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animal model », « procedural learning », « pathophysiology », and « plasticity » from 1998 until 2018. Articles were also identified through searches of the authors' own files.

Only selected papers published in English were reviewed. The final reference list was generated on the basis of originality and relevance to the broad scope of this review.

Abbreviations

SPNs: striatum projection neurons, i.e. medium spiny neurons GPe: globus pallidus externalis GPi: globus pallidus internalis SNr: substantia nigra pars reticulata SNc: substantia nigra pars compacta STN: subthalamic nucleus DA: dopamine GABA: gamma-amino-butyric acid PTP: 6-pyruvol tetrahydropterin PV: paravalbumin D1R: D1 class of dopaminergic receptors D2R: D2 class of dopaminergic receptors dSPN: SPNs at the origin of the direct striato-pallidal pathway iSPN: SPN at the origin of the indirect striato-pallidal pathway ATP1A3 mutation: mutation in the α3 subunit of Na(+)/K(+)-ATPase ADCY5: adenyl-cyclase type 5 CM/Pf complex: centromedian and parafascicularis nuclei

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, may be tremulous, often initiated or worsened by voluntary action and associated with overflow of muscle activation [START_REF] Albanese | Phenomenology and classification of dystonia: A consensus update[END_REF][START_REF] Balint | Dystonia[END_REF]. However, this term is broadly used in various clinical contexts and may indicate at the same time a motor phenomenology encompassing specific physical signs as well as a collection of neurological syndromes [START_REF] Albanese | Phenomenology and classification of dystonia: A consensus update[END_REF][START_REF] Fahn | Concept and classification of dystonia[END_REF][START_REF] Marsden | Natural history of idiopathic torsion dystonia[END_REF][START_REF] Sanger | Basic and Translational Neuroscience of Childhood-Onset Dystonia: A Control-Theory Perspective[END_REF].

The underlying pathophysiological processes involved remain unclear. There is a line of evidence that dystonia is related, at least in part, to dysfunction of the basal ganglia [START_REF] Mink | Basal ganglia mechanisms in action selection, plasticity, and dystonia[END_REF][START_REF] Phukan | Primary dystonia and dystonia-plus syndromes: clinical characteristics, diagnosis, and pathogenesis[END_REF][START_REF] Wichmann | Pathophysiologic Basis of Movement Disorders[END_REF]. Therefore, there must be some constant features of the dysregulation of these regions that underpin the appearance of dystonic phenotypes. Among several possible mechanisms, disruption of the dopaminergic system is a strong candidate since dystonia is observed both in hypokinetic and hyperkinetic syndromes [START_REF] Wichmann | Commentary: Dopaminergic dysfunction in DYT1 dystonia[END_REF]. However, the relations are not understood between the different phenotypes of dystonia e.g. the fixed dystonia observed in untreated parkinsonian patients and the abnormal mobile postures characterizing isolated generalized dystonia. Recent progress in neuroimaging and genetic studies supports the idea that dopaminergic receptor expression is modified in certain types of isolated dystonia unresponsive to dopaminergic treatment [START_REF] Beukers | Reduced striatal D2 receptor binding in myoclonus-dystonia[END_REF][START_REF] Carbon | Abnormal striatal and thalamic dopamine neurotransmission: Genotype-related features of dystonia[END_REF][START_REF] Karimi | Decreased striatal dopamine receptor binding in primary focal dystonia: A D2 or D3 defect?[END_REF][START_REF] Karimi | The role of dopamine and dopaminergic pathways in dystonia: insights from neuroimaging[END_REF] whereas mutations in specific genes influencing the expression of dopaminergic receptors may be associated with dystonic syndromes (Y.-Z. [START_REF] Chen | Gain-of-function ADCY5mutations in familial dyskinesia with facial myokymia[END_REF][START_REF] Vemula | Role of Gα(olf) in familial and sporadic adult-onset primary dystonia[END_REF][START_REF] Zhang | Alteration of striatal dopaminergic neurotransmission in a mouse model of DYT11 myoclonusdystonia[END_REF]. Thus, it appears particularly relevant to explore the role played by the dopaminergic system in the pathophysiology of dystonia.

However, this issue cannot be addressed without considering first the involvement of dopamine in the monitoring of motor routines in physiological conditions. Consequently, in this review, after a short recall of the organization of the basal ganglia, we examine the role of the striatum in procedural learning. Second, we look at the phenomenology of dystonia from every angle in order to search for features likely to give food for thought regarding the pathophysiology of the disorder. Then, the main phenotypes of dystonia are analyzed individually to search for a connection between specific clinical features and a disruption of the dopaminergic system.

Throughout the paper, clinical data in patients and experimental data in animals are compared and contrasted to highlight their respective contributions to the pathophysiological process. Finally, we propose a putative model in which the different dystonia phenotypes could be explained by changes in balance between the direct and indirect striato-pallidal pathways, a process critically controlled by the level of dopamine within the striatum. The review focuses on the role of the striatum and dopaminergic system in the pathophysiology of dystonia. We only partially examine the involvement of other regions such as the cerebellum, which has been the topic of several recent reviews [START_REF] Bologna | Cerebellum: An explanation for dystonia? 1-9[END_REF][START_REF] Jinnah | Evolving concepts in the pathogenesis of dystonia[END_REF][START_REF] Jinnah | The Anatomical Basis for Dystonia: The Motor Network Model[END_REF][START_REF] Kaji | Pathogenesis of dystonia: is it of cerebellar or basal ganglia origin?[END_REF][START_REF] Tewari | It's not just the basal ganglia: Cerebellum as a target for dystonia therapeutics[END_REF], and that of other neurotransmitter systems, particularly the cholinergic system, which has been recently highlighted (see for review [START_REF] Bonsi | Centrality of Striatal Cholinergic Transmission in Basal Ganglia Function[END_REF][START_REF] Jaunarajs | Striatal cholinergic dysfunction as a unifying theme in the pathophysiology of dystonia[END_REF][START_REF] Jinnah | The Anatomical Basis for Dystonia: The Motor Network Model[END_REF][START_REF] Standaert | Update on the pathology of dystonia[END_REF].

