human brain. Arch. Neurol. 58, 921–927.
Kotter, R., 1994. Postsynaptic integration of glutamatergic and dopaminergic signals in
the striatum. Prog. Neurobiol. 44, 163–196.
Krebs, H.I., Hogan, N., Hening, W., Adamovich, S.V., Poizner, H., 2001. Procedural motor
learning in Parkinson's disease. Exp. Brain Res. 141, 425–437.
Kreitzer, A.C., 2009. Physiology and pharmacology of striatal neurons. Annu. Rev.
Neurosci. 32, 127–147.
Kreitzer, A.C., Malenka, R.C., 2007. Endocannabinoid-mediated rescue of striatal LTD
and motor deﬁcits in Parkinson's disease models. Nature 445, 643–647.
Kreitzer, A.C., Malenka, R.C., 2008. Striatal plasticity and basal ganglia circuit function.
Neuron 60, 543–554.
Krystkowiak, P., Martinat, P., Defebvre, L., Pruvo, J.P., Leys, D., Destee, A., 1998. Dystonia
after striatopallidal and thalamic stroke: clinicoradiological correlations and
pathophysiological mechanisms. J. Neurol. Neurosurg. Psychiatry 65, 703–708.
Kuo, M.F., Grosch, J., Fregni, F., Paulus, W., Nitsche, M.A., 2007. Focusing effect of
acetylcholine on neuroplasticity in the human motor cortex. J. Neurosci. 27,
14442–14447.
Kuo, M.F., Paulus, W., Nitsche, M.A., 2008. Boosting focally-induced brain plasticity by
dopamine. Cereb. Cortex 18, 648–651.
Lang, A.E., 1988. Dopamine agonists and antagonists in the treatment of idiopathic
dystonia. Adv. Neurol. 50, 561–570.
Lapper, S.R., Bolam, J.P., 1992. Input from the frontal-cortex and the parafascicular
nucleus to cholinergic interneurons in the dorsal striatum of the rat. Neuroscience
51, 533–545.
Lavoie, B., Smith, Y., Parent, A., 1989. Dopaminergic innervation of the basal ganglia in
the squirrel-monkey as revealed by tyrosine-hydroxylase immunohistochemistry.
J. Comp. Neurol. 289, 36–52.

Lee, F.J.S., Liu, F., Pristupa, Z.B., Niznik, H.B., 2001. Direct binding and functional coupling
of alpha-synuclein to the dopamine transporters accelerate dopamine-induced
apoptosis. FASEB J. 15, 916–926.
Lee, D.W., Seo, J.B., Ganetzky, B., Koh, Y.H., 2009. Delta FY mutation in human torsinA
induces locomotor disability and abberant synaptic structures in drosophila. Mol.
Cells 27, 89–97.
Lenz, F.A., Suarez, J.I., Metman, L.V., Reich, S.G., Karp, B.I., Hallett, M., Rowland, L.H.,
Dougherty, P.M., 1998. Pallidal activity during dystonia: somatosensory reorganisation and changes with severity. J. Neurol. Neurosurg. Psychiatry 65, 767–770.
Lenz, F.A., Jaeger, C.J., Seike, M.S., Lin, Y.C., Reich, S.G., DeLong, M.R., Vitek, J.L., 1999.
Thalamic single neuron activity in patients with dystonia: dystonia-related activity
and somatic sensory reorganization. J. Neurophysiol. 82, 2372–2392.
Lin, P.T., Hallett, M., 2009. The pathophysiology of focal hand dystonia. J. Hand Ther. 22,
109–113.
Liu, X., Luo, X., Hu, W., 1992. Studies on the epidemiology and etiology of moldy
sugarcane poisoning in China. Biomed. Environ. Sci. 5, 161–177.
Lovinger, D.M., Partridge, J.G., Tang, K.C., 2003. Plastic control of striatal glutamatergic
transmission by ensemble actions of several neurotransmitters and targets for
drugs of abuse. In: Moghaddam, B., Wolf, M. (Eds.), Glutamate and Disorders of
Cognition and Motivation, pp. 226–240.
Luquin, M.R., Scipioni, O., Vaamonde, J., Gershanik, O., Obeso, J.A., 1992. Levodopainduced dyskinesias in Parkinsons disease—clinical and pharmacological classiﬁcation. Mov. Disord. 7, 117–124.
Luzzati, F., De Marchis, S., Fasolo, A., Peretto, P., 2007. Adult neurogenesis and local
neuronal progenitors in the striatum. Neurodegener. Dis. 4, 322–327.
Mallet, N., Le Moine, C., Charpier, S., Gonon, F., 2005. Feedforward inhibition of
projection neurons by fast-spiking GABA interneurons in the rat striatum in vivo.
J. Neurosci. 25, 3857–3869.
Mark, M.H., Sage, J.I., Dickson, D.W., Heikkila, R.E., Manzino, L., Schwarz, K.O., Duvoisin,
R.C., 1994. Meige syndrome in the spectrum of Lewy body disease. Neurology 44,
1432–1436.
Martella, G., Tassone, A., Sciamanna, G., Platania, P., Cuomo, D., Viscomi, M.T., Bonsi, P.,
Cacci, E., Biagioni, S., Usiello, A., et al., 2009. Impairment of bidirectional synaptic
plasticity in the striatum of a mouse model of DYT1 dystonia: role of endogenous
acetylcholine. Brain 132, 2336–2349.
Martino, D., Defazio, G., Alessio, G., Abbruzzese, G., Girlanda, P., Tinazzi, M., Fabbrini, G.,
Marinelli, L., Majorana, G., Buccafusca, M., et al., 2005. Relationship between eye
symptoms and blepharospasm: a multicenter case-control study. Mov. Disord. 20,
1564–1570.
Maurice, N., Mercer, J., Chan, C.S., Hernandez-Lopez, S., Held, J., Tkatch, T., Surmeier,
D.J., 2004. D-2 dopamine receptor-mediated modulation of voltage-dependent
Na+ channels reduces autonomous activity in striatal cholinergic interneurons.
J. Neurosci. 24, 10289–10301.
McFarland, N.R., Haber, S.N., 2001. Organization of thalamostriatal terminals from the
ventral motor nuclei in the macaque. J. Comp. Neurol. 429, 321–336.
McNaught, K.S., Kapustin, A., Jackson, T., Jengelley, T.A., JnoBaptiste, R., Shashidharan, P.,
Perl, D.P., Pasik, P., Olanow, C.W., 2004. Brainstem pathology in DYT1 primary
torsion dystonia. Ann. Neurol. 56, 540–547.
Mereu, G., Yoon, K.W.P., Boi, V., Gessa, G.L., Naes, L., Westfall, T.C., 1987. Preferential
stimulation of ventral tegmental area dopaminergic-neurons by nicotine. Eur. J.
Pharmacol. 141, 395–399.
Messier, J., Adamovich, S., Jack, D., Hening, W., Sage, J., Poizner, H., 2007. Visuomotor
learning in immersive 3D virtual reality in Parkinson's disease and in aging. Exp.
Brain Res. 179, 457–474.
Meunier, S., Garnero, L., Ducorps, A., Mazieres, L., Lehericy, S., du Montcel, S.T., Renault,
B., Vidailhet, M., 2001. Human brain mapping in dystonia reveals both
endophenotypic traits and adaptive reorganization. Ann. Neurol. 50, 521–527.
Meunier, S., Lehericy, S., Garnero, L., Vidailhet, M., 2003. Dystonia: lessons from brain
mapping. Neuroscientist 9, 76–81.
Miller, D.D., Caroff, S.N., Davis, S.M., Rosenheck, R.A., McEvoy, J.P., Saltz, B.L.,
Riggio, S., Chakos, M.H., Swartz, M.S., Keefe, R.S.E., et al., 2008. Extrapyramidal
side-effects of antipsychotics in a randomised trial. Br. J. Psychiatry 193,
279–288.
Minamimoto, T., Kimura, M., 2002. Participation of the thalamic CM-Pf complex in
attentional orienting. J. Neurophysiol. 87, 3090–3101.
Mink, J.W., 1996. The basal ganglia: focused selection and inhibition of competing
motor programs. Prog. Neurobiol. 50, 381–425.
Mink, J.W., 2003. The Basal Ganglia and involuntary movements: impaired inhibition of
competing motor patterns. Arch. Neurol. 60, 1365–1368.
Misbahuddin, A., Placzek, M.R., Chaudhuri, K.R., Wood, N.W., Bhatia, K.P., Warner, T.T.,
2002. A polymorphism in the dopamine receptor DRD5 is associated with
blepharospasm. Neurology 58, 124–126.
Mitchell, I.J., Luquin, R., Boyce, S., Clarke, C.E., Robertson, R.G., Sambrook, M.A.,
Crossman, A.R., 1990. Neural mechanisms of dystonia—evidence from a 2deoxyglucose uptake study in a primate model of dopamine agonist-induced
dystonia. Mov. Disord. 5, 49–54.
Montague, P.R., Dayan, P., Sejnowski, T.J., 1996. A framework for mesencephalic dopamine
systems based on predictive Hebbian learning. J. Neurosci. 16, 1936–1947.
Murase, N., Kaji, R., Shimazu, H., Katayama-Hirota, M., Ikeda, A., Kohara, N., Kimura, J.,
Shibasaki, H., Rothwell, J.C., 2000. Abnormal premovement gating of somatosensory input in writer's cramp. Brain 123, 1813–1829.
Nambu, A., 2008. Seven problems on the basal ganglia. Curr. Opin. Neurobiol. 18,
595–604.
Nambu, A., Tokuno, H., Hamada, I., Kita, H., Imanishi, M., Akazawa, T., Ikeuchi, Y.,
Hasegawa, N., 2000. Excitatory cortical inputs to pallidal neurons via the
subthalamic nucleus in the monkey. J. Neurophysiol. 84, 289–300.

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573
Nambu, A., Tokuno, H., Takada, M., 2002. Functional signiﬁcance of the corticosubthalamo-pallidal 'hyperdirect' pathway. Neurosci. Res. 43, 111–117.
Naumann, M., Becker, G., Toyka, K.V., Supprian, T., Reiners, K., 1996. Lenticular nucleus
lesion in idiopathic dystonia detected by transcranial sonography. Neurology 47,
1284–1290.
Naumann, M., Pirker, W., Reiners, K., Lange, K.W., Becker, G., Brucke, T., 1998. Imaging
the pre- and postsynaptic side of striatal dopaminergic synapses in idiopathic
cervical dystonia: a SPECT study using [I-123] epidepride and [I-123] beta-CIT. Mov.
Disord. 13, 319–323.
Nicola, S.M., Surmeier, D.T., Malenka, R.C., 2000. Dopaminergic modulation of neuronal
excitability in the striatum and nucleus accumbens. Annu. Rev. Neurosci. 23,
185–215.
Nishino, H., Hida, H., Kumazaki, M., Shimano, Y., Nakajima, K., Shimizu, H., Ooiwa, T.,
Baba, H., 2000. The striatum is the most vulnerable region in the brain to
mitochondrial energy compromise: a hypothesis to explain its speciﬁc vulnerability. J. Neurotrauma 17, 251–260.
Nitsch, C., Riesenberg, R., 1995. Synaptic reorganization in the rat striatum
after dopaminergic deafferentation—an ultrastructural-study using glutamatedecarboxylase immunocytochemistry. Synapse 19, 247–263.
Nobrega, J.N., Richter, A., Tozman, N., Jiwa, D., Loscher, W., 1996. Quantitative
autoradiography reveals regionally selective changes in dopamine D-1 and D-2
receptor binding in the genetically dystonic hamster. Neuroscience 71, 927–936.
Obermann, M., Yaldizli, O., De Greiff, A., Lachenmayer, M.L., Buhl, A.R., Tumczak, F.,
Gizewski, E.R., Diener, H.C., Maschke, M., 2007. Morphometric changes of
sensorimotor structures in focal dystonia. Mov. Disord. 22, 1117–1123.
Oberman, L.M., Pascual-Leone, A., 2008. Cortical plasticity: a proposed mechanism by
which genomic factors lead to the behavioral and neurological phenotype of autism
spectrum and psychotic-spectrum disorders. Behav. Brain Sci. 31, 276–277.
Oh, J.D., Geller, A.I., Zhang, G.R., Chase, T.N., 2003. Gene transfer of constitutively active
protein kinase C into striatal neurons accelerates onset of levodopa-induced motor
response alterations in parkinsonian rats. Brain Res. 971, 18–30.
Oppenheim, H., 1911. In: Schulze, O., company (Eds.), Text-book of nervous diseases for
physicians and students. G. E. Stechert & company, Edinburgh, New York.
Ostrem, J.L., Volz, M.M., Starr, P.A., 2008. Deep brain stimulation (DBS) of the
subthalamic nucleus (STN) in patients with segmental and focal cervical dystonia.
Mov. Disord. 23, S–S380.
Oueslati, A., Sgambato-Faure, V., Melon, C., Kachidian, P., Gubellini, P., Amri, M.,
Kerkerian-Le Goff, L., Salin, P., 2007. High-frequency stimulation of the subthalamic
nucleus potentiates L-DOPA-induced neurochemical changes in the striatum in a
rat model of Parkinson's disease. J. Neurosci. 27, 2377–2386.
Packard, M.G., Knowlton, B.J., 2002. Learning and memory functions of the basal
ganglia. Annu. Rev. Neurosci. 25, 563–593.
Palﬁ, S., Leventhal, L., Goetz, C.G., Hantraye, P., Roitberg, B.Z., Sramek, J., Emborg, M.,
Kordower, J.H., 2000. Delayed onset of progressive dystonia following subacute
3-nitropropionic acid treatment in Cebus apella monkeys. Mov. Disord. 15,
524–530.
Pan, W.X., Hyland, B.I., 2005. Pedunculopontine tegmental nucleus controls conditioned
responses of midbrain dopamine neurons in behaving rats. J. Neurosci. 25,
4725–4732.
Parent, A., Hazrati, L.N., 1995. Functional anatomy of the basal ganglia. I. The corticobasal ganglia- thalamo-cortical loop. Brain Res. Brain Res. Rev. 20, 91–127.
Pascual-Leone, A., Amedi, A., Fregni, F., Merabet, L.B., 2005. The plastic human brain
cortex. Annu. Rev. Neurosci. 28, 377–401.
Pawlak, V., Kerr, J.N.D., 2008. Dopamine receptor activation is required for corticostriatal spike-timing-dependent plasticity. J. Neurosci. 28, 2435–2446.
Perez-Rosello, T., Figueroa, A., Salgado, H., Vilchis, C., Tecuapetla, F., Guzman, J.N.,
Galarraga, E., Bargas, J., 2005. Cholinergic control of ﬁring pattern and neurotransmission in rat neostriatal projection neurons: role of Ca(V)2.1 and Ca(V)2.2 Ca2+
channels. J. Neurophysiol. 93, 2507–2519.
Perlmutter, J.S., Mink, J.W., 2004. Dysfunction of dopaminergic pathways in dystonia.
Adv. Neurol. 94, 163–170.
Perlmutter, J.S., Stambuk, M.K., Markham, J., Black, K.J., McGeeMinnich, L., Jankovic, J.,
Moerlein, S.M., 1997a. Decreased [18F]spiperone binding in putamen in idiopathic
focal dystonia. J. Neurosci. 17, 843–850.
Perlmutter, J.S., Tempel, L.W., Black, K.J., Parkinson, D., Todd, R.D., 1997b. MPTP induces
dystonia and parkinsonism. Clues to the pathophysiology of dystonia. Neurology
49, 1432–1438.
Perlmutter, J.S., Stambuk, M.K., Markham, J., Black, K.J., McGee-Minnich, L., Jankovic, J.,
Moerlein, S.M., 1998. Decreased [18F]spiperone binding in putamen in dystonia.
Adv. Neurol. 78, 161–168.
Peshori, K.R., Schicatano, E.J., Gopalaswamy, R., Sahay, E., Evinger, C., 2001. Aging of the
trigeminal blink system. Exp. Brain Res. 136, 351–363.
Picconi, B., Centonze, D., Hakansson, K., Bernardi, G., Greengard, P., Fisone, G., Cenci, M.A.,
Calabresi, P., 2003. Loss of bidirectional striatal synaptic plasticity in L-DOPAinduced dyskinesia. Nat. Neurosci. 6, 501–506.
Piercey, M.F., Hoffmann, W.E., Smith, M.W., Hyslop, D.K., 1996. Inhibition of dopamine
neuron ﬁring by pramipexole, a dopamine D-3 receptor-preferring agonist,
comparison to other dopamine receptor agonists. Eur. J. Pharmacol. 312, 35–44.
Pisani, A., Bonsi, P., Centonze, D., Calabresi, P., Bernardi, G., 2000. Activation of D2-like
dopamine receptors reduces synaptic inputs to striatal cholinergic interneurons.
J. Neurosci. 20 (RC69), 1–6.
Pisani, A., Centonze, D., Bernardi, G., Calabresi, P., 2005. Striatal synaptic plasticity:
Implications for motor learning and Parkinson's disease. Mov. Disord. 20,
395–402.
Pisani, A., Martella, G., Tscherter, A., Bonsi, P., Sharma, N., Bernardi, G., Standaert, D.G.,
2006. Altered responses to dopaminergic D2 receptor activation and N-type

571

calcium currents in striatal cholinergic interneurons in a mouse model of DYT1
dystonia. Neurobiol. Dis. 24, 318–325.
Pisani, A., Bernardi, G., Ding, J., Surmeier, D.J., 2007. Re-emergence of striatal cholinergic
interneurons in movement disorders. Trends Neurosci. 30, 545–553.
Placzek, M.R., Misbahuddin, A., Chaudhuri, K.R., Wood, N.W., Bhatia, K.P., Warner, T.T.,
2001. Cervical dystonia is associated with a polymorphism in the dopamine (D5)
receptor gene. J. Neurol. Neurosurg. Psychiatry 71, 262–264.
Plenz, D., 2003. When inhibition goes incognito: feedback interaction between spiny
projection neurons in striatal function. Trends Neurosci. 26, 436–443.
Quarta, D., Ciruela, F., Patkar, K., Borycz, J., Solinas, M., Lluis, C., Franco, R., Wise, R.A.,
Goldberg, S.R., Hope, B.T., et al., 2007. Heteromeric nicotinic acetylcholinedopamine autoreceptor complexes modulate striatal dopamine release. Neuropsychopharmacology 32, 35–42.
Quartarone, A., Bagnato, S., Rizzo, V., Siebner, H.R., Dattola, V., Scalfari, A., Morgante, F.,
Battaglia, F., Romano, M., Girlanda, P., 2003. Abnormal associative plasticity of the
human motor cortex in writer's cramp. Brain 126, 2586–2596.
Quartarone, A., Sant'Angelo, A., Battaglia, F., Bagnato, S., Rizzo, V., Morgante, F.,
Rothwell, J.C., Siebner, H.R., Girlanda, P., 2006a. Enhanced long-term potentiationlike plasticity of the trigeminal blink reﬂex circuit in blepharospasm. J. Neurosci. 26,
716–721.
Quartarone, A., Siebner, H.R., Rothwell, J.C., 2006b. Task-speciﬁc hand dystonia: can too
much plasticity be bad for you? Trends Neurosci. 29, 192–199.
Quartarone, A., Rizzo, V., Morgante, F., 2008. Clinical features of dystonia: a
pathophysiological revisitation. Curr. Opin. Neurol. 21, 484–490.
Quartarone, A., Classen, J., Morgante, F., Rosenkranz, K., Hallett, M., 2009. Consensus
paper: use of transcranial magnetic stimulation to probe motor cortex plasticity in
dystonia and levodopa-induced dyskinesia. Brain Stimul. 2, 108–117.
Rea, G.L., Ebner, T.J., 1991. Quantitative assessment of the effect of basal ganglia lesions
on the stretch reﬂex in primates. Stereotact. Funct. Neurosurg. 56, 44–65.
Reynolds, J.N., Hyland, B.I., Wickens, J.R., 2001. A cellular mechanism of reward-related
learning. Nature 413, 67–70.
Rice, M.E., 2000. Distinct regional differences in dopamine-mediated volume
transmission. In: Agnati, L.F., et al. (Ed.), Volume Transmission Revisited, pp.
277–290.
Rice, M.E., Cragg, S.J., 2004. Nicotine ampliﬁes reward-related dopamine signals in
striatum. Nat. Neurosci. 7, 583–584.
Richﬁeld, E.K., Penney, J.B., Young, A.B., 1989. Anatomical and afﬁnity state comparisons
between dopamine-D1 and dopamine-D2 receptors in the rat central nervous
system. Neuroscience 30, 767–777.
Ridley, R.M., 1994. The psychology of perseverative and stereotyped behavior. Prog.
Neurobiol. 44, 221–231.
Rinne, J.O., Iivanainen, M., Metsahonkala, L., Vainionpaa, L., Paakkonen, L., Nagren, K.,
Helenius, H., 2004. Striatal dopaminergic system in dopa-responsive dystonia: a
multi-tracer PET study shows increased D2 receptors. J. Neural Transm. 111,
59–67.
Rosenkranz, K., Williamon, A., Rothwell, J.C., 2007. Motorcortical excitability and
synaptic plasticity is enhanced in professional musicians. J. Neurosci. 27,
5200–5206.
Rostasy, K., Augood, S.J., Hewett, J.W., Leung, J.C.O., Sasaki, H., Ozelius, L.J., Ramesh, V.,
Standaert, D.G., Breakeﬁeld, X.O., Hedreen, J.C., 2003. TorsinA protein and
neuropathology in early onset generalized dystonia with GAG deletion. Neurobiol.
Dis. 12, 11–24.
Rueda-Orozco, P.E., Mendoza, E., Hernandez, R., Aceves, J.J., Ibanez-Sandoval, O.,
Galarraga, E., Bargas, J., 2009. Diversity in long-term synaptic plasticity at inhibitory
synapses of striatal spiny neurons. Learn. Mem. 16, 474–478.
Salminen, O., Murphy, K.L., McIntosh, J.M., Drago, J., Marks, M.J., Collins, A.C., Grady, S.R.,
2004. Subunit composition and pharmacology of two classes of striatal presynaptic
nicotinic acetylcholine receptors mediating dopamine release in mice. Mol.
Pharmacol. 65, 1526–1535.
Samuels, E.R., Hou, R.H., Langley, R.W., Szabadi, E., Bradshaw, C.M., 2006. Comparison of
pramipexole and modaﬁnil on arousal, autonomic, and endocrine functions in
healthy volunteers. J. Psychopharmacol. (Oxf) 20, 756–770.
Sanger, T.D., Merzenich, M.M., 2000. Computational model of the role of sensory
disorganization in focal task-speciﬁc dystonia. J. Neurophysiol. 84, 2458–2464.
Sato, K., Sumi-Ichinose, C., Kaji, R., Ikemoto, K., Nomura, T., Nagatsu, I., Ichinose, H., Ito,
M., Sako, W., Nagahiro, S., et al., 2008. Differential involvement of striosome and
matrix dopamine systems in a transgenic model of dopa-responsive dystonia. Proc.
Natl. Acad. Sci. U. S. A. 105, 12551–12556.
Schenk, T., Mai, N., 2001. Is writer's cramp caused by a deﬁcit of sensorimotor
integration. Exp. Brain Res. 136, 321–330.
Schicatano, E.J., Basso, M.A., Evinger, C., 1997. Animal model explains the origins of the
cranial dystonia benign essential blepharospasm. J. Neurophysiol. 77, 2842–2846.
Schmitz, Y., Benoit-Marand, M., Gonon, F., Sulzer, D., 2003. Presynaptic regulation of
dopaminergic neurotransmission. J. Neurochem. 87, 273–289.
Schultz, W., 2002. Getting formal with dopamine and reward. Neuron 36, 241–263.
Schultz, W., 2007. Multiple dopamine functions at different time courses. Annu. Rev.
Neurosci. 30, 259–288.
Sciamanna, G., Bonsi, P., Tassone, A., Cuomo, D., Tscherter, A., Viscomi, M.T., Martella, G.,
Sharma, N., Bernardi, G., Standaert, D.G., et al., 2009. Impaired striatal D2 receptor
function leads to enhanced GABA transmission in a mouse model of DYT1 dystonia.
Neurobiol. Dis. 34, 133–145.
Segawa, M., Hosaka, A., Miyagawa, F., Nomura, Y., Imai, H., 1976. Hereditary progressive
dystonia with marked diurnal ﬂuctuation. Adv. Neurol. 14, 215–233.
Semba, K., Fibiger, H.C., 1992. Afferent connections of the laterodorsal and the
pedunculopontine tegmental nuclei in the rat—a retrograde and anterograde
transport and immunohistochemical study. J. Comp. Neurol. 323, 387–410.

572

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573

Shahed, J., Jankovic, J., 2007. Introduction to dystonia. In: Stacy, M.A. (Ed.), Handbook of
dystonia. Informa Healthcare, New York, pp. 1–10.
Sharma, N., Hewett, J., Ozelius, L.J., Ramesh, V., McLean, P.J., Breakeﬁeld, X.O., Hyman,
B.T., 2001. A close association of torsinA and alpha-synuclein in Lewy bodies—a
ﬂuorescence resonance energy transfer study. Am. J. Pathol. 159, 339–344.
Sharma, N., Baxter, M.G., Petravicz, J., Bragg, D.C., Schienda, A., Standaert, D.G.,
Breakeﬁeld, X.O., 2005. Impaired motor learning in mice expressing TorsinA with
the DYT1 dystonia mutation. J. Neurosci. 25, 5351–5355.
Shashidharan, P., Good, P.F., Hsu, A., Perl, D.P., Brin, M.F., Olanow, C.W., 2000a. TorsinA
accumulation in Lewy bodies in sporadic Parkinson's disease. Brain Res. 877,
379–381.
Shashidharan, P., Kramer, B.C., Walker, R.H., Olanow, C.W., Brin, M.F., 2000b.
Immunohistochemical localization and distribution of torsinA in normal human
and rat brain. Brain Res. 853, 197–206.
Shashidharan, P., Sandu, D., Potla, U., Armata, I.A., Walker, R.H., McNaught, K.S., Weisz,
D., Sreenath, T., Brin, M.F., Olanow, C.W., 2005. Transgenic mouse model of earlyonset DYT1 dystonia. Hum. Mol. Genet. 14, 125–133.
Sheehy, M.P., Marsden, C.D., 1982. Writers cramp—a focal dystonia. Brain 105, 461–480.
Shen, K.Z., Zhu, Z.T., Munhall, A., Johnson, S.W., 2003. Synaptic plasticity in rat
subthalamic nucleus induced by high-frequency stimulation. Synapse 50, 314–319.
Shen, W., Tian, X., Day, M., Ulrich, S., Tkatch, T., Nathanson, N.M., Surmeier, D.J., 2007.
Cholinergic modulation of Kir2 channels selectively elevates dendritic excitability
in striatopallidal neurons. Nat. Neurosci. 10, 1458–1466.
Shen, W.X., Flajolet, M., Greengard, P., Surmeier, D.J., 2008. Dichotomous dopaminergic
control of striatal synaptic plasticity. Science 321, 848–851.
Siebner, H.R., Tormos, J.M., Ceballos-Baumann, A.O., Auer, C., Catala, M.D., Conrad, B.,
Pascual-Leone, A., 1999. Low-frequency repetitive transcranial magnetic stimulation of the motor cortex in writer's cramp. Neurology 52, 529–537.
Siebner, H.R., Filipovic, S.R., Rowe, J.B., Cordivari, C., Gerschlager, W., Rothwell, J.C.,
Frackowiak, R.S., Bhatia, K.P., 2003. Patients with focal arm dystonia have increased
sensitivity to slow-frequency repetitive TMS of the dorsal premotor cortex. Brain
126, 2710–2725.
Smith, Y., Bennett, B.D., Bolam, J.P., Parent, A., Sadikot, A.F., 1994. Synaptic relationships
between dopaminergic afferents and cortical or thalamic input in the sensorimotor
territory of the striatum in monkey. J. Comp. Neurol. 344, 1–19.
Smith, Y., Raju, D.V., Pare, J.F., Sidibe, M., 2004. The thalamostriatal system: a highly
speciﬁc network of the basal ganglia circuitry. Trends Neurosci. 27, 520–527.
Smith, A.J., Li, M., Becker, S., Kapur, S., 2007. Linking animal models of psychosis to
computational models of dopamine function. Neuropsychopharmacology 32,
54–66.
Starostarubinstein, S., Young, A.B., Kluin, K., Hill, G., Aisen, A.M., Gabrielsen, T., Brewer,
G.J., 1987. Clinical assessment of 31 patients with Wilsons disease—correlations
with structural changes on magnetic resonance imaging. Arch. Neurol. 44,
365–370.
Sullivan, M.A., Chen, H., Morikawa, H., 2008. Recurrent inhibitory network among
striatal cholinergic interneurons. J. Neurosci. 28, 8682–8690.
Surmeier, D.J., Song, W.J., Yan, Z., 1996. Coordinated expression of dopamine receptors
in neostriatal medium spiny neurons. J. Neurosci. 16, 6579–6591.
Surmeier, D.J., Ding, J., Day, M., Wang, Z.F., Shen, W.X., 2007. D1 and D2 dopaminereceptor modulation of striatal glutamatergic signaling in striatal medium spiny
neurons. Trends Neurosci. 30, 228–235.
Suzuki, T., Miura, M., Nishimura, K., Aosaki, T., 2001. Dopamine-dependent synaptic
plasticity in the striatal cholinergic interneurons. J. Neurosci. 21, 6492–6501.
Tabbal, S.D., Mink, J.W., Antenor, J.A.V., Carl, J.L., Moerlein, S.M., Perlmutter, J.S., 2006. 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced acute transient dystonia in
monkeys associated with low striatal dopamine. Neuroscience 141, 1281–1287.
Tamburin, S., Manganotti, P., Marzi, C.A., Fiaschi, A., Zanette, G., 2002. Abnormal
somatotopic arrangement of sensorimotor interactions in dystonic patients. Brain
125, 2719–2730.
Tamura, Y., Ueki, Y., Lin, P., Vorbach, S., Mima, T., Kakigi, R., Hallett, M., 2009. Disordered
plasticity in the primary somatosensory cortex in focal hand dystonia. Brain 132,
749–755.
Tang, K.C., Lovinger, D.M., 2000. Role of pertussis toxin-sensitive G-proteins in synaptic
transmission and plasticity at corticostriatal synapses. J. Neurophysiol. 83, 60–69.
Tashiro, Y., Sugimoto, T., Hattori, T., Uemura, Y., Nagatsu, I., Kikuchi, H., Mizuno, N.,
1989. Tyrosine hydroxylase-like immunoreactive neurons in the striatum of the rat.
Neurosci. Lett. 97, 6–10.
Taverna, S., Ilijic, E., Surmeier, D.J., 2008. Recurrent collateral connections of striatal
medium spiny neurons are disrupted in models of Parkinson's disease. J. Neurosci.
28, 5504–5512.
Tepper, J.M., Koos, T., Wilson, C.J., 2004. GABAergic microcircuits in the neostriatum.
Trends Neurosci. 27, 662–669.
Thickbroom, G.W., Byrnes, M.L., Stell, R., Mastaglia, F.L., 2003. Reversible reorganisation
of the motor cortical representation of the hand in cervical dystonia. Mov. Disord.
18, 395–402.
Tisch, S., Limousin, P., Rothwell, J.C., Asselman, P., Quinn, N., Jahanshahi, M., Bhatia, K.P.,
Hariz, M., 2006a. Changes in blink reﬂex excitability after globus pallidus internus
stimulation for dystonia. Mov. Disord. 21, 1650–1655.
Tisch, S., Limousin, P., Rothwell, J.C., Asselman, P., Zrinzo, L., Jahanshahi, M., Bhatia, K.P.,
Hariz, M.I., 2006b. Changes in forearm reciprocal inhibition following pallidal
stimulation for dystonia. Neurology 66, 1091–1093.
Todd, R.D., Perlmutter, J.S., 1998. Mutational and biochemical analysis of dopamine
in dystonia—evidence for decreased dopamine D-2 receptor inhibition. Mol.
Neurobiol. 16, 135–147.
Torres, G.E., Sweeney, A.L., Beaulieu, J.M., Shashidharan, P., Caron, M.G., 2004. Effect of
torsinA on membrane proteins reveals a loss of function and a dominant-negative

phenotype of the dystonia-associated Delta E-torsinA mutant. Proc. Natl. Acad. Sci.
U. S. A. 101, 15650–15655.
Torres-Russotto, D., Perlmutter, J.S., 2008. Task-speciﬁc dystonias a review. Year Neurol.
2008 (1142), 179–199.
Trantham-Davidson, H., Neely, L.C., Lavin, A., Seamans, J.K., 2004. Mechanisms
underlying differential D1 versus D2 dopamine receptor regulation of inhibition
in prefrontal cortex. J. Neurosci. 24, 10652–10659.
Trottenberg, T., Volkmann, J., Deuschl, G., Kuhn, A.A., Schneider, G.H., Muller, J., Alesch,
F., Kupsch, A., 2005. Treatment of severe tardive dystonia with pallidal deep brain
stimulation. Neurology 64, 344–346.
Utter, A.A., Basso, M.A., 2008. The basal ganglia: an overview of circuits and function.
Neurosci. Biobehav. Rev. 32, 333–342.
Vallone, D., Picetti, R., Borrelli, E., 2000. Structure and function of dopamine receptors.
Neurosci. Biobehav. Rev. 24, 125–132.
Venton, B.J., Michael, D.J., Wightman, R.M., 2003. Correlation of local changes in
extracellular oxygen and pH that accompany dopaminergic terminal activity in the
rat caudate–putamen. J. Neurochem. 84, 373–381.
Vidailhet, M., Dupel, C., Lehericy, S., Remy, P., Dormont, D., Serdaru, M., Jedynak, P.,
Veber, H., Samson, Y., Marsault, C., et al., 1999. Dopaminergic dysfunction in
midbrain dystonia—anatomoclinical study using 3-dimensional magnetic resonance imaging and ﬂuorodopa F 18 positron emission tomography. Arch. Neurol.
56, 982–989.
Vidailhet, M., Grabli, D., Roze, E., 2009. Pathophysiology of dystonia. Curr. Opin. Neurol.
22, 406–413.
Vitek, J.L., 2002. Pathophysiology of dystonia: a neuronal model. Mov. Disord. 17 (Suppl 3),
S49–S62.
Vitek, J.L., Chockkan, V., Zhang, J.Y., Kaneoke, Y., Evatt, M., DeLong, M.R., Triche, S.,
Mewes, K., Hashimoto, T., Bakay, R.A., 1999. Neuronal activity in the basal
ganglia in patients with generalized dystonia and hemiballismus. Ann. Neurol.
46, 22–35.
Voon, V., Hassan, K., Zurowski, M., de Souza, M., Thomsen, T., Fox, S., Lang, A.E.,
Miyasaki, J., 2006. Prevalence of repetitive and reward-seeking behaviors in
Parkinson disease. Neurology 67, 1254–1257.
Walsh, R.A., Whelan, R., O'Dwyer, J., O'Riordan, S., Hutchinson, S., O'Laoide, R., Malone,
K., Reilly, R., Hutchinson, M., 2009. Striatal morphology correlates with sensory
abnormalities in unaffected relatives of cervical dystonia patients. J. Neurol. 256,
1307–1313.
Wang, Z.F., Kai, L., Day, M., Ronesi, J., Yin, H.H., Ding, J., Tkatch, T., Lovinger, D.M.,
Surmeier, D.J., 2006. Dopaminergic control of corticostriatal long-term synaptic
depression in medium spiny neurons is mediated by cholinergic interneurons.
Neuron 50, 443–452.
Wang, H., Katz, J., Dagostino, P., Soghomonian, J.J., 2007. Unilateral 6-hydroxydopamine
lesion of dopamine neurons and subchronic L-DOPA administration in the adult rat
alters the expression of the vesicular GABA transporter in different subsets of
striatal neurons and in the substantia nigra, pars reticulata. Neuroscience 145,
727–737.
Waters, C.H., Faust, P.L., Powers, J., Vinters, H., Moskowitz, C., Nygaard, T., Hunt, A.L.,
Fahn, S., 1993. Neuropathology of Lubag (X-linked dystonia-Parkinsonism). Mov.
Disord. 8, 387–390.
Weise, D., Schramm, A., Stefan, K., Wolters, A., Reiners, K., Naumann, M., Classen, J.,
2006. The two sides of associative plasticity in writer's cramp. Brain 129,
2709–2721.
Westin, J.E., Lindgren, H.S., Gardi, J., Nyengaard, J.R., Brundin, P., Mohapel, P., Cenci, M.A.,
2006. Endothelial proliferation and increased blood–brain barrier permeability in
the basal ganglia in a rat model of 3,4-dihydroxyphenyl-L-alanine-induced
dyskinesia. J. Neurosci. 26, 9448–9461.
Wichmann, T., 2008. Commentary: dopaminergic dysfunction in DYT1 dystonia. Exp.
Neurol. 212, 242–246.
Wickens, J.R., 2009. Synaptic plasticity in the basal ganglia. Behav. Brain Res. 199,
119–128.
Wickens, J.R., Begg, A.J., Arbuthnott, G.W., 1996. Dopamine reverses the depression of
rat corticostriatal synapses which normally follows high-frequency stimulation of
cortex in vitro. Neuroscience 70, 1–5.
Wickens, J.R., Reynolds, J.N.J., Hyland, B.I., 2003. Neural mechanisms of reward-related
motor learning. Curr. Opin. Neurobiol. 13, 685–690.
Williams, Z.M., Eskandar, E.N., 2006. Selective enhancement of associative learning by
microstimulation of the anterior caudate. Nat. Neurosci. 9, 562–568.
Woolf, N.J., Butcher, L.L., 1986. Cholinergic systems in the rat-brain. III. Projections from
the pontomesencephalic tegmentum to the thalamus, tectum, basal ganglia, and
basal forebrain. Brain Res. Bull. 16, 603–637.
Yan, Z., Flores-Hernandez, J., Surmeier, D.J., 2001. Coordinated expression of muscarinic
receptor messenger RNAs in striatal medium spiny neurons. Neuroscience 103,
1017–1024.
Yin, H.H., Knowlton, B.J., 2006. The role of the basal ganglia in habit formation. Nat. Rev.,
Neurosci. 7, 464–476.
Yokoi, F., Dang, M.T., Li, J.Y., Li, Y.Q., 2006. Myoclonus, motor deﬁcits, alterations in
emotional responses and monoamine metabolism in epsilon-sarcoglycan deﬁcient
mice. J. Biochem. (Tokyo) 140, 141–146.
Zhao, Y., DeCuypere, M., LeDoux, M.S., 2008a. Abnormal motor function and
dopamine neurotransmission in DYTI Delta GAG transgenic mice. Exp. Neurol.
210, 719–730.
Zhao, Y., Xiao, J., Ueda, M., Wang, Y., Hines, M., Nowak, T.S., Ledoux, M.S., 2008b. Glial
elements contribute to stress-induced torsinA expression in the CNS and peripheral
nervous system. Neuroscience 155, 439–453.
Zhou, F.M., Liang, Y., Dani, J.A., 2001. Endogenous nicotinic cholinergic activity regulates
dopamine release in the striatum. Nat. Neurosci. 4, 1224–1229.

D.A. Peterson et al. / Neurobiology of Disease 37 (2010) 558–573
Zhou, F.M., Wilson, C., Dani, J.A., 2003. Muscarinic and nicotinic cholinergic mechanisms
in the mesostriatal dopamine systems. Neuroscientist 9, 23–36.
Zimprich, A., Grabowski, M., Asmus, F., Naumann, M., Berg, D., Bertram, M.,
Scheidtmann, K., Kern, P., Winkelmann, F., Muller-Myhsok, B., et al., 2001.
Mutations in the gene encoding epsilon-sarcoglycan cause myoclonus-dystonia
syndrome. Nat. Genet. 29, 66–69.

573

Zoli, M., Moretti, M., Zanardi, A., McIntosh, J.M., Clementi, F., Gotti, C., 2002.
Identiﬁcation of the nicotinic receptor subtypes expressed on dopaminergic
terminals in the rat striatum. J. Neurosci. 22, 8785–8789.
Zweig, R.M., Hedreen, J.C., Jankel, W.R., Casanova, M.F., Whitehouse, P.J., Price, D.L.,
1988. Pathology in brainstem regions of individuals with primary dystonia.
Neurology 38, 702–706.

