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Abstract

Dystonia is a movement disorder of both genetic and non-genetic causes, which typically results in
twisted posturing due to abnormal muscle contraction. Evidence from dystonia patients and animal
models of dystonia indicate a crucial role for the striatal cholinergic system in the pathophysiology
of dystonia. In this review, we focus on striatal circuitry and the centrality of the acetylcholine
system in the function of the basal ganglia in the control of voluntary movement and ultimately
clinical manifestion of movement disorders. We consider the impact of cholinergic interneurons
(Chls) on dopamine-acetylcholine interactions and examine new evidence for impairment of Chls
in dysfunction of the motor systems producing dystonic movements, particularly in animal
models. We have observed paradoxical excitation of Chls in the presence of dopamine D2
receptor agonists and impairment of striatal synaptic plasticity in a mouse model of DYT1
dystonia, which are improved by administration of recently developed M1 receptor antagonists.
These findings have been confirmed across multiple animal models of DYT1 dystonia and may
represent a common endophenotype by which to investigate dystonia induced by other types of
genetic and non-genetic causes and to investigate the potential effectiveness of
pharmacotherapeutics and other strategies to improve dystonia.

1. Introduction

In 1911, the German neurologist Hermann Oppenheim described a group of cases of a type
of childhood torsion disorder (translated in (Klein and Fahn, 2013)). Though he was not the
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first to observe these types of conditions, he was the first to name them: “dystonia
musculorum deformans.” Since that time, dystonias have undergone an evolution of
classification from disorders to syndromes to diseases. The modern concept of dystonia has
its roots in the work of Marsden in the 1970's, who recognized the commonalities among
diverse forms of dystonia, ranging from the generalized childhood disorder described by
Oppenheim to the more focal abnormalities such as torticollis, blepharospasm and writers'
cramp which are commonly seen in adults. An updated consensus on the description and
classification of dystonia has recently been published (Albanese et al., 2013):

“Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal, often repetitive, movements, postures, or both.
Dystonic movements are typically patterned, twisting, and may be tremulous.
Dystonia is often initiated or worsened by voluntary action and associated with
overflow muscle activation.”

Clinical manifestation and treatment of dystonia

The clinical features of dystonia are represented by an amalgamation of dystonic movements
and postures to create sustained postural twisting (torsion dystonia). The speed of muscle
contractions may be slow or rapid, but are sustained at the peak of movement. The muscle
contractions tend to have a consistent directional character. Voluntary movements can
exacerbate underlying dystonic symptoms. Conversely, specific voluntary movements or
sensory contacts may temporarily ameliorate dystonic movements; this phenomenon is
known as a sensory trick or gestes antagonistes. Overflow of movement to other body parts
during activation of the affected region is also a feature of dystonia.

Some types of dystonias, particularly DOPA-responsive dystonia (DRD) may respond very
well to low doses of dopamine replacement therapy with L-DOPA.. The classic form of DRD
arises from a deficit in dopamine synthesis induced by a mutation in the GTP
cyclohydrolase | gene that regulates production of tetrahydrobiopterin, a necessary co-factor
for tyrosine hydroxylase (Segawa et al., 1976). However, most other forms of dystonia are
treated pharmacologically with high doses of anticholinergics, such as trihexyphenidyl
(Artane®; (Fahn, 1983; Burke et al., 1986; Jankovic, 2013). Anticholinergics are generally
well-tolerated by children but in adults can have significant side effects, including
drowsiness, confusion, and memory difficulties. Other drugs may also be of benefit,
including some dopaminergic agents and some GABAergics (Jankovic, 2013). Botulinum
toxin injections within affected musculature are often helpful in focal and segmental
dystonias (Tsui et al., 1986; Jankovic, 2013). The most effective surgical intervention is
deep brain stimulation within the globus pallidus internus (GPi) or the subthalamic nucleus
(STN), though pallidotomy has also been used with some success in intractable cases
(Lozano et al., 1997; Ondo et al., 1998; Yoshor et al., 2001; Eltahawy et al., 2004).

Neuroanatomical basis for dystonia

At present there is no adequate neural model that fully accounts for the symptoms of all
forms of dystonia. The neuropathology in isolated forms of dystonia is often normal
(Standaert, 2011). However, in those cases where it has been possible to identify
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pathological abnormalities, two main brain areas have been implicated: the cerebellum and
the basal ganglia.

Several lines of evidence have supported a role for the cerebellum in the neurophysiology of
dystonia. For example, lesions and tumors of the cerebellum and its associated brainstem
afferents are found in some forms of acquired dystonia, particularly cervical dystonia
(LeDoux and Brady, 2003; Prudente et al., 2013). There is also evidence for selective
degeneration of the cerebellum in familial forms of ataxia which include dystonic
movements (Manto, 2005). Recent evidence suggests that abnormalities in
cerebellothalamocortical connectivity predict the penetrance of DYT1 dystonia, a form of
inherited isolated dystonia (Argyelan et al., 2009).

Some animal studies have also indicated cerebellar involvement (Raike et al., 2012; Song et
al., 2014) or alterations in cerebellothalamocortical connectivity (Ulug et al., 2011). For
example, the primary anomalies found in genetically dystonic rats (dt) are cerebellar
(LeDoux, 2011); dt rats display higher levels of glutamate decarboxylase messenger RNA in
cerebellar Purkinje cells and decreased levels in deep cerebellar nuclei (Naudon et al.,
1998). Pharmacological manipulation of the cerebellum can also induce dystonia in animal
models (Raike et al., 2005).

Striatal dysfunction appears to be a feature of most if not all forms of dystonia. For example,
focal lesions of the basal ganglia often result in dystonia, particularly when the putamen is
involved (Pettigrew and Jankovic, 1985; Lera et al., 1994). In idiopathic dystonia patients,
the putamen has been reported to be about 10% larger (Black et al., 1998; Bradley et al.,
2009) and fMRI studies have indicated increased activation in the basal ganglia (Blood et
al., 2004; Peller et al., 2006). Furthermore, the most effective surgical intervention for
dystonia is deep brain stimulation within either the GPi or the STN, main output nuclei of
the basal ganglia (Ostrem and Starr, 2008). Animal models of dystonia have also supported
an important role for striatal involvement (Sato et al., 2008; Yokoi et al., 2011; Yokoi et al.,
2012; Zhang et al., 2012; Song et al., 2013).

Considering forms of dystonia to be the consequence of exclusively cerebellar or striatal
origin may be a false dichotomy. The cerebellum and striatum are highly inter-connected on
a functional level, and abnormalities in one may well lead to dysfunction of the other
(Bostan et al., 2010).

Role of acetylcholine in the pathophysiology of dystonia

While the basal ganglia are a participant in most, if not all, forms of dystonia, the precise
mechanisms responsible are unclear. A significant contribution of the striatal dopamine and
acetylcholine systems is likely; anticholinergic and dopaminergic drugs are the most
effective pharmacological treatments for most types of dystonia (Jankovic, 2013) and
acetylcholine agonists and dopaminergic drugs can induce dystonia in humans and primates
(Cools et al., 1975; Muenter et al., 1977; Casey et al., 1980; Shafrir et al., 1986; Mitchell et
al., 1990; Uca et al., 2014). Furthermore, dystonia is a key feature extant in Parkinson's
disease and primate models of Parkinson's disease that primarily affect dopamine and
acetylcholine systems (Poewe et al., 1988; Perlmutter et al., 1997; Tabbal et al., 2006).
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While the concept of reciprocal interactions between dopamine and acetylcholine in the
striatum was developed in the sixties and seventies, emerging work from many laboratories
using novel tools, including optogenetics and designer receptors is emphasizing the
centrality of striatal cholinergic transmission in the control of voluntary movement and the
clinical manifestations of movement disorders (Bonsi et al., 2011). These studies have
demonstrated that acetylcholine exerts a powerful influence on striatal dopamine
neurotransmission and has a critical role in the plasticity underlying motor learning.

Of particular interest for dystonia, recent evidence suggests that impairment of the reciprocal
modulation between striatal dopamine and acetylcholine is a nodal pathophysiological event
in DYT1 dystonia, a genetic form of dystonia caused by mutation of the gene encoding for
the protein torsinA. Data collected in the past few years show that in rodent models of
DYT1, the D2 receptor agonist quinpirole causes a paradoxical excitation of cholinergic
interneurons (Chls), rather than the physiological inhibition. This phenotype is broadly
expressed, and is found across many different mouse and rat models based on mutant forms
of torsinA (Pisani et al., 2006; Grundmann et al., 2012; Sciamanna et al., 2012). The ensuing
imbalance in cholinergic tone appears to be responsible for the impairment of bidirectional
corticostriatal synaptic plasticity observed in all of these models, and may be the basis for
the abnormal motor learning and patterns of motor activity observed in human dystonia
(Martella et al., 2009; Quartarone and Hallett, 2013; Martella et al., 2014).

Collectively, these findings confirm the existence of a specific phenotype linked to DYT1
mutation across a range of species analyzed. This core electrophysiological abnormality
provides a unifying theme for understanding the pathophysiology of dystonia.

The current review will attempt to provide a context for the role of striatal acetylcholine
interneuron function in the pathogenesis of dystonia by examining striatal anatomy and
function, Chl activity, and the changes that occur in this system to alter dopamine-
acetylcholine balance and induce the subsequent development of movement abnormality.

2. Striatal Circuitry

As is the case with most movement disorders, the phenotypic movement disorder
characterized by dystonia can at present best be explained within a framework of striatal
circuitry. Traditionally, this circuitry consists of excitatory connections from cortex and
thalamus synapsing onto projection neurons termed medium-size spiny neurons (MSNSs).
There are two main types of MSNs, which project either directly to the output nuclei of the
basal ganglia (direct pathway), the GPi and the substantia nigra pars reticulate (SNpr), or
indirectly via the STN (indirect pathway). Both pathways ultimately influence thalamic
circuits. Chls play a central role in both pathways, modulating their output by influencing
striatal dopaminergic and glutamatergic projections or by directly modulating striatal output
via cholinergic receptors located on MSNs. While the “direct” versus “indirect” segregation
hypothesis is oversimplified (for extensive discussion of this issue, see (Calabresi et al.,
2014)), it serves as a useful tool to investigate movement control. In dystonia, traditional
thought suggests that the direct pathway is overactive, leading to reduced output of the
globus pallidus internal segment and enhanced thalamic input to the cortex (Berardelli et al.,
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1998). We suggest that Chl dysfunction is a major driver of this abnormal activity through
direct and indirect actions on MSN output.

2.1 Striatal inputs

The activity of direct and indirect pathway neurons largely hinges on their modulation by a
wide range of neurotransmitter systems. The main inputs onto MSNs consist of
glutamatergic corticostriatal and thalamostriatal neurons and dopaminergic nigrostriatal
neurons, discussed in the current review. Minor projections to the striatum include raphe-
striatal serotonergic input, locus coeruleus noradrenergic projections, and excitatory
glutamatergic transmission arising from the amygdala and are discussed elsewhere (Pan et
al., 2010). Recent evidence has also suggested a cholinergic projection from the
pedunculopontine nucleus may innervate the striatum (Dautan et al., 2014), though its
functional role is, as yet, unclear.

2.1.1. Cortex—Corticostriatal glutamatergic projections are centrally involved in
motivated behavior, and originate from layer 11l and V pyramidal neurons in functionally
diverse cortical areas in monkeys, dogs, cats, and rodents (Mathai and Smith, 2011). In
rodents, corticostriatal glutamatergic projections consist of two distinct classes of cortical
neurons, intratelencephalic and pyramidal tract neurons (Shepherd, 2013). In the rat, the
intratelencephalic neurons are mainly located in layer 111 and upper layer V of the cortex,
and send axonal projections to the ipsilateral and contralateral cortex and striatum.
Conversely, layer V pyramidal tract neurons send axonal projections to the brainstem and
spinal cord, from which axon collaterals innervating the striatum originate (Reiner et al.,
2003). In non-human primates, distinct populations of corticostriatal projection neurons
have been identified by single-axon tracing studies, though electrophysiological studies did
not support these observations (Mathai and Smith, 2011). Even in rodents, anatomical
evidence that intratelencephalic neurons preferentially innervate direct pathway neurons,
whereas pyramidal tract neurons mainly target indirect pathway neurons (Lei et al., 2004)
was not supported by electrophysiology, which showed a contrasting main excitatory drive
of intratelencephalic neurons to both direct and indirect neurons (Ballion et al., 2008).

The corticostriatal system represents a massive, and highly convergent, source of synaptic
inputs to striatal MSNs (Fig. 1A; (Ingham et al., 1989; Raju et al., 2008). Multiple cortical
areas innervate the striatum in a highly topographic manner according to the functional
segregation of striatal territories (Alexander et al., 1986) with the dorsolateral putamen
primarily receiving sensorimotor cortical afferents (Parent and Hazrati, 1995).
Somatosensory and motor cortical information representing the same body parts converge
onto overlapping regions in the putamen (Flaherty and Graybiel, 1991, 1993). Cortical
inputs to the striatum preferentially target spine heads of MSNs forming asymmetric
synapses (Mathai and Smith, 2011). Structurally, Chls are well-located to modulate
corticostriatal signaling, with Chls synapsing on glutamatergic neuron dendrites and spines.
Acetylcholine modulates corticostriatal signaling by acting via presynaptic muscarinic
receptors. While traditionally muscarinic M2 and perhaps, M3 receptors were suggested to
be involved in this process (Hsu et al., 1995; Calabresi et al., 1998), more specific
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pharmacologic tools and knock-out mice have now indicated that M4 receptors are the key
regulator of corticostriatal synapses (Pancani et al., 2014).

The plasma membrane of MSN dendritic spines and shafts expresses a variety of both
ionotropic AMPA and NMDA receptor subunits and metabotropic glutamate receptors
(mGIuRs) subtypes. However, significant numbers of these receptors are localized
extrasynaptically (Paquet and Smith, 2003; Fujiyama et al., 2004; Galvan et al., 2006). The
role of postsynaptic glutamate receptors abundance and subsynaptic localization in
determining the strength of corticostriatal inputs and, hence, in contributing to long term
plasticity has been demonstrated (Dunah and Standaert, 2003; Gubellini et al., 2004;
Calabresi et al., 2007b; Wickens, 2009; Gardoni et al., 2010).

2.1.2. Thalamus—Thalamostriatal innervation may originate from most thalamic nuclei
(Fig. 1A; (Smith et al., 2014). Recently, thalamic nuclei innervated by the dentate nucleus
(the ventral motor and other intralaminar thalamic nuclei) have been proposed to mediate the
communication between the cerebellum and the basal ganglia (Bostan et al., 2010; Bostan
and Strick, 2010; Bostan et al., 2013). Hence, dysfunction of this pathway has been
suggested to play a role in the pathophysiology of dystonia and other movement disorders
(Jinnah and Hess, 2006; Neychev et al., 2008; Calderon et al., 2011).

The centromedian/parafascicular (CM/Pf) complex represents the main source of
thalamostriatal projections in primates and non-human primates (Smith et al., 2014). CM/Pf
neurons send massive and topographically organized projections to specific regions of the
dorsal striatum (Sadikot et al., 1992a; Parent and Parent, 2005; Galvan and Smith, 2011). In
rodents, the lateral part of Pf is considered to be the homologue of the primate CM and
projects mainly to the sensorimotor region (i.e., the dorsolateral part) of the caudate-
putamen complex, whereas the medial rodent Pf displays strong similarities with the primate
Pf, projecting to associative and limbic striatal regions of the striatum. Through these
projections, the CM/Pf gains access to the entire striatal complex, thereby making the
CM/Pf-striatal system a functionally organized network that may broadly affect basal
ganglia functions.

The differential expression of the vesicular glutamate transporter 1 (vGIuT1) in
corticostriatal terminals and vGIuT2 in thalamostriatal fibers (Fremeau et al., 2001; Fremeau
et al., 2004) allowed the characterization of the synaptic connectivity of corticostriatal and
thalamostriatal terminals. Thalamostriatal projections give rise to asymmetric synapses and,
similar to corticostriatal afferents, the principal synaptic targets of most non-CM/Pf
thalamostriatal projections are dendritic spines of striatal projection neurons (Kemp and
Powell, 1971b; Dube et al., 1988; Raju et al., 2006; Lacey et al., 2007; Raju et al., 2008). In
contrast, most CM/Pf striatal afferents establish asymmetric synapses with dendritic shafts
of MSNs (Dube et al., 1988; Sadikot et al., 1992b; Smith et al., 1994; Sidibe and Smith,
1996; Raju et al., 2006; Lacey et al., 2007; Raju et al., 2008) and several types of striatal
interneurons including Chls (Meredith and Wouterlood, 1990; Lapper and Bolam, 1992;
Sidibe and Smith, 1999) and parvalbumin-positive GABA interneurons (Rudkin and
Sadikot, 1999; Sidibe and Smith, 1999). Whereas the massive vGluT2-positive
thalamostriatal projection from Pf terminates exclusively in the striatal matrix (Herkenham
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and Pert, 1981; Sadikot et al., 1992b; Raju et al., 2006), the pattern of synaptic innervation
of corticostriatal vGluT1-positive terminals does not differ between patch/striosome and
matrix compartments (Raju et al., 2006). The convergence of thalamic and cortical inputs
upon single MSNs is consistent with in vivo and in vitro electrophysiological analyses
showing that single direct or indirect pathway neurons respond to both cortical and thalamic
stimulation in rodents (Kocsis and Kitai, 1977; Vandermaelen and Kitai, 1980; Ding et al.,
2008; Ellender et al., 2011; Ellender et al., 2013; Huerta-Ocampo et al., 2013).

Thalamic modulation of striatal Chl activity, by gating corticostriatal transmission, regulates
behavioral switching and attentional set-shifting (Kimura et al., 2004; Ding et al., 2010;
Smith et al., 2011; Sciamanna et al., 2012; Bradfield et al., 2013b; Bradfield et al., 2013a).
Indeed, Chls receive synaptic inputs from CM/Pf (Fig. 1B) (Lapper and Bolam, 1992;
Sidibe and Smith, 1999), whose alterations affect striatal acetylcholine release (Consolo et
al., 1996a; Consolo et al., 1996b; Zackheim and Abercrombie, 2005; Nanda et al., 2009).
The removal of Pf inputs to Chls reduces the firing rate of these neurons and produces an
enduring deficit in goal-directed learning (Bradfield et al., 2013b). CM stimulation strongly
affects the in vivo activity patterns of striatal tonically active neurons (TANS) that are
believed to correspond to Chls (Wilson et al., 1990; Nanda et al., 2009). The reward-
associated pause responses in striatal TANs (Goldberg and Reynolds, 2011) are almost
completely abolished by inactivation of the CM/Pf complex in monkeys (Matsumoto et al.,
2001).

Chls are also structurally well-located to act upon excitatory thalamostriatal circuits (Fig.
1B). Like corticostriatal terminals, thalamic inputs to the striatum also express nicotinic
receptors, which serve to enhance glutamate release, particularly via alpha7 containing
receptors that are highly calcium permeable. It is unknown whether there are differences in
nicotinic receptor subunit composition between corticostriatal and thalamostriatal synapses
that may distinctively alter glutamatergic influence from these inputs. On the other hand,
muscarinic receptors act to decrease glutamatergic inputs, likely in a similar manner to
corticostriatal synapses (M4, M2 and/or M3; (Ding et al., 2010)).

2.1.3. Substantia Nigra pars compacta—The striatum is modulated by dopaminergic
signals from mesolimbic nuclei. Dopaminergic neurons in the substantia nigra pars
compacta mostly project to the dorsal striatum, while neurons from ventral tegmental area
reach the nucleus accumbens (McGeorge and Faull, 1989; Berendse and Groenewegen,
1990; O'Donnell and Grace, 1995). In the classical models of the basal ganglia, dopamine
regulates the balance between the activation of the direct and indirect striatofugal pathways
(Albin et al., 1989; Wichmann and DeLong, 1996). Dopamine D1 receptor signaling
enhances dendritic excitability and glutamatergic transmission in striatonigral MSNs,
whereas D2 receptor signaling exerts the opposite effect in striatopallidal MSNs (Surmeier
et al., 2007). This segregation of D1 and D2 receptor-expressing MSNs, with an overlap
limited to less than 5-15% of neurons is essential for fine control of striatal circuitry (Gertler
et al., 2008; Matamales et al., 2009; Valjent et al., 2009). While D5 receptor isoform (D1-
class) is largely expressed in striatal interneurons, conversely in MSNs D5 receptors appear
to have a low expression level (Rivera et al., 2002). The use of D5 knockout mice suggests
that the involvement of D5 receptors in LTD induction is related to the recruitment of PLTS
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interneurons (Centonze et al., 2003). In addition, the lack of specific compounds targeting
D5 receptors hampers the definition of their precise functional role. D3-D4 (D2-class)
receptors are scarcely expressed in the dorsal striatum (Le Moine and Bloch, 1996).

Striatal dopamine plays a key role in long term plasticity of glutamatergic corticostriatal
synapses (Cragg, 2003; Picconi et al., 2003; Calabresi et al., 2007a; Kreitzer and Malenka,
2008; Pawlak and Kerr, 2008). Dopaminergic and cortical afferents partially converge on
individual spines of MSNs (Freund et al., 1984; Bolam and Smith, 1990; Smith et al., 1994;
Smith et al., 2014). The postsynaptic responses induced by cortical stimulation are
modulated by dopamine acting through pre-and post-synaptic mechanisms dependent on the
type and localization of dopamine receptors and the physiological state of striatal MSNs
(Gonon, 1997; Reynolds et al., 2001; Cragg and Rice, 2004; Surmeier et al., 2007; Rice and
Cragg, 2008). Indeed loss of the dopaminergic input in Parkinson's disease models causes
profound alterations in corticostriatal synaptic plasticity (Calabresi et al., 2007b), which are
associated with pruning of dendritic spines on MSNs (Ingham et al., 1989; Stephens et al.,
2005; Zaja-Milatovic et al., 2005; Smith and Villalba, 2008; Villalba et al., 2009; Villalba
and Smith, 2010). Likewise, reduced dopamine release and changes in corticostriatal
synaptic plasticity have been indicated in multiple genetic mouse models of DYT1 dystonia
(Pisani et al., 2006; Balcioglu et al., 2007; Hewett et al., 2010; Page et al., 2010; Sciamanna
etal., 2012; Song et al., 2012). While decreased D1 receptor activation has been linked to
changes in GNAL (Corvol et al., 2007), the primary gene involved in DY T25, these mouse
models have not yet been investigated for alterations in striatal synaptic plasticity.

The similarity between the overall pattern of synaptic connectivity of non-CM/Pf thalamic
and cortical terminals with MSNs (Moss and Bolam, 2008) suggests that these two pathways
may be regulated in the same manner by nigrostriatal dopamine afferents. Indeed, these
glutamatergic terminals are located close to dopaminergic synapses, suggesting that
dopamine may modulate most glutamatergic terminals in the rodent striatum (Smith et al.,
2014). Conversely, axo-dendritic thalamic inputs from CM and dopaminergic terminals do
not display significant structural relationships (Smith et al., 1994), thus it is likely that the
interactions between dopaminergic afferents and CM/Pf or non-CM/Pf thalamostriatal
synapses differ.

Likewise, cholinergic interneurons are closely localized with dopamine terminals, as
discussed in detail below. In brief, dopamine terminals express a number of acetylcholine
receptors, particularly nicotinic receptors, that influence dopamine release in the striatum. In
support, nicotinic agonists and nicotine itself enhance striatal dopamine release (Damsma et
al., 1988; Toth et al., 1992; Puttfarcken et al., 2000; Campos et al., 2010). In vitro,
synchronous optogenetic activation of Chls increases dopamine release through beta2-
subunit containing nicotinic acetylcholine receptors on nigrostriatal dopamine terminals
(Cachope et al., 2012; Threlfell et al., 2012), suggesting a system by which Chls may act in
concert to enhance striatal dopaminergic tone, likely driven by thalamostriatal inputs onto
cholinergic neurons (Ding et al., 2010). Recent studies also suggest that nicotinic receptor
modulation of dopamine release impacts the co-release of GABA from nigrostriatal
terminals (Nelson et al., 2014), though it is unclear what effect this may have on striatal
function.

Prog Neurobiol. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jaunarajs et al.

Page 9

Multiple lines of evidence suggest that dysfunctions in dopamine signaling can induce
dystonic symptoms (Wichmann, 2008; Tanabe et al., 2009; Bragg et al., 2011). Early
imaging studies detected various DA-related abnormalities in patients with different forms
of dystonia, such as altered receptor binding in basal ganglia (Perlmutter et al., 1997;
Naumann et al., 1998; Brashear et al., 1999). Furthermore clinical reports showed that
dystonia may be associated with either mutations in genes encoding proteins critical for
dopamine biosynthesis (GTP-cyclohydrolase and tyrosine hydroxylase), as well as
polymorphisms in the D5R dopamine receptor subtype; with other disease processes
affecting dopamine (e.g. Parkinson's disease); or with complications resulting from anti-
dopamine therapies (Goodchild et al., 2013).

2.1.4 Cortical, Striatal, Cerebellar and Thalamic Connectivity—In a recent study,
Vo and colleagues (2014) used magnetic resonance diffusion tensor imaging (DTI) to
identify brain microstructural changes associated with the severity of clinical manifestations
in individuals with limb dystonia. The authors found that clinical manifestations were
greatest in subjects with relatively intact microstructure in somatotopically relevant white
matter regions. Significant phenotype-related differences were observed in thalamocortical
tracts, but not in corticostriatal or corticospinal pathways, suggesting that the
thalamocortical motor system is a major determinant of dystonia phenotype. Conversely,
cerebellothalamic microstructural abnormalities were associated with genotype, rather than
with phenotype, in the dystonia subjects. Reductions in structural connectivity involving
cerebellothalamic projections have been described in dystonia mutation carriers, whether or
not they exhibited symptoms of the disorder, whereas abnormalities involving
thalamocortical projections were identified only in non-manifesting gene carriers (Argyelan
et al., 2009; Niethammer et al., 2011). These observations suggest that the thalamocortical
tract regulates penetrance by controlling the transmission of aberrant cerebellothalamic
signals to the cerebral cortex (Niethammer et al., 2011). In accordance with this model,
recent observations showed that thalamocortical projections somatotopically linked to
symptomatic body areas were intact in manifesting gene carriers, and that more severely
affected individuals were distinguished by relative preservation of these pathways. In
contrast, the same individuals exhibited reductions in the integrity of somatotopic
projections related to asymptomatic body areas and fully nonpenetrant mutation carriers
exhibited similar changes (Vo et al., 2014).

2.2. Intrinsic Striatal Circuitry

Six types of neurons in the striatum have been identified according to morphology, size of
soma and dendrites as well as neurochemical properties (Kemp and Powell, 1971b). More
than 95% of striatal neurons is represented by GABAergic MSNs, whereas the remaining
5% is constituted by five classes of interneurons: large cholinergic cells, three subtypes of
GABAergic interneurons, and tyrosine hydroxylase-immunoreactive neurons (Kawaguchi,
1993; Tepper et al., 2010).

2.2.1. Medium spiny neurons—MSNSs have a medium sized soma (10-20 um), and an

extensive dendritic tree densely studded with spines (Jiang and North, 1991). Their axons
also extensively arborize within a 250-450 um area around the cell bodies, and these axonal
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plexus provide symmetrical synapses with other striatal neurons (Kemp and Powell, 1971a;
Preston et al., 1980; Somogyi et al., 1981). During intracellular electrophysiology recordings
from striatal slices, MSNs show very negative resting potentials (-90 mV) and a low input
resistance at the resting membrane potential (40 M; (Jiang and North, 1991).

MSNs contain enzymes involved in the synthesis of GABA (Ribak et al., 1979; Fisher et al.,
1986), and are the source of the GABAergic output of the neostriatum, innervating the basal
ganglia output structures, globus pallidus and substantia nigra (Kawaguchi et al., 1995).
MSNs of the matrix include two functionally distinct subpopulations that express different
proportions of dopaminergic, cholinergic, and other receptors (Benarroch, 2012). A MSN
population projects to the inhibitory output neurons of the globus pallidus internus and
substantia nigra pars reticulata and constitutes the direct pathway. Another MSN
subpopulation projects to the globus pallidus externus, disinhibits the subthalamic nucleus,
promoting the tonic inhibitory output of the globus pallidus internus/substantia nigra
reticulata, and constitutes the indirect pathway. A third subpopulation of MSNs, restricted to
the striosomes, receive inputs from the limbic cortex and project to the dopaminergic
neurons of substantia nigra pars compacta, thereby mediating limbic modulation of basal
ganglia function.

MSNSs express a number of muscarinic acetylcholine receptors, but likely do not contain
nicotinic acetylcholine receptors. In particular, Chls can exert direct control of both direct
and indirect pathway MSNs through muscarinic M1 receptors, found on MSN dendrites and
spines, by reducing KCNQ and Kir2 currents (Galarraga et al., 1999; Shen et al., 2005; Shen
et al., 2007). MSNs also differentially express inhibitory muscarinic M4 receptors; M4
receptors are preferentially expressed on direct pathway neurons (Bernard et al., 1992; Yan
etal., 2001). In a recent study, activation of M4 receptors was found to enhance calcium
currents by acting on Ca,1 channels, increasing excitability of direct pathway neurons but
not indirect pathway neurons (Hernandez-Flores et al., 2015). Thus, targeting direct pathway
abnormalities in dystonia may be possible by influencing M4 receptors, while targeting the
M1 receptor could inflict more global alterations in MSN function.

2.2.2. GABAergic interneurons—Neostriatal medium-sized aspiny GABAergic
interneurons can be classified into three subtypes by physiological, chemical, and
morphological criteria. These three classes of interneurons can be differentiated by the
selective expression of either the calcium-binding proteins parvalbumin or calretinin, or a
number of neuropeptides and enzymes, including neuropeptide Y, somatostatin, and nitric
oxide synthase (Kawaguchi et al., 1995; Tepper et al., 2010).

Parvalbumin-immunoreactive fast-spiking (FS) interneurons express the KV3.1 potassium
channel (Lenz et al., 1994) and, in vitro, exhibit a fast-spiking (>200 Hz) phenotype
characterized by very short-duration action potentials with large and rapid
afterhyperpolarizations at constant spike frequency interrupted by periods of silence in
response to depolarizing current pulses. FS cells have more negative resting potentials and
lower input resistances than the other two classes of GABAergic interneurons.
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Cells immunoreactive for NADPH diaphorase, somatostatin, and nitric oxide synthase were
identified as persistent and low-threshold spike (PLTS) interneurons. These interneurons are
12-25 pm in diameter. In comparison with cholinergic and parvalbumin-positive cells, PLTS
have fewer dendritic branches. Their axonal arborizations are less dense within the region of
the dendritic field, are more extensive, and are relatively unbranched for longer distances
within the striatum. With respect to FS cells, PLTS neurons have longer-duration action
potentials, less negative resting potentials, longer lasting afterhyperpolarizations and very
high input resistances. The physiological properties of PLTS interneurones are unique
among striatal cells, because of their ability to generate Ca2+-dependent low threshold
spikes, as well as large and persistent Na+ current-dependent plateau potentials in response
to depolarization or excitatory synaptic stimulation (Beatty et al., 2012).

Calretinin-immunoreactive interneurons were initially described in rats as medium sized
aspiny neurons, 12—20 um in diameter, that issued a small number of smooth, aspiny
dendrites (Bennett and Bolam, 1993). While in rodents these cells account for nearly 0.5%
of striatal neurons, in primates including humans the proportion of calretinin-positive
neurons is 3 to 4-fold parvalbumin-or somatostatin-immunoreactive cells (Wu and Parent,
2000). Three or four morphologically distinct types of striatal calretinin-positive neurons
have been described. Thus far, no electrophysiological recordings from identified calretinin-
positive interneurons have been obtained.

Cholinergic regulation of GABAergic interneurons has been shown in a number of recent
studies and cholinergic terminals have been found to innervate GABAergic interneurons,
particularly FS interneurons (Chang and Kita, 1992). Collectively, acetylcholine acts to
reduce evoked striatal GABAergic release via muscarinic receptors (Marchi et al., 1990;
Raiteri et al., 1990). However, interaction with FS interneurons occurs via both nicotinic and
muscarinic receptors in a complex manner. Activation of non-desensitizing somatodendritic
nicotinic receptors depolarizes FS interneurons, while presynaptic muscarinic receptor
activation inhibits GABAergic transmission onto MSNs (Koos and Tepper, 2002). Nicotinic
activation of FS interneurons is believed to exert influence during fast changes in
acetylcholine tone, such as the pause-rebound effect observed in Chls following
behaviorally relevant stimuli (Aosaki et al., 1995); muscarinic receptors may be activated by
more persistant changes in acetylcholine levels. Muscarinic M2 receptors have also been
reported on PLTS neurons (Bernard et al., 1998) and may further explain the global
inhibitory effects of acetylcholine on striatal GABA release.

2.2.3. Tyrosine-hydroxylase-immunoreactive interneurons—Since Dubach et al.
(1987) first described medium sized striatal interneurons immunoreactive for tyrosine
hydroxylase in the caudate nucleus of normal monkeys, many reports confirmed the
existence of such neurons in rodents and humans (Tepper et al., 2010). Thereafter, an
electrophysiological analysis revealed four distinct types of striatal tyrosine hydroxylase-
immunoreactive neurons (Ibanez-Sandoval et al., 2010). Of note, the number of these
neurons increased by a factor of 2—4 times following dopaminergic denervation in rats
(Tashiro et al., 1989). Connectivity of Chls with tyrosine-hydroxylase-immunoreactive
neurons has not been elucidated to date and their functional relevance is, as yet, unknown.
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2.2.4. Cholinergic interneurons—Chls are large (20-50 um) aspiny cells expressing
choline acetyltransferase (ChAT), the biosynthetic enzyme for acetylcholine, which are
preferentially distributed in the matrix area flanking the patches border (van Vulpen and van
der Kooy, 1998). This localization may result in greater influence of cholinergic signaling
on pathways originating or terminating in the matrix, such as nigrostriatal and preferentially,
striatopallidal pathways. Their widespread dendritic and axonal fields suggest a role of
synaptic integration over relatively large regions (Bolam et al., 1984; Smith and Bolam,
1990; Wilson et al., 1990; Kawaguchi et al., 1995; Miura et al., 2007). Accordingly, Chls
are the synaptic targets of striatal afferents originating from the cerebral cortex, the
intralaminar thalamic nuclei, the substantia nigra, the locus coeruleus, the dorsal raphe
nucleus, as well as of MSN collaterals and FS interneurons (Olson et al., 1972; Pazos et al.,
1985; Bolam et al., 1986; Lavoie et al., 1989; Lapper and Bolam, 1992; Martone et al.,
1992; Dimova et al., 1993; Sidibe and Smith, 1999; Thomas et al., 2000; Pisani et al., 2003;
Bonsi et al., 2007; Smith and Villalba, 2008; Aosaki et al., 2010; Bonsi et al., 2011).

Chls are characterized by peculiar electrophysiological properties among striatal neurons:
less negative resting potential (-60 mV), higher input resistance, long lasting action
potential, prominent I, current in response to hyperpolarization, and autonomous firing
activity, even in the absence of synaptic inputs (Bolam et al., 1984; Wilson et al., 1990;
Kawaguchi, 1993; Aosaki et al., 1995; Bennett and Wilson, 1998; Bennett et al., 2000; Zhou
et al., 2002). The single spike-firing pattern relies on medium-duration
afterhyperpolarization (AHP) current, generated by rapid small conductance calcium-
activated potassium channels (SK) associated with Cay,2.2 calcium channels. Periodic
bursting is driven by a delayed and slowly decaying AHP current, associated with Cay/1
calcium channels (Bennett et al., 2000; Goldberg and Wilson, 2005; Wilson and Goldberg,
2006; Goldberg et al., 2009).

2.3. Striatal outputs

In the widely held view of basal ganglia organization, the striatum controls the basal ganglia
outflow through direct and indirect pathways. The direct striatonigral pathway promotes
movement initiation through MSNs that contain dopamine D1-class receptors and project to
the GPi and SNpr, thereby disinhibiting thalamocortical and brainstem circuitry and
promoting movement. The indirect striatopallidal pathway exerts a tonic inhibitory tone on
motor activity through MSNs that express dopamine D2-class receptors and inhibit globus
pallidus externus (GPe) neurons, thus relieving the inhibition on STN and increasing
GPi/SNr neuron firing.

A direct demonstration of the largely non-overlapping contributions of the two pathways to
several different forms of motor behaviors came from experiments where the striatal
signaling protein dopamine- and cAMP-regulated phosphoprotein Mr 32kDa (DARPP-32)
was selectively deleted in striatonigral or striatopallidal neurons. Indeed, cell type—specific
deletion of DARPP-32 in striatonigral neurons decreased basal and cocaine-induced
locomotion and abolished dyskinetic behaviors in response to L-DOPA in animal models of
Parkinson's disease. Conversely, the loss of DARPP-32 in striatopallidal neurons produced a
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robust increase in locomotor activity and a strongly reduced cataleptic response to the
antipsychotic drug haloperidol (Bateup et al., 2010).

However, recent studies using novel techniques allowing for in vivo selective analysis of
direct/indirect pathway MSN activity have also provided evidence that is likely to change
the traditional view of basal ganglia function. Notably, both direct- and indirect-pathway
neurons increase their activity before movement initiation, and therefore are necessary to
initiate motor activity (Cui et al., 2013). In contrast, they behave differently during sequence
performance; disparate subsets of direct and indirect pathway neurons are engaged during
sequence initiation, execution and termination (Jin et al., 2014). These findings have been
supported with evidence in dystonia patients. For instance, according to the traditional “rate
model”, hyperkinetic movement disorders such as dystonia were believed to stem from
decreased discharge rates of the direct pathway (GPi) and increased discharge rates of the
indirect pathway (GPe). Conversely, rather than worsening dystonic movements, lesions of
the GPi are beneficial for many patients. Recent in vivo neurophysiology from dystonia
patients undergoing DBS implantation suggest that discharge rates in both the GPi and GPe
are reduced (Hendrix and Vitek, 2012), supporting the idea of a collective dysfunction
between the direct and indirect pathways.

Altogether these observations challenge the classic model of basal ganglia function, which
postulates that direct pathway neurons would be active during movement to facilitate it,
whereas indirect pathway neurons would be inhibited during movement and active during
lack of movement. Rather, coactivation of direct and indirect pathways seems critical for
action selection during movement initiation, since direct pathway neurons may select the
desired motor program, whereas indirect pathway neurons may inhibit competing motor
programs (Mink, 2003). Normal motor functions are achieved when the activities of these
two pathways are in balance. Hypokinetic (e.g., Parkinson's disease) and hyperkinetic (e.g.,
Huntington's disease) movement disorders of basal ganglia origin are thought to result from
imbalanced activities between the two pathways (Albin et al., 1989).

3. Striatal Acetylcholine Signaling

The striatal acetylcholine-dopamine balance has long been considered a key factor in normal
basal ganglia function (Calabresi et al., 1989; Cragg, 2006; Ding et al., 2006; Pisani et al.,
2007; Aosaki et al., 2010). Accordingly, dysfunction of acetylcholine release in the striatum
is believed to underlie different movement disorders, such as Parkinson's disease,
Huntington's disease, dystonia and Tourette syndrome (Pisani et al., 2007). Furthermore,
many of these disorders can be treated with pharmacotherapies that target acetylcholine
receptor systems (Corner, 1952; Lang et al., 1983; Sanberg et al., 1998; Brocks, 1999; Silver
et al., 2000).

Both subtypes of acetylcholine receptors—nicotinic and muscarinic—are expressed
throughout the striatum on distinct populations of neurons (Fig. 2). The functional
implications of acetylcholine on movement depend largely on the collective receptor
expression and function, consisting of diverse cellular and subcellular localizations. Besides
the local striatal innervation, a number of cholinergic projections arise from nuclei of the
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basal forebrain, including the medial septal nucleus, the nucleus basalis of Meynert, the
vertical nucleus of the diagonal band and the horizontal limb of the diagonal band nucleus,
as well as from the pedunculopontine-lateral dorsal tegmental nuclei (Fig. 2) (Everitt and
Robbins, 1997).

3.1. Muscarinic receptors

Muscarinic receptors are a family of five G protein-coupled receptors consisting of two
major groups: M1-like (M1, M3, and M5) and M2-like receptors (M2 and M4). All 5
muscarinic receptors are expressed in the striatum, with the highest levels being the M4 and
M1 receptor subtypes, respectively.

M1-like receptors are coupled to Gq proteins that activate phospholipase C, resulting in
activation of inositol trisphosphatase (IP3) and diacyl-glycerol (DAG), ultimately increasing
intracellular calcium. M1 receptors are found primarily on striatal MSNs of both the direct
and indirect pathways, where they are localized extrasynaptically or on dendritic spine necks
(Hersch et al., 1994; Yan et al., 2001). Here, activation of M1 receptors results in enhanced
responsivity to glutamatergic stimulation by diminishing the activity of potassium channels.
There is also evidence that M1 receptor-induced activation of protein kinase C (PKC)
enhances phosphorylation of NMDA receptors on MSNs, further enhancing the
glutamatergic influence on these neurons (Ben-Avri et al., 1992). Striatopallidal neurons
express M1 receptors that interact with adenosine A2A receptors and activate DARPP-32
signaling. On corticostriatal glutamatergic neurons, M1 receptors act as heteroreceptors and
modulate glutamate release (Alcantara et al., 2001). M1 receptors are also localized on
striatal GABAergic interneurons, though their functional role is unclear (Bernard et al.,
1992; Alcantara et al., 2001).

Striatal M3 receptors are sparse, accounting for only 8% of the total striatal muscarinic
receptor population (Hersch et al., 1994). M3 receptors are found on dendrites of medium
spiny neurons, though limited to striatopallidal neurons (Yan et al., 2001). M3 receptors
have been linked to decreased striatal dopamine release based on knock-out mouse studies
(Zhang et al., 2002); this may occur by the stimulation of GABA release onto dopaminergic
neurons. There is some evidence that presynaptic M3 receptors can also inhibit
corticostriatal glutamate release (Niittykoski et al., 1999); however, the pharmacological
tools used in these studies are insuffient to fully determine the subtype mediating these
effects.

M5 receptor expression is quite low in the striatum (<5% of total muscarinic receptor
binding (Hersch et al., 1994)) and may be limited to nigrostriatal dopaminergic terminals,
where they may serve to inhibit striatal dopamine release (Foster et al., 2014).

M2-like receptors are coupled to Gi proteins that serve to inhibit adenylyl cyclase activity
and close Ca,2 calcium channels while opening Kir3 channels. Striatal M2 receptors act as
inhibitory heteroreceptors on NPY-somatostatin-positive GABAergic interneurons and
corticostriatal glutamatergic terminals (Hersch et al., 1994; Bernard et al., 1998). They also
act as the primary autoreceptors for Chls (Bernard et al., 1998). M2 receptors are mostly
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extrasynaptic (Bernard et al., 1998), suggesting they are involved in “spillover”
neurotransmission.

M4 receptors are the primary inhibitory muscarinic receptor on striatal medium spiny
neurons, particularly those of the direct pathway where they are co-expressed with D1
receptors. Labeling is particularly dense in striosomes (Bernard et al., 1999). While labeling
is also present in cholinergic neurons, these receptors are largely intracellular (Bernard et al.,
1999). M4 knock-out mice and specific M4 receptor positive allosteric modulators have
shown that these receptors are also localized on corticostriatal glutamatergic neurons, where,
similarly to M2 receptors they diminish glutamate release via presynaptic inhibition
(Pancani et al., 2014). M4 mRNA is also reported in striatal GABAergic interneurons
(Bernard et al., 1998).

No investigations to date have examined alterations in muscarinic receptor levels in human
dystonia patients and investigations in animal models are limited. However, in a genetic
hamster model of primary paroxysmal dystonia there were no changes in muscarinic ligand
binding in any brain region (Hamann et al., 2006).

3.2. Nicotinic receptors

Nicotinic receptors are ligand-gated ionotropic cholinergic receptors consisting of five
subunits forming a central pore (for review see (Hurst et al., 2013)) Two subfamilies of
subunits have been cloned: an alpha family (a2-a10) and a beta family (2-p4). Receptors
may be either homomeric for certain types of alpha subunits or heteromeric combinations of
alpha and beta subunits. Receptor subunit consistency alters the permeability of the non-
selective cation channel and its receptivity to acetylcholine and agonist binding. However,
the alpha subunit is required for acetylcholine binding. Beta subunits may regulate the
activity and sensitivity of nicotinic agonists and antagonists by altering binding and
dissociation rates. a7 subunit-expressing receptors have high relative permeability to
calcium while 2 subunit-expressing receptors have a high affinity for nicotine. The a5 and
B3 subunits are complementary subunits, in that they cannot form functional channels but
alter the properties of the receptor. For example, expression of a5 subunits increases the
calcium permeability and alters the desensitization rate of the receptor (Wang et al., 1996).

The most common type of nicotinic receptor in the striatum is of the a4(non-a6)p2* type
(~70% of nicotinic receptors), though the a5, a6, and B3 subunits are also expressed at
lower levels (~20% of nicotinic receptors). a4f32* receptors are thought to be localized on
both dopaminergic and non-dopaminergic neurons, including serotonergic raphestriatal
efferents, and striatal GABAergic and Chls. Striatal dopaminergic terminals also express
several other types of nicotinic receptors, including a6p2p3, a6a4p2p3 and a4a5p2 (Zoli et
al., 2002; Champtiaux et al., 2003). Only striatal non-dopaminergic terminals express
a2a4p2 nicotinic receptors (Zoli et al., 2002). Conversely, corticostriatal afferents typically
present with a.7* containing subunits on nerve terminals (Marchi et al., 2002), which serve
to stimulate release of glutamate. Though the subunit compaosition remains unknown,
nicotinic receptors are also localized on fast-spiking GABAergic interneurons (Koos and
Tepper, 2002) and on medium spiny projection neurons (Liu et al., 2007). Some evidence
suggests these receptors may be of the a4p2* and a4a5p2* subtypes.
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The main role for nicotinic receptors in the striatum appears to be modulation of dopamine
release on nigrostriatal terminals (Giorguieff et al., 1976; Chesselet, 1984; Threlfell et al.,
2012). Recent evidence suggests that dopamine transmission in the dorsal striatum is
dependent upon a5 subunits, while a4a6B2p3 nicotinic receptors are required for dopamine
neurotransmission in the nucleus accumbens core (Exley et al., 2012). Burst phase
dopaminergic activity is concomitantly associated with Chl “pauses” in activity. As such,
stimulation of nicotinic receptors on dopaminergic terminals is thought to act as a “filter” to
enhance contrast between the tonic and burst phases of dopamine neuron activity (Exley et
al., 2012).

The nicotinic receptor system has not been investigated in human dystonia patients and only
superficially in one animal model of dystonia. Bao and colleagues (2010) found that
transgenic DYT1 mice were more sensitive to phasic stimulation of dopamine release, an
effect which was blocked by antagonism of nicotinic receptors with mecamylamine.
Furthermore, mice expressing mutation of the 32 nicotinic receptor subunit do show
increased sensitivity to nicotine-induced dystonic arousal complex (O'Neill et al., 2013).
Collectively, acetylcholine receptor expression and signaling is clearly an area that is not
well-understood and warrants further investigation.

4. Striatal Acetylcholine-Dopamine Interaction

Both dopamine terminals and Chls densely innervate the striatum. Both also express the
corresponding plethora of receptors necessary to interact with the other neurotransmitter
system; dopamine terminals express nicotinic receptors (and perhaps M5 receptors), while
Chls likewise express D2 and D5 receptors. As such, striatal signaling is likely to involve an
interaction between these two modulatory systems. Recent studies emphasize the importance
of dopamine-mediated regulation of Chls in modulating striatal outflow, and influencing the
integration, processing and transmission of information along the dual striatofugal systems.
Accordingly, an abnormal increase of striatal acetylcholine represents a key neurochemical
sign of Parkinson's disease, supporting the importance of the acetylcholine-dopamine
balance in proper striatal functioning (Pisani et al., 2007). In particular, D2 receptors located
on Chls have been identified as key mediators of the dopamine-dependent balance in the
expression of striatal bidirectional synaptic plasticity (Wang et al., 2006).

The striatal acetylcholine and dopamine systems are traditionally viewed as antagonistic.
Electrophysiologically, it is clear that dopamine suppresses acetylcholine release through
dopamine receptors on Chls. The modulatory effect of dopamine on striatal acetylcholine
release is achieved through activation of D2 and D5 dopamine receptors located on Chls.
Activation of D2 receptors inhibits acetylcholine release, while D5 stimulation enhances
GABA currents via protein kinase A (PKA) (Bertorelli and Consolo, 1990; DeBoer et al.,
1996; Yan et al., 1997). As such, stimulation of both receptors likely serves to dampen
acetylcholine release, though this has not been directly tested.

Although early studies may have suggested that acetylcholine likewise suppressed dopamine
release, multiple lines of evidence indicated that stimulation of nicotinic receptors led to an
increase in dopamine release (Giorguieff et al., 1976; Chesselet, 1984; Rapier et al., 1988;
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el-Bizri and Clarke, 1994). However, demonstrating the role played by Chls was limited by
technical difficulties, such as the inability to regulate nicotinic function without rapid
desensitization and the difficulty of coordinating Chl activation. More recent techniques
such as optogenetics and designer receptor systems have provided new insights and
confirmed a stimulatory effect of acetylcholine on dopamine release by way of nicotinic
receptors. Recently, viral transfection of cholinergic cells with Cre-dependent
channelrhodopsin2 revealed that synchronous activation of Chls elevates striatal dopamine
release and that this is dependent on nicotinic receptor activation (Threlfell et al., 2012).
Similar results were obtained in the nucleus accumbens (Cachope et al., 2012). Furthermore,
stimulation of thalamic projections to Chls completely recapitulated these effects,
suggesting that thalamic neurons can modulate dopamine release indirectly via Chls.

The effects of muscarinic receptor activation add further complexity to the dopamine-
acetylcholine interaction. Some studies have reported that stimulation of striatal muscarinic
receptors leads to reductions in striatal dopamine release (Kemel et al., 1989; Xu et al.,
1989; De Klippel et al., 1993). However, other findings have suggested that muscarinic
receptor activation acts to enhance dopamine release, particularly by acting on M5 receptors
(Lehmann and Langer, 1982; Zhang et al., 2002; Threlfell et al., 2010). In contrast, Foster
and colleagues (2014) found that somatodendritic activation of M5 receptors using the novel
M5 receptor positive allosteric modulator, VU0238429 acts to enhance nigral neuronal
firing, while striatal M5 receptor activation inhibits dopamine release. Obviously, more
work is critical in determining the precise role of muscarinic receptors on dopamine
signaling and would be aided by more selective pharmacological compounds.

Collectively, these findings suggest that the interaction between the dopamine and
acetylcholine systems in the striatum is more complex than the traditional “see-saw” model
would suggest. Dopamine likely dampens acetylcholine release, while the effects of
acetylcholine on dopamine release appear to be complementary rather than antagonistic,
likely acting through nicotinic receptor activation. Further research using novel techniques
to selectively modulate particular neurons and particular receptor subtypes will likely shed
further light on their functional interplay.

5. Acetylcholine and Movement Control

Chls are believed to correspond to the TANSs recorded in vivo from the primate striatum,
which respond to conditioned stimuli with a pause response in their ongoing firing activity
and play significant roles in the selection of appropriate behavioral responses to
environmental events (Kimura et al., 2003; Cragg, 2006; Apicella, 2007; Aosaki et al.,
2010). The pause response begins with an initial depolarizing phase followed by a pause in
spike firing and ensuing rebound excitation. The onset of the pause phase coincides with a
surge in firing activity of dopaminergic neurons in the substantia nigra pars compacta. Chls
scattered in widespread portions of the striatum acquire the pause response during learning
and their activity becomes synchronized. The mechanisms underlying the pause response of
Chls are complex and still not completely understood. An intact innervation from both the
dopaminergic nigrostriatal system and thalamic nuclei involved in sensorimotor integration
are required for the expression of the pause response (Aosaki et al., 1994; Matsumoto et al.,
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2001), though a short-latency corticostriatal excitatory response to reward-related cues
remains after inactivation of the thalamostriatal inputs. Moreover, the potentiation of
GABAergic transmission may also play a role (Suzuki et al., 2001; Bonsi et al., 2003; Bonsi
et al., 2004; Reynolds et al., 2004). In vitro experiments suggest that an initial excitation of
Chls in response to thalamic stimulation induces acetylcholine release and activation of
presynaptic nicotinic receptors located on dopaminergic terminals, causing in turn the
release of dopamine and postsynaptic D2 receptor activation, which prolongs the AHP by
inhibiting H-current and sodium channels (Aosaki et al., 2010; Ding et al., 2010).

In vivo and in vitro studies have shown that the efficacy of both excitatory and inhibitory
synapses of striatal Chls undergoes long-term plastic changes (Suzuki et al., 2001; Bonsi et
al., 2004; Reynolds et al., 2004), which are likely involved in the generation of the firing
activity pattern in striatal Chls. In acute slice preparations, the high frequency stimulation of
glutamatergic afferent fibers induces a long-term potentiation (LTP) of both the AMPA-
mediated excitatory and GABAergic inhibitory postsynaptic potentials, which is dependent
on D5 receptor activation, and on a critical level of intracellular Ca2* rise through Cay/1
channels (Suzuki et al., 2001; Bonsi et al., 2004). Furthermore, spike-timing-dependent
plasticity (STDP) protocols induced both depression and potentiation of synaptic efficacy
(Fino et al., 2008). STDP-LTP was mainly presynaptic and involved NMDA-receptor
activation, while long-term depression (STDP-LTD) had a postsynaptic origin and involved
metabotropic glutamate receptors.

The pattern of spiking and pauses of Chls is able to filter the striatal output by directly and
indirectly influencing MSN activity (Bonsi et al., 2011). The pauses in Chls activity can
powerfully enhance the salience of dopamine signaling (Threlfell et al., 2010) and transform
the reward signal arising from dopaminergic neurons into a gating signal for LTD induction
at MSNs (Wang et al., 2006). When the burst-pause response of Chls was reproduced in a
striatal slice preparation by high-frequency thalamic stimulation, it triggered a transient
presynaptic muscarinic M2-class receptor-mediated suppression of cortical inputs to both
direct and indirect pathway MSNs, followed by a prolonged muscarinic M1 receptor-
dependent enhancement of postsynaptic responsiveness in striatopallidal neurons which
extends during the pause response, when the cortical drive resumes, thus creating a late
temporal window when the corticostriatal input can selectively drive activity in the
striatopallidal network thought to control action suppression (Ding et al., 2010). Therefore
the pause-response of Chls provides a neural substrate for attentional shift and cessation of
ongoing mator activity in response to salient environmental stimuli.

6. Cholinergic Function in Animal Models of Dystonia

In the last decade, a number of dystonia animal models have been generated, ranging from
invertebrates, such as Caenorhabditis elegans and Drosophila melanogaster, to rodents and
non-human primates (Tassone et al., 2011; Oleas et al., 2013). The phenotypic correlation,
in most dystonia models, has revealed some inconsistencies especially when evaluating the
behavioural, motor phenotypic features, neurochemical and neuroanatomical changes. In
spite of these apparent discrepancies, that may be attributed to different experimental
factors, but also to the intrinsic nature of a very heterogeneous disorder (Breakefield et al.,
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2008; Tanabe et al., 2009), the electrophysiological phenotype appears to be constantly
reproducible across different mouse lines as well as in rat. Indeed, they produced convergent
evidence suggesting common pathogenic features in dystonia (Ledoux et al., 2013), such as
the involvement of basal ganglia and the prominent role of dopamine signaling (Augood et
al., 2004; Perlmutter and Mink, 2004; Pisani et al., 2006; Wichmann, 2008; Zhao et al.,
2008; Bragg et al., 2011; Albanese and Lalli, 2012; Goodchild et al., 2013).

By far the most extensively studied type of dystonia is DYT1, or early-onset torsion
dystonia, in which multiple genotypic models have been generated. Various transgenic
rodent models that overexpressed wild-type torsinA or mutant AE-torsinA have been
produced using different promoters (Oleas et al., 2013). The mouse lines overexpressing
human AE-torsinA were generated using as promoter either neuron-specific enolase
(Shashidharan et al., 2005), the human cytomegalovirus (hMT mice; (Sharma et al., 2005))
or a murine prion protein promoter (Grundmann et al., 2007). Another transgenic mouse line
overexpresses human AE-torsinA specifically in dopaminergic neurons of the midbrain
(Page et al., 2010). In addition to overexpression models, DYT1 heterozygous knock-in
mouse lines have been generated which recapitulate the trinucleotide deletion in DYT1/
Torla gene observed most often in patients with DYT1 dystonia, and the loss of one of a
pair of glutamic acid residues in the protein torsinA (Dang et al., 2005; Goodchild et al.,
2005). Brain region-specific DYT1 conditional KO mice have been used to understand how
specific brain region or cell types contribute to the pathophysiology of the disease: the
cerebral cortex-specific (DYT1 cKO; (Yokoi et al., 2008)), the striatum-specific (DYT1
sKO; (Yokoi et al., 2011)), and the cholinergic neuron-specific (DYT1 ChKO; (Sciamanna
etal., 2012)) DYT1 conditional KO mice. In addition to mouse models, a transgenic rat has
been recently generated by overexpressing human AE-torsinA from the human torsinA
promoter (Grundmann et al., 2012).

Most of the DYT1 rodent models show only subtle neurochemical and behavioral alterations
(Raike et al., 2005). Furthermore, these abnormalities are not consistently observed in the
different models. Indeed, transgene overexpression may result in non-physiological and
ectopic protein expression, as well as in differences in the transgene insertion site, copy
number, expression level, and pattern of expression. However, alterations in striatal
physiology were consistently observed in different rodent models of DYT1 dystonia (Pisani
et al., 2006; Martella et al., 2009; Grundmann et al., 2012; Sciamanna et al., 2012; Martella
et al., 2014). Electrophysiological experiments identified a remarkable anomaly consisting
in the reversal of the normal inhibitory response of striatal Chls to dopamine D2 receptor
activation, termed paradoxical excitation. D2 receptor activation is coupled to inhibition of
Cay2.2/N-type channels in Chls. In Chls recorded from mice overexpressing mutant
torsinA, the sensitivity to quinpirole-mediated inhibition of the total calcium evoked
currents (HVA) was increased. The functional increase of the Cay/2.2 - mediated current
fraction should enhance the inhibitory effect of quinpirole. Conversely, the paradoxical
excitation observed could result from the complex regulation of the pacemaking activity of
these interneurons. Calcium currents are selectively coupled to calcium-dependent
potassium conductances mediating the after-hyperpolarization (AHP). In transgenic mice,
the membrane depolarization coupled to the increase in firing discharge induced by
quinpirole was coupled to a reduction in the mAHP amplitude, thereby reducing the
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threshold for action potential discharge. Accordingly, chelation of intracellular calcium
completely abolished the effect of quinpirole, suggesting that activation of calcium-
dependent potassium conductances plays a role in the altered D2 receptor-mediated response
(Sciamanna et al., 2011).

This alteration was observed in all rodent models tested to date (transgenic, knock-in and
ChKO mice, Fig. 3), suggesting that it may be considered as an endophenotypic trait of
DYT1 dystonia. It is also associated with imbalanced expression of corticostriatal synaptic
plasticity: LTD and synaptic depotentiation were lost, while the amplitude of LTP was
enhanced both in transgenic and knock-in mice (Fig. 4; Martella et al., 2009, 2014).

In addition to the evidence of impaired bidirectional plasticity, cholinergic dysfunction has
been also implicated in the altered synaptic integration between corticostriatal and
thalamostriatal inputs (Sciamanna et al., 2012b). In mice with the DYT1 dystonia mutation,
activation of thalamostriatal inputs evoked a shortened pause and elicited an abnormal
rebound firing activity in Chls. This pattern of firing activity caused a profound disruption
of the temporal sequence of synaptic activity mediated by M1 and M2 muscarinic receptors
in MSNs, consisting of an increase in postsynaptic M1-dependent currents and a decrease of
M2-mediated presynaptic inhibition, and resulting in an altered synaptic integration between
thalamostriatal and corticostriatal inputs. Functionally, such a “delayed”, aberrant
integration might impact the action selection process, ultimately favouring DYT1 gene
mutation carriers to develop clinically manifesting dystonic movements.

In agreement with a central role of acetylcholine, by lowering endogenous acetylcholine
tone or by blocking postsynaptic M1 muscarinic receptors, the normal synaptic sequence
was restored. These observations provide robust evidence that striatal Chl activity is
profoundly affected in DYT1 dystonia models, resulting in distortion of striatal network
activity.

Recent developments have facilitated the investigation of several other types of isolated
dystonias, including DYT6 (THAP1), DYT11 (myoclonus-dytonia, SGCE), and DYT25
(GNAL). While mouse models of DYT11 and DY T25 have shown alterations in striatal
dopamine function (Corvol et al., 2007; Herve, 2011; Alcacer et al., 2012; Zhang et al.,
2012), nothing is presently known of the effects of altering these genes on cholinergic
function due to their novelty.

A role of Chls in DYT1 dystonia was first indirectly suggested by the pattern of expression
of the gene product, torsinA during normal striatal development. A striking increase in
levels was noted specifically in striatal Chls during the third week of postnatal development,
suggesting that this protein plays a role in the maturation of circuits involving these
interneurons (Oberlin et al., 2004). Interestingly, a recent mouse model of DYT1 dystonia
stresses the importance of torsinA during phases of synaptogenesis which require high levels
of protein synthesis (Liang et al., 2014). The specific function of torsinA in relation to
striatal development and how its mutation causes the changes in responsiveness of Chls to
D2 receptor stimulation remains to be explored.
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Symptomatic rodent models have also indicated a role for acetylcholine in dystonia. For
example, dystonia musculorum (Dst(dt-J) mutants show spastic ataxia and dystonic
movements and have been shown to have several neurochemical alterations, including
enhanced acetylcholinesterase activity in the basal ganglia (Clement et al., 2012).
Interestingly, mice which carry a missense mutation in the gene encoding beta-2 neuronal
nicotinic receptor subunit (CHRNBZ2) exhibit paroxysmal dystonic movements induced by
low doses of nicotine (Teper et al., 2007; O'Neill et al., 2013).

Surprisingly, few studies have analyzed the mechanism of action of anticholinergic drugs,
despite the evidence that it still represents one of the few medical options for the treatment
of dystonia (Jankovic, 2013). Presumably, their symptomatic effect is centrally mediated
and, at least in part, they act by counteracting the imbalance between striatal dopamine and
acetylcholine. The alterations in striatal physiology observed in both genetic and
symptomatic rodent models of dystonia support the idea that the disruption of the balance
between dopamine and acetylcholine transmission within the striatum causes the impairment
of the striatal output. Indeed, restoring a normal level of cholinergic transmission with
anticholinergic drugs is able to rescue the deficits in corticostriatal synaptic plasticity in
DYT1 transgenic and in knock-in mice (Martella et al., 2009; Martella et al., 2014). The
restorative effects of anticholinergic drugs on synaptic plasticity have been linked to reversal
of motor learning abnormalities in DY T1 knock-in mice (Dang et al., 2012). In line with the
concept that an excessive cholinergic transmission overactivates muscarinic M1 receptors on
MSNs thus preventing LTD induction in favor of LTP (Bonsi et al., 2008), pharmacological
agents reducing cholinergic transmission (hemicholinium) as well as cholinergic receptor
antagonists (pirenzepine, trihexyphenidyl) were able to restore a normal expression of LTD
and synaptic depotentiation (SD). A recent detailed electrophysiological study demonstrated
that M1 muscarinic antagonism is specifically required to offset plasticity deficits in knock-
in mice. In striatal slice preparations, trihexyphenydil, pirenzepine, and the novel selective
M1 antagonist VU0255035 were able to restore a normal LTD, as well as SD (Maltese et al.,
2014). These observations are in line with the evidence that, in a model of haloperidol-
induced catalepsy, anticholinergic drugs displaying a higher affinity for M1 receptors, were
more potent in counteracting catalepsy (Erosa-Rivero et al., 2014). These observations are of
particular interest as dystonic reactions can appear as a consequence of pharmacological
treatment with neuroleptics, and suggest that highly selective antagonists of M1 receptors
might be useful in the treatment of dystonia, although subtype selectivity will be of key
relevance in order to obtain clinical efficacy without adverse effects.

7. Conclusions

One of the most daunting challenges for dystonia research is the inability to adequately
investigate potential therapeutics in animal models, due to the lack of a consistent behavioral
endpoint. The establishment of a stable endophenotype for dystonia would allow
comparison of outcomes across genetic and non-genetic animal models. As such, it is
important to determine non-behavioral endpoints that could serve as a marker of efficacy for
the development of treatments for dystonia. While animal models have been developed for
some genetic forms of dystonia, the majority do not display recognizable dystonia, with
some notable recent exceptions (Liang et al., 2014). Animal models that do have overt
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dystonic limbs or postures typically involve methods of induction that present useful
experimental tools but may not reproduce mechanisms occurring in the clinical population
(Wilson and Hess, 2013).

In multiple dystonia rodent models we have established that a consistent alteration in striatal
physiology occurs characterized by paradoxical excitation of Chls in the presence of a D2
receptor agonist, and accompanied by abnormal expression of bidirectional synaptic
plasticity at corticostriatal synapses. This abnormality is thought to stem from a
hypercholinergic state, whereby overactivation of M1 receptors on MSNs hampers
production of LTD. As such, perseveration of unwanted sensorimotor learning may occur,
one of the hallmark pathophysiological findings in dystonia patients and in some carriers for
genetic dystonia (Ghilardi et al., 2003; Quartarone et al., 2008; Carbon et al., 2010; Peterson
et al., 2010). Abnormal electrophysiological activation of Chls and subsequent changes in
synaptic plasticity could be a useful endophenotype for the investigation of
pharmacotherapeutics and perhaps other therapies. Indeed, in the rodent models these
changes are rectified following administration of the most common treatment administered
to dystonia patients, trihexyphenidyl.

While this electrophysiological abnormality is consistent among multiple DY T1 rodent
models, it is unknown whether alterations in striatal plasticity and hypercholinergic activity
are also key players in other types of dystonia, both genetic and non-genetic. Addressing this
question was not possible until the recent development of mouse models for other genetic
forms of dystonia. Recent advances in experimental tools may also be able to aid us in
answering such questions. Techniques using optogenetics, DREADDs and CRISPR will
offer unparalleled abilities to alter specific targets in order to determine their significance in
motor learning and control. In addition, the development of protocols for directed
differentiation of human pluripotent stem cells into striatal interneurons would be an ideal
tool to obtain human neurons for confirming findings from animal models or gaining new
insights into mechanisms of dystonia (Capetian et al., 2014). Surely, the most exciting
advances are yet to come, as they are only now becoming widely used and applied to
examine movement disorders, particularly dystonia.
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Abbreviations

GPi globus pallidus internus

STN subthalamic nucleus

MSN medium spiny neurons

SNpr substantia nigra pars reticulata
CM/Pf centromedian/parafascicular complex
vGIuT vesicular glutamate transporter

TAN tonically active neurons
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DTI
FS
PLTS
Chl
ChAT
AHP
SK
GPe
DARPP-32
DBS
1P3
DAG
PKC
PKA
LTP
STDP
LTD
SD
MS
nBM
DB
PPT
LDT

diffusion tensor imaging
fast-spiking

persistent and low-threshold spike
cholinergic interneurons

choline acetyltransferase
afterhyperpolarization
small-conductance calcium-activated potassium channels
globus pallidus externus

dopamine- and cAMP-regulated phosphoprotein Mr 32kDa
deep brain stimulation

inositol trisphosphatase
diacyl-glycerol

protein kinase C

protein kinase A

long-term potentiation
spike-timing-dependent plasticity
long-term depression

synaptic depotentiation

medial septal nucleus

nucleus basalis of Meynert

diagonal band of Broca
pedunculopontine tegmental nucleus

laterodorsal tegmental nucleus
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Figure 1. Simplified connectivity of the striatum
A. Glutamatergic inputs to striatal neurons (both MSNs and Chis) arise from either cortical

regions or thalamic nuclei (centromedian-parafascicular, CM-PF and intralaminar nuclei,
IL). Sinilarly, both neuron subtypes receive dopaminergic afferents from substantia nigra
(SN). Other afferents from cerebellum (dentate nuclei, DN) and brainstem
(peduncolopontine nucleus, PPN) may modulate the activity of thalamic nuclei. B. Cortical,
thalamic and nigral afferents to Chls are shown. Intrastriatal GABAergic afferents arise
from both MSNs and FS interneurons. Dotted lines show inputs to Chls that are less
abundantly represented.
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Figure 2. Schematic representation of the central cholinergic systems
Simplified scheme of the main cholinergic systems of the mammalian brain, their area of

innervation, and the distribution of muscarinic and nicotinic receptors. Cholinergic neurons
are widely distributed throughout the mammalian central nervous system, and they exist as
both projection neurons and interneurons. The two most prominent cell groups projecting to
several brain areas are: the magnocellular basal forebrain cholinergic system and the
brainstem cholinergic system. The basal forebrain cholinergic system includes the medial
septal nucleus (MS), the vertical and horizontal limbs of the diagonal band of Broca (DB),
and the nucleus basalis of Meynert (nBM). The harizontal limb of the DB and nBM provide
extensive projections to neocortex. The MS and vertical limb of the DB project to
hippocampus and entorhinal cortices. The brainstem cholinergic system includes the
pedunculopontine tegmental nucleus (PPT) and laterodorsal tegmental nucleus (LDT) and
projects predominantly to the thalamus but also to the basal forebrain region. Moreover, the
striatum is densely innervated by cholinergic interneurons (Chls). Abbreviations: SN,
substantia nigra; VTA, ventral tegmental area, MSN, medium spiny neuron.
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Figure 3. D2 receptor responses are altered in striatal Chls from different DYT1 dystonia mouse
models

Representative traces from patch recordings show an abnormal excitatory effect induced by
D2 receptor activation by quinpirole in Chls from rodent models of DY T1 dystonia. A.
Quinpirole induces a slightly inhibitory effect on the spontaneous firing activity of Chls
from control mice. B. Conversely, the D2 receptor agonist causes a long-lasting increase of
firing frequency in Chls from transgenic hMT1 mice overexpressing human AE-torsinA. C.
A similar alteration of D2 receptor function is observed in mice with selective deletion of
torsinA in cholinergic neurons, as well as in Chls from transgenic rats overexpressing
human AE-torsinA (D). E. Notably, the quinpirole-induced increase in Chl firing frequency
was observed also in knock-in mice carrying the AGAG mutation in one allele of the murine
Torla gene.
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Figure 4. Striatal circuit dysfunction in DYT1 dystonia
In normal condition, endogenous dopamine, by activating D2 dopamine receptors on striatal

Chls reduces calcium influx through Ca,2.2 channels, thereby inhibiting acetylcholine
release. Activation of postsynaptic M1 muscarinic receptors on medium spiny neurons
(MSN) is therefore reduced, allowing the expression of a physiological bidirectional
synaptic plasticity. In DYT1 dystonia, activation of D2 receptors causes an abnormal
inhibition of Ca,2.2 channels and of the Ca2*-dependent K* currents controlling
afterhyperpolarization. Consequently, the pacemaking activity of Chls is altered, resulting in
an increase of their firing activity and of acetylcholine release. Overactivation of M1
receptor on MSNs prevents the induction of long-term depression (LTD) and causes the
expression of an enhanced long-term potentiation (LTP).
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