Dopamine and the basal ganglia neuronal network

The principal cellular type of the striatum is represented by the projection neurons (SPNs) which constitute about 95% of the neuronal population and are the origin of the direct and indirect striato-pallidal pathways [START_REF] Bishop | Morphological and physiological properties of neostriatal neurons: an intracellular horseradish peroxidase study in the rat[END_REF]. Each of these neurons receives a large number of convergent inputs from various areas of the cerebral cortex (about 10 5 for a given striatal neuron) [START_REF] Oorschot | Total number of neurons in the neostriatal, pallidal, subthalamic, and substantia nigral nuclei of the rat basal ganglia: a stereological study using the cavalieri and optical disector methods[END_REF][START_REF] Zheng | Corticostriatal combinatorics: the implications of corticostriatal axonal arborizations[END_REF] but also from the thalamus [START_REF] Breakefield | The pathophysiological basis of dystonias[END_REF][START_REF] Lacey | GABA(B) receptors at glutamatergic synapses in the rat striatum[END_REF][START_REF] Lapper | Input from the frontal cortex and the parafascicular nucleus to cholinergic interneurons in the dorsal striatum of the rat[END_REF][START_REF] Raju | Differential synaptic plasticity of the corticostriatal and thalamostriatal systems in an MPTP-treated monkey model of parkinsonism[END_REF]G. L. Xu et al., 1989). The striatum encompasses two different compartments traditionally called striosomes (15%) and matrix (85%) [START_REF] Fujiyama | Morphological Re-evaluation of the Basal Ganglia Network[END_REF][START_REF] Gerfen | The neostriatal mosaic. I. Compartmental organization of projections from the striatum to the substantia nigra in the rat[END_REF][START_REF] Gerfen | The neuroanatomical organization of the basal ganglia[END_REF][START_REF] Gerfen | Dopamine differentially regulates dynorphin, substance P, and enkephalin expression in striatal neurons: in situ hybridization histochemical analysis[END_REF][START_REF] Graybiel | Histochemically distinct compartments in the striatum of human, monkeys, and cat demonstrated by acetylthiocholinesterase staining[END_REF]. The matrix compartment receives information from large areas of the cerebral cortex whereas the cortical input to the striosomes primarily arises from the limbic cortex, specifically from the orbitofrontal cortex and insula [START_REF] Flaherty | Input-output organization of the sensorimotor striatum in the squirrel monkey[END_REF]. The main axons of the SPNs project out of the striatum to the globus pallidus externalis (GPe), the globus pallidus internalis (GPi) and the substantia nigra pars reticulata (SNr). Projections from the SPNs to the GPe form the so-called « indirect pathway », whereas those to the GPi and SNr form the « direct pathway » (Fig. 1). All SPNs use GABA as their main neurotransmitter but those projecting to the GPe also contain enkephalin, whereas those projecting to the GPi and SNr contain substance P and dynorphin [START_REF] Gerfen | The neuroanatomical organization of the basal ganglia[END_REF][START_REF] Gerfen | Distribution of striatonigral and striatopallidal peptidergic neurons in both patch and matrix compartments: an in situ hybridization histochemistry and fluorescent retrograde tracing study[END_REF]. The remaining striatal neurons are represented by interneurons that do not send their axons out of the striatum but make synaptic contacts with the SPNs [START_REF] Bishop | Morphological and physiological properties of neostriatal neurons: an intracellular horseradish peroxidase study in the rat[END_REF][START_REF] Kemp | The synaptic organization of the caudate nucleus[END_REF]. Two main types of interneurons are encountered: large aspiny neurons, which utilize acetylcholine as a neurotransmitter [START_REF] Bolam | Characterization of cholinergic neurons in the rat neostriatum. A combination of choline acetyltransferase immunocytochemistry, Golgi-impregnation and electron microscopy[END_REF][START_REF] Kawaguchi | Physiological, morphological, and histochemical characterization of three classes of interneurons in rat neostriatum[END_REF][START_REF] Wilson | Firing patterns and synaptic potentials of identified giant aspiny interneurons in the rat neostriatum[END_REF] and medium-sized aspiny GABA interneurons [START_REF] Bolam | Characterization of cholinergic neurons in the rat neostriatum. A combination of choline acetyltransferase immunocytochemistry, Golgi-impregnation and electron microscopy[END_REF]1993;[START_REF] Kita | GABAergic circuits of the striatum[END_REF]. The latter may be further subdivided in three sub-categories: parvalbumin-immunoreactive fast-spiking interneurons (FSI), low-threshold spike interneurons (PLTS), and medium-sized aspiny interneurons [START_REF] Jaunarajs | Striatal cholinergic dysfunction as a unifying theme in the pathophysiology of dystonia[END_REF]. In addition, tyrosine-hydroxylaseimmunoreactive interneurons have also been reported [START_REF] Tepper | Heterogeneity and Diversity of Striatal GABAergic Interneurons: Update 2018[END_REF].

Apart from their main inputs from the cerebral cortex and thalamus, SPNs also receive dopaminergic inputs from the substantia nigra pars compacta (SNc), and GABAergic inputs from other SPNs through axon collaterals or from GABA interneurons [START_REF] Gerfen | The neostriatal mosaic: II. Patchand matrix-directed mesostriatal dopaminergic and non-dopaminergic systems[END_REF][START_REF] Jimenez-Castellanos | Subdivisions of the dopaminecontaining A8-A9-A10 complex identified by their differential mesostriatal innervation of striosomes and extrastriosomal matrix[END_REF][START_REF] Lindvall | Selective histochemical demonstration of dopamine terminal systems in rat di-and telencephalon: new evidence for dopaminergic innervation of hypothalamic neurosecretory nuclei[END_REF]. They also receive strong inputs from cholinergic interneurons [START_REF] Contant | Ultrastructural characterization of the acetylcholine innervation in adult rat neostriatum[END_REF][START_REF] Mesulam | The systems-level organization of cholinergic innervation in the human cerebral cortex and its alterations in Alzheimer's disease[END_REF].

The first step of dopamine synthesis is the transformation of tyrosine into L-dopa thanks to the action of tyrosine hydroxylase (TH) (Björklