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Abstract

Dystonia and levodopa-induced dyskinesia (LID) are both hyperkinetic movement disorders.
Dystonia arises most often spontaneously, although it may be seen after stroke, injury, or as a
result of genetic causes. LID is associated with Parkinson disease (PD), emerging as a
consequence of chronic therapy with levodopa, and may be either dystonic or choreiform. LID and
dystonia share important phenomenological properties and mechanisms. Both LID and dystonia
are generated by an integrated circuit involving the cortex, basal ganglia, thalamus and cerebellum.
They also share dysregulation of striatal cholinergic signaling and abnormalities of striatal
synaptic plasticity. The long duration nature of both LID and dystonia suggests that there may be
underlying epigenetic dysregulation as a proximate cause. While both may improve after
interventions such as deep brain stimulation (DBS), neither currently has a satisfactory medical
therapy, and many people are disabled by the symptoms of dystonia and LID. Further study of the
fundamental mechanisms connecting these two disorders may lead to novel approaches to
treatment or prevention.
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Introduction

Dystonia and levodopa-induced dyskinesia (LID) are both involuntary hyperkinetic
movement disorders. Although generally considered to be distinct conditions, dystonia and
LID share certain phenomenological aspects and dysfunction of common neuronal circuits
(Calabresi et al., 2016). Dystonia arises most often spontaneously, although it may be seen
after stroke, injury, or as a result of genetic causes. LID is associated with Parkinson disease
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(PD), emerging as a consequence of chronic therapy with levodopa, and may be either
dystonic or choreiform. Recent work, however, has revealed that these two conditions have
more in common than has been appreciated. They share not only clinical features at times,
but also underlying physiological and neurochemical alterations. At present, there is no
satisfactory medical treatment for either dystonia or dyskinesia, but by exploring the
common links it may be possible to find novel approaches to these problems.

Commonalities in clinical aspects

Levodopa-induced dyskinesia (LID)

Dystonia

Levodopa or L-dopa is the gold-standard pharmacological therapy used to control motor
symptoms of Parkinson disease (PD). A major limitation of this therapy, however, are the
motor complications, such as wearing off and LID, which commonly occur after a few years
of levodopa treatment (Calabresi et al., 2010). LIDs are represented by a spectrum of
movement disorders including chorea, dystonia, ballism, and myoclonus. The clinical
manifestations can be divided into three main categories based on movement patterns and
the temporal correlation between the occurrence of LID and levodopa intake: peak-dose
dyskinesias (occurring with high blood levodopa concentrations), biphasic dyskinesias
(occurring during the rising and falling phase of blood levodopa), and off dyskinesias (at the
trough of blood levodopa concentration) (Calabresi et al., 2010; Espay et al., 2018). The risk
of developing LID correlates with age at onset (with earlier onset more prone to dyskinesia),
gender (more common in women), disease duration and severity. The risk of LID is also
modified by levodopa dose and body weight (Eusebi et al., 2018). In addition, there is some
evidence for genetic factors which may contribute to the risk of dyskinesia (Lee et al., 2011),
but these studies have been relatively limited in scope so far and the full extent of genetic
contributions to LID remains to be explored.

Dystonia is characterized by sustained muscle contraction associated with twisting,
repetitive, and patterned movements and abnormal posture (Breakefield et al., 2008).
Dystonia may be /solated, where dystonia is the only feature (except perhaps tremor) or
combined, with features such as parkinsonism or myoclonus (Albanese et al., 2013). The
most common forms of dystonia seen in clinical practice are isolated and focal/, affecting
only one body region. Isolated dystonia may also affect larger regions of the body, becoming
segmental, multifocal, or generalized. In focal isolated dystonia, clinical investigation most
commonly does not reveal a specific etiology, and the cause is considered idiopathic. Some
focal isolated dystonias, and a larger proportion of generalized and early-onset dystonias,
may be determined genetically; more than 20 distinct genes can trigger a dystonic syndrome
of this kind (Klein, 2014). Dystonia combined with parkinsonism can be seen in a number of
neurodegenerative, genetic, toxic, and metabolic disorders (Jankovic and Tintner, 2001;
LeWitt et al., 1986; Tolosa and Compta, 2006).

Dystonia and LID in Parkinson disease

Parkinson disease is a clinical syndrome characterized by resting tremor, bradykinesia,
rigidity, and postural instability. Patients with PD often exhibit a therapeutic response to
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treatment with levodopa, and observation of this response supports the diagnosis of PD.
Recently, it has become clear that there are additional clinical features associated with PD.
Anosmia, constipation, and sleep disorders (REM behavior disorder) may appear in the
prodromal phase, and later depression and cognitive impairment may become prominent.
Pathologically, the typical findings are depletion of dopaminergic neurons from the
substantia nigra pars compacta, along with abnormal accumulation of the protein alpha-
synuclein, as Lewy bodies and fibrillar structures. There is currently a great deal of debate as
to whether all forms of PD share a common etiology, or whether there are in fact multiple
physiological pathways to a similar endpoint (Espay et al., 2017), but in either case the
clinical syndrome is usually distinct enough to be readily recognizable.

Dystonia is often a feature of PD in the absence of any treatment. A seminal clinical
description of dystonia in PD reported this symptom as an initial feature in patients with
both early- and late-onset PD and described action dystonia of the limbs and cranial dystonia
(Poewe et al., 1988). The authors speculated that that the coexistence of PD and dystonia
might indicate a common pathophysiology. In modern clinical practice, it is common for
patients to report dystonia of the feet early in the morning, as part of morning akinesia, or
when dopaminergic medications are temporarily withdrawn. Dystonia as a feature of
levodopa-induced dystonia was reported as an off- period, biphasic, or peak-dose
phenomenon. Interestingly, these different subtypes of dystonia had differential pattern of
localization suggesting distinct receptor and biochemical correlates of basal ganglia
somatotopy (Poewe et al., 1988). The phenotypes of dystonia seen in PD are discussed in
detail in the recent review by Shetty et al. (Shetty et al., 2019).

It worth noting that PD has been commonly associated with the degeneration of midbrain
dopamine neurons (Jellinger, 1999) while various forms of parkinsonism and symptomatic
dystonia occur after focal lesions localized in some structures of the basal ganglia, and in
particular of the striatum and globus pallidus ((Bhatia and Marsden, 1994; Kuoppamaki,
2005; Munchau, 2000; Tambasco et al., 2018); reviewed in (Standaert, 2011)). Also,
experimental studies have produced evidence that alterations of distinct anatomical areas of
the basal ganglia might contribute to the pathophysiology of parkinsonism and dystonia
(Kumbhare et al., 2017). Although the mechanisms underlying the co-existence of
parkinsonism, LID, and dystonia have not been fully elucidated, clinical features of dystonia
in PD and LID have been well characterized. It has been widely reported that dystonia
occurs as an off symptom or as a peak-dose effect of levodopa. Moreover, dystonia is
reduced by levodopa treatment when it is observed in PD, while in atypical parkinsonism
levodopa has detrimental effects on dystonic symptoms (Yoon, 2018).

An important commonality among PD, dystonia, and LID is related to the therapeutic
response to the deep brain stimulation (DBS) of the globus pallidus internus (GPi) in all
these conditions. It is now clear that DBS of the GPi ameliorates both hypokinetic (PD) and
hyperkinetic disorders (dystonia and LID) (Wichmann and DeLong, 2016). This observation
is similar to the clinical experience with pallidotomy for these disorders. Experimental and
clinical findings support the hypothesis that improvements following the lesion or DBS of
specific basal ganglia nuclei, such as the GPi, are not directly related to specific
neurochemical changes of the target nucleus, but rather to the change of the activity of
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upstream and downstream areas of the brain (Walker et al., 2012; Wichmann and DelLong,
2016). These areas, in fact, might be released from pathologic basal ganglia activity since
DBS or ablation might lead to a new equilibrium that is responsible for the amelioration of
both hypokinetic and hyperkinetic clinical conditions. In this context, it is interesting that the
effects of DBS on LID are often rapid, whereas the effects on dystonia are often delayed by
weeks or months, suggesting different underlying adaptive mechanisms (Quartarone and
Hallett, 2013).

Circuits in LID and dystonia: cortico-basal ganglia system

The classical model of the basal ganglia, described as the direct/indirect pathway model,
hypothesizes a dual interaction between glutamatergic and dopaminergic neurotransmission
in the striatum (Albin et al., 1989; DeLong, 1990). In this model it has been hypothesized
that cortical activation produces a release of glutamate that activates striatal spiny projecting
neurons (SPNs) reaching the substantia nigra pars reticulata (SNpr) and the globus pallidus
pars interna (GPi). The GABAergic SPNs originating in the striatum and projecting to the
SNpr and GPi are considered as the “direct pathway” and they exert an inhibitory action on
the target structures. Since both these structures are also GABAergic, this inhibition leads to
a disinhibitory effect on the thalamic glutamatergic neurons projecting to the cortex, which
finally results in cortical activation and motor activity. Conversely, activation of SPNs which
indirectly project to the SNpr viathe globus pallidus pars externa (GPe) and the subthalamic
nucleus (STN) (indirect pathway), inhibits the GABAergic neurons of the GPe. This latter
event causes a disinhibition of the glutamatergic neurons of the STN. The increased
discharge of these excitatory STN neurons in turn activates the GPi and SNpr GABAergic
neurons projecting to the thalamus, resulting in thalamic inhibition, reduced thalamocortical
activation and motor inactivation. SPNs of the direct and indirect pathway have distinct
expression of dopamine (DA) receptors: excitatory D1 DA receptors are expressed by direct
pathway SPNs, while inhibitory D2 receptors are localized on SPNs of the indirect pathway.
Through this differential action, the net effect of dopamine on both pathways is to promote
movement.

Recently, the rigid distinction proposed by the direct/indirect pathway model and its
functional relevance has been matter of debate. It has been demonstrated that optogenetic
activation of striatal direct and indirect pathway SPNs does in fact induce distinct cellular
responses in SNr neurons, supporting the dichotomous function of these pathways (Kravitz
et al., 2013). Alternatively, it has been suggested that coordinated activation of both
pathways may be required during action selection, and this coordinated activity of the direct
and indirect pathways is critical for the appropriate timing and synchrony of BG circuits
during movement (Cui et al., 2013). Another critical aspect regarding the model of motor
control is how activity in cortical networks regulates direct and indirect pathways. It has
been shown that cortical information about motor planning is directed to both direct and
indirect pathway SPNs (Kress et al., 2013), suggesting that the two pathways act in
conjunction to initiate movements as also postulated by Cui and colleagues (Cui et al.,
2013).
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It is important to stress that in both LID, as well as in dystonia, the direct and indirect
pathways should not be seen as separate systems, as hypothesized in the classical
interpretation of the model. In fact the two pathways in both physiological and in
hyperkinetic conditions, such as LID and dystonia, are structurally and functionally
intertwined at least at two distinct levels: in the striatum, where the direct and indirect
pathways communicate via striatal cholinergic interneurons (Chls), as well as other types of
interneurons, and axon collaterals of SPN’s; and outside of the striatum, where striato-GPe
collaterals may bridge the two pathways, potentially allowing the direct pathway to
modulate the indirect pathway (Calabresi et al., 2015; Cazorla et al., 2014).

Disease states may also modulate the neurochemical architecture of the basal ganglia. In
models of striatal dopamine deficiency, levodopa treatment leads to upregulation of striatal
dopamine D3 receptors, which are otherwise sparse (Bordet et al., 1997). This is important
because these D3 receptors are expressed primarily in SPN’s of the direct pathway, where
they can interact and synergize with D1 receptors (Lanza et al, 2018). D3 receptors have a
potent effect, such that overexpression alone in normal animals is sufficient to create
susceptibility to LID (Cote et al, 2014). Much less is known about disease-specific
alterations in striatal dopamine receptor systems in dystonia, although imaging studies in
human isolated focal dystonia have produced some evidence for selective reductions in
striatal D3 ligand binding (Karimi et al, 2011).

Circuits in LID and dystonia: thalamus and cerebellar system

While much of the work on LID and dystonia has focused on the basal ganglia, it is clear
that other brain structures are involved in the pathogenesis of these movements, particularly
the cerebellum and thalamus. Indeed, rather than trying to identify the “locus” of
hyperkinetic disorders, it may be more fruitful to approach these conditions as network
disorders, involving abnormalities of communication between the cerebral cortex, the basal
ganglia, thalamus, cerebellum, and ultimately the descending motor pathways and spinal
motor neurons.

Thalamus and cerebellar system in dystonia

The cerebellum clearly has a role in many, if not most, forms of dystonia, a topic recently
reviewed in detail by Shakkottai et al. (Shakkottai et al., 2017). Some of the earliest
evidence for the importance of the cerebellum comes from work in the spontaneously
dystonic (DT) rat. In these animals, surgical removal of the cerebellum is curative,
preventing or abolishing dystonia (LeDoux et al., 1993). Although the genetic abnormality
in the DT rat is not known to have a human correlate, another genetic form of dystonia that
does arise in patients, rapid onset dystonia parkinsonism (RDP, or DY T13) does appear to be
linked to cerebellar dysfunction. RDP is caused by a mutation of the a.3 subunit of
electrogenic sodium pump (de Carvalho Aguiar et al., 2004). Animals with localized
cerebellar inhibition of this pump, using either genetic knockdown of the a3 subunit or the
inhibitor oubain, develop burst firing of Purkinje cells and behavioral dystonia (Calderon et
al., 2011; Fremont et al., 2015).
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In humans, the evidence for the involvement of the cerebellum in dystonia is more indirect.
Dystonia arising as a symptom of stroke in the cerebellum is well described (LeDoux and
Brady, 2003; Suri et al., 2018). Imaging studies support the importance of the cerebellum,
with evidence of increased glucose metabolism in myoclonus-dystonia (Carbon et al., 2013)
and alterations in fractional anisotropy suggesting microstructural changes (Carbon et al.,
2008). Functional abnormalities of the cerebellum in human dystonia can also be detected
using transcranial magnetic stimulation (Hubsch et al., 2013).

The cerebellum, of course, does not induce dystonia in isolation, but rather through its
network connections through the thalamus to basal ganglia and other regions. The dentate
nucleus of the cerebellum communicates through the thalamus to the striatum (Bostan and
Strick, 2010). In two genetic forms of isolated dystonia, DYT1 and DYT®6, studies in
manifesting and non-manifesting carriers have shown that they have reduced connectivity in
cerebellothalamic tracts. Interestingly, in the non-manifesting carriers, the lack of dystonic
phenotype was associated with an additional abnormality in cortico-thalamic connectivity,
suggesting that this second abnormality offsets the effect of the cerebellothalamic
abnormality (Argyelan et al., 2009). Interestingly, genetic knockdown of TorsinA (the
protein responsible for DYT1 dystonia) in the cerebellum but not the basal ganglia of mice
leads to dystonic movements (Fremont et al., 2017).

Two recent studies of cerebellar and thalamic connectivity with basal ganglia in animal
models provide some insight into how the reciprocal interactions between these systems may
contribute to dystonia. Sciamanna et al. (Sciamanna et al., 2012b) examined the influence of
projection from the thalamus on striatal cholinergic neurons. In normal mice, electrical
activation of these projections causes a pause in the spontaneous firing of cholinergic
interneurons. In a mouse model with knockin of the DYT1 mutation, stimulation of the
thalamostriatal axons causes a shortened pause and abnormal spiking in interneurons. This
abnormality is driven by altered cholinergic tone in the striatum, and suggest that there is
impaired integration between thalamic efferents and striatal signaling in DYT1 and possibly
other forms of dystonia. Chen et al. (Chen et al., 2014) subsequently tested the effect of
cerebellar dentate activation, using electric stimulation or optogenetics, in awake freely
moving mice and found that the dentate, acting through the intralaminar thalamus, could
directly activate striatal neurons. Further, they show that optogenetic blockade or lesioning
of the intralaminar thalamus can block the appearance of cerebellar-induced dystonia.

Thalamus and cerebellar system in LID

The cerebellum has also been implicated in the pathogenesis of LID (Kishore and Popa,
2014). The anatomical substrates for cerebellar interactions with the basal ganglia in LID are
similar to those thought to be involved in dystonia, consisting of bidirectional multi-synaptic
pathways linking the cerebellum, thalamus, striatum and basal ganglia (reviewed in
(Caligiore et al., 2017)). A recent study using resting state MRI has documented an
important effect of levodopa on connectivity between the brainstem and cerebellum in PD,
demonstrating the importance of dopaminergic effects on cerebellar function (Mueller et al.,
2018). In patients with LID, both repetitive transcranial magnetic stimulation (rTMS) (Koch
et al., 2009) and transcranial direct current stimulation (tDCS) of the cerebellum (Ferrucci et

Neurobiol Dis. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Calabresi and Standaert Page 7

al., 2016) have been shown to attenuate dyskinesias. As is dystonia, these observations
illustrate the important functional connections between basal ganglia and cerebellar circuits,
and may offer some novel approaches to the therapy of these hyperkinetic disorders.

Striatal cholinergic signaling

Striatal cholinergic signaling in LID

The striatum has the highest level of acetylcholine in brain, and although Chls are few in
number, they have widespread axonal arborizations which can modulate striatal activity via
muscarinic and nicotinic receptors controlling synaptic transmission, plasticity and motor
outputs (Calabresi et al., 2000). Increased cholinergic signaling seems to play a role in LID
induction. It has been reported that chronic levodopa administration in parkinsonian mice
induces LID with enhanced response to dopamine in terms of cholinergic interneurons
(Chls) excitability and extracellular signal-regulated kinase (ERK) activation in Chls of
denervated striatum (Ding et al., 2010). Moreover, the expression of LID was partially
attenuated by the administration of a muscarinic receptor antagonist. Ablation of Chls via
Cre-dependent viral expression of the diphtheria toxin A subunit (DT-A) in
hemiparkinsonian transgenic mice significantly reduced LID without altering the beneficial
efficacy of levodopa, providing good evidence that Chls play a key role in LID development
(Won et al., 2014). It has been also reported that a positive allosteric modulator (PAM)
acting on M4 muscarinic receptors (M4Rs) attenuated dyskinetic behavior through the
blockade of aberrant plasticity in SPNs, (Shen et al., 2015). Interestingly, this M4R
modulation was also effective in reducing LIDs in a primate PD model (Shen et al., 2015).

Although clinical evidence suggesting a pathophysiological link between the nicotinic
cholinergic system and LIDs is limited (Brumberg et al., 2017), several preclinical studies
showed that nicotine and nicotinic acetylcholine receptor (nAChR) drugs reduce LIDs by up
to 60% in several parkinsonian animal models (Bordia et al., 2010; Huang et al., 2011,
Zhang et al., 2014; Zhang et al., 2015). Indeed, nAChR agonists reduce LID in partially DA
denervated animals (Bordia et al., 2010; Quik et al., 2013). Probably this effect occurs
through activation of presynaptic nicotinic receptors on DA terminals to promote DA release
(Quik et al., 2013) and reduction of the release of glutamate from terminals originating from
cortex and thalamus (Ding et al., 2008; Parikh et al., 2010).

Striatal cholinergic signaling in dystonia

Striatal acetylcholine also appears to play a critical role in the pathophysiology of dystonia.
An early observation was that anticholinergic treatments, usually non-selective antagonists
of muscarinic receptors, were effective in reducing motor symptoms in some cases of
dystonia (Burke et al., 1986; Fahn, 1983). Cholinergic agonists can also induce dystonia in
humans (Shafrir et al., 1986).

Enhanced action of striatal acetylcholine has been demonstrated in animal model systems of
dystonia (Eskow Jaunarajs et al., 2015). In mouse models of DYT1, there is increased
striatal extracellular acetylcholine that can be measured directly with microdialysis
(Scarduzio et al., 2017). This hypercholinergic state has a number of functional
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consequences, leading to alterations in cholinergic neuron function, with activation, rather
than inhibition by dopamine D2 receptor agonists (a “paradoxical response,” (Pisani et al.,
2006)) as well as altered synaptic plasticity (Martella et al., 2009b) and downstream changes
in GABA transmission (Sciamanna et al., 2009). The molecular basis for the “paradoxical
response” appears to involve competition among G protein coupled receptors for
downstream signaling pathways, resulting in activation of beta-arrestin signaling in the
dystonia model (Scarduzio et al., 2017).

The mutation in DYT1 dystonia is believed to cause loss of torsinA function (Breakefield et
al., 2008), and the consequences of deletion of torsinA from cholinergic neurons have been
explored. Pappas et al (Pappas et al., 2015) found that forebrain deletion of Dyr1, the mouse
homolog of the human TOR1A gene, caused both dystonic behavior and loss of cholinergic
neurons from the striatum. Further, selective deletion of Dyt from Chl’s also led to loss of
cholinergic neurons and dystonic posturing (Pappas et al., 2018). These studies stand in
contrast to earlier work in which deletion of DyzZ from Chl’s led to an electrophysiological
phenotype, but not loss of Chl’s or dystonic behavior (Sciamanna et al., 2012a). Although
these differing phenotypes with similar manipulations of Dy#1 in Chl’s have not been fully
explained, the main difference from an experimental perspective is that the studies from
Pappas et al. used a loxP mouse designed to achieve deletion of exons 3-5 of Dyt1, coding
for much of the torsinA protein including the ATPase domain (Liang et al., 2014), while the
earlier studies used a different loxP mouse designed to produce a deletion of only exons 3
and 4 (Yokoi et al., 2008), perhaps creating a protein with some residual function.

The efficacy of anticholinergic therapy in at least some forms of dystonia, and the
corresponding failure of most other pharmacological approaches which have been studied,
has generated enthusiasm for examining cholinergic signaling in greater detail. Most of the
current therapies, such as trihexyphenidyl, are non-selective cholinergic antagonists and lead
to adverse effects including sedation and memory impairment. A more selective approach to
modulating cholinergic function in dystonia, and perhaps targeting the nicotinic receptor
system, might be an important therapeutic advance (Eskow Jaunarajs et al., 2015;
Zimmerman et al., 2017).

Synaptic plasticity in LID and dystonia
Striatal synaptic plasticity alterations in LID

The development of LID is closely related to dysfunctional synaptic plasticity at
corticostriatal synapses and, specifically, to the loss of synaptic depotentiation (Picconi et
al., 2003). In particular, dopamine denervation induced by nigral 6-hydroxy-dopamine (6-
OHDA\) injection in rats causes loss of corticostriatal LTP in SPNs. Chronic treatment with
levodopa is able to restore this form of synaptic plasticity. However, in about 50% of the
animals the long-term treatment with this drug causes LID. Interestingly, in dyskinetic
animals low frequency stimulation of corticostriatal projections is unable to reverse LTP in
SPNs (loss of depotentiation) (Picconi et al., 2003). Conversely, this homeostatic form of
synaptic plasticity was preserved in parkinsonian rodents that did not develop LID. It has
been proposed that loss of synaptic depotentiation might destabilize neuronal circuits in the
basal ganglia, resulting in dyskinesias. Abnormalities of synaptic plasticity in dyskinetic
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animals are related to changes in the D1 - protein kinase A (PKA)-DARPP-32 signaling
pathway that inhibit the activity of protein phosphatase (PP) PP-1, a molecule involved in
depotentiation at corticostriatal synapses. In particular, the activation of D1 DA receptors
triggers the PKA-induced phosphorylation on Thr34 of DARPP-32, which in turn inhibits
PP-1. Notably, only the 6-OHDA-lesioned animals that develop LID show increased
phosphorylation of Thr34-DARPP-32. The Ras-ERK pathway regulates both activity-
dependent striatal LTP and synaptic depotentiation and possibly plays a critical role in LID
induction (Cerovic et al., 2015).

In dyskinetic rats, long-term depression (LTD), the opposite form of plasticity at
corticostriatal synapses, is significantly reduced (Picconi et al., 2010). LTD disruption has
been related to abnormal modulation of intracellular cGMP levels in SPNs. Accordingly, the
pharmacological modulation of striatal phosphodiesterases through inhibitors (zaprinast and
UK-343664) was able to restore LTD to control levels. Moreover, a complex serotonergic
regulation of striatal bidirectional synaptic plasticity may be of critical relevance in
mediating the reported antidyskinetic effect exerted by serotonergic agonists (Ghiglieri et al.,
2016).

Another study suggests that bidirectional plasticity of both striatonigral and striatopallidal
outputs is a necessary condition to ensure correct motor control, while dyskinetic
movements are caused by an abnormal segregation of plasticity between the two pathways
(Thiele et al., 2014). In particular, these authors explored spike-timing-dependent plasticity
(STDP) at corticostriatal synapses and found that in dopamine-denervated mice, direct and
indirect pathway neurons exhibit only unidirectional plasticity, regardless of the stimulation
paradigm (Thiele et al., 2014). A recent study suggests that STDP in PD and in LID is cell-
type specific. In fact, the intrinsic excitability and corticostriatal synaptic connectivity of
SPNs in the indirect pathway are lower in parkinsonian animals than in control rodents.
Conversely, these properties of SPNs in the direct pathway are enhanced in tissues from
experimental PD and suppressed in LID models (Fieblinger et al., 2014). Moreover, it has
been recently reported that with SPN type-specific chemogenetic stimulation the role of the
two striatal pathways in LID can be distinguished: stimulation of direct pathway SPNs
exacerbated dyskinetic responses to levodopa, while stimulation of indirect pathway SPNs
inhibited these responses (Alcacer et al., 2017).

NMDA glutamate receptors are key modulators of striatal plasticity. Molecular studies have
confirmed a rearrangement of NMDA receptor subunits expressed by SPNs in PD dyskinetic
models (Hallett and Standaert, 2004; Mellone and Gardoni, 2018; Mellone et al., 2015b;
Sgambato-Faure and Cenci, 2012). In particular there is an altered ratio of synaptic GIUN2A/
GIluN2B-containing NMDA receptors in the striatum of dyskinetic rats and monkeys, as well
as in post-mortem tissue from dyskinetic PD patients (Dunah et al., 2004; Dunah and
Standaert, 2001; Dunah et al., 2000; Hallett et al., 2005; Mellone et al., 2015a). Accordingly,
the modulation of synaptic NMDA receptor composition by a cell-permeable peptide
interfering with GIUN2A subunit interaction with the scaffolding protein postsynaptic
density protein 95 (PSD-95) leads to a reduction in the dyskinetic motor behavior in two
animal models of LID. Recent work has also revealed that the GIuUN2D subunit, which in
normal animals is found only in interneurons in the striatum (Standaert et al., 1996), is
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upregulated and expressed in SPN’s in dyskinetic animals (Mellone et al., 2019). These
findings suggest that synaptic NMDA receptor subunit composition could represent a target
for therapeutic approaches aimed at ameliorating levodopa motor side effects (Mellone et al.,
2015b).

Striatal synaptic plasticity alterations in dystonia

The study of dystonia in experimental models is limited by the fact that most of the rodent
genetic models do not exhibit overt dystonia. One exception is the mouse model of
dopamine-responsive dystonia produced by deletion of GTP cyclohydrolase, which has
dystonic features and profound dopamine deficiency (Rose et al., 2015). Most other
genetically authentic models of human dystonia show only subtle motor abnormalities and
yet have peculiar neurochemical and neurophysiological alterations. In transgenic mice
overexpressing mutant torsinA, modeling DYT1 dystonia, no corticostriatal LTD can be
elicited, whereas LTP is greater than in control animals (Martella et al., 2009a). Moreover,
while low frequency stimulation reverts potentiated synapses to resting levels
(depotentiation) in control mice, this phenomenon is absent in mutant mice (Martella et al.,
2009a). Interestingly, these alterations of synaptic plasticity are similarly observed across
species and distinct mouse lines (Martella et al., 2014). All together, these observations
suggest that the loss of downscaling is a distinctive feature in multiple models of DYT1
dystonia.

The aberrant control of synaptic plasticity in the DYT1 model seems to be related to a
dysfunctional ACh transmission in the striatum (Breakefield et al., 2008; Eskow Jaunarajs et
al., 2015; Pisani et al., 2007). In particular, it has been reported that antimuscarinic drugs, in
particular antagonists of M1 muscarinic ACh receptors, rescue bidirectional synaptic
plasticity at corticostriatal synapses (Maltese et al., 2014), suggesting that exaggerated
acetylcholine release is a final step for plasticity disruption.

Dopamine D2 receptors also play a role. In fact, quinpirole activation of D2 receptors on
cholinergic interneurons triggers a paradoxical excitation of cholinergic firing, rather than
inhibition as observed in WT mice (Pisani et al., 2007; Scarduzio et al., 2017; Sciamanna et
al., 2011), which could exacerbate the hypercholinergic tone. Moreover, antagonism of
adenosine-2A (A2A) receptors recovers bidirectional plasticity in mutant mice, suggesting
an interaction between D2/A2A receptors located on indirect SPNs in balancing synaptic
plasticity induction (Napolitano et al., 2010).

A recent elegant work demonstrated that early loss of functional and structural synaptic
homeostasis represents a unique endophenotypic trait during striatal maturation, promoting
the appearance of clinical manifestations in mutation carriers (Maltese et al., 2018). Indeed,
although it is well-known that the onset of abnormal movements in DYT1 dystonia is
between childhood and adolescence, the pathophysiological mechanisms underlying their
appearance in this temporal window are still unclear. Pisani’s group has investigated the
SPNs synaptic plasticity in this critical developmental window, discovering that in the Torla
*IAg2g DYT1 dystonia mouse model, LTP in SPNs appeared prematurely while LTD was
never recorded (Maltese et al., 2018). Moreover, analysis of dendritic spines showed an
increase of both spine width and mature mushroom spines in neurons from mutant mice,
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paralleled by an enhanced AMPA receptors accumulation and increased BDNF levels.
Consistently, antagonism of BDNF rescued synaptic plasticity deficits and AMPA currents
in this genetic DYT1 model.

Epigenetic regulation in LID and dystonia

Much of the work on LID and dystonia has emphasized short-term alterations such synaptic
potentiation and neurochemical changes, but a core feature of both LID and dystonia is
persistence of the symptoms over very long periods of time. In patients with PD, once LID
appears they retain a persistent sensitivity to levodopa, with re-emergence of the dyskinesias
with re-exposure, even after long intervals. The only reliable way to prevent the recurrence
of dyskinesia is surgical interventions such as DBS. Similarly, the clinical features of most
forms of dystonia are very long-lasting; usually once dystonia develops in a patient, it is
unlikely to remit spontaneously, and usually persists throughout life unless there is
intervention such as DBS or botulinum toxin, or in the rare cases where they may be
treatable by neurotransmitter replacement.

Long duration symptoms point towards long-term mechanisms of neural plasticity, and
among the most long-lasting of these are epigenetic changes, alterations in cellular DNA and
associated histones. This is best documented in LID models, where chronic treatment with
levodopa can lead to alterations in both histones (Nicholas et al., 2008) and DNA
methylation in striatal neurons (Figge et al., 2016). Much less is known about potential
epigenetic mechanisms in dystonia, although one recent study has looked at imprinting, a
mechanism dependent on DNA methylation in iPSC derived neurons in genetic myoclonus-
dystonia (Grutz et al., 2017). Further study of these mechanisms is important because they
may lead to ways to modify the long-term alterations which lead to the lifelong persistence
of LID and dystonia.

Conclusions

LID and dystonia share important phenomenological properties and mechanisms. Both are
hyperkinetic disorders. Dystonic symptoms may appear as part of LID, and when present
may be identical in clinical appearance to dystonia of other causes. In contrast, patients with
dystonia may exhibit some choreiform movements but they are generally modest in
amplitude and would never be mistaken for the dramatic chorea that can occur in LID. Both
LID and dystonia are generated by an integrated circuit involving the cortex, basal ganglia,
thalamus and cerebellum. They also share dysregulation of striatal cholinergic signaling, and
abnormalities of striatal synaptic plasticity. The long duration nature of both LID and
dystonia suggests that there may be underlying epigenetic dysregulation as a proximate
cause, but the studies of epigenetic change in these disorders is at an early state. On the
whole, we believe it is reasonable to view both dystonia and LID as two different
manifestations of aberrant striatal (and perhaps cerebellar) synaptic plasticity.

LID and dystonia share another important property, which is that neither can be adequately
treated with currently available medications. These are disabling disorders, and there is an
urgent need to develop better approaches to manage these difficult symptoms.
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Highlights
. Levodopa-induced dyskinesia (LID) and dystonia are hyperkinetic movement

disorders that share important phenomenological properties and mechanisms.

. Both LID and dystonia are generated by an integrated circuit involving the
cortex, basal ganglia, thalamus and cerebellum.

. LID and dystonia share dysregulation of striatal cholinergic signaling, and
abnormalities of striatal synaptic plasticity.

. The long duration nature of both LID and dystonia suggests that there may be
underlying epigenetic dysregulation as a proximate cause, but the studies of
epigenetic change in these disorders is at an early state.
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Fig. 1. Possible common synaptic and molecular mechanisms underlying L-DOPA-induced and
dystonia.

A) Time course of striatal synaptic plasticity (long term potentiation, LTP, and
depotentiation) following HFS and LFS protocols in dyskinetic and non-dyskinetic 6-
OHDA-lesioned rats. Animals showing therapeutic effects of I-DOPA (light violet) display a
full recovery of bidirectional synaptic plasticity (modified from Picconi et al., Nat Neurosci
2003). B) Time course of LTP and synaptic depotentiation in transgenic mice overexpressing
human mutant (hMT, orange) and wild type torsinA controls (hWT, yellow) a dystonia
model (modified from Martella et al., Brain 2009). Shaded areas in light colors represent
LFS protocol application. C) Schematic representation of the signaling pathways underlying
the synaptic deficits of striato-nigral (D1-positive, left) and striato-pallidal (D2-positive,
right) spiny neurons in levodopa-induced dyskinesia hyperkinetic rats and dystonic mice. In
particular, the left panel shows that activation of D1 dopamine receptors leads to an increase
of cAMP which in turn stimulates PKA favouring DARPP-32 phosphorylation. This latter
event activates PP1 and influence NMDA receptor function. The right panel shows a similar
downstream pathway that is initiated by the activation of A2 adenosine receptors rather than
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by D1 receptors. Note the inhibitory effect on this pathway exerted by D2 dopamine
receptors.

Abbreviation: AC, adenylate cyclase; DARPP-32, dopamine- and cAMP-regulated
phosphoprotein 32 kDa; P, phosphorylation; PP1, Protein Phosphatase 1; PKA, Protein
Kinase A; solid arrows, proposed increasing molecular action; dotted arrows, possible
blocking molecular action; black arrows, increased levels.
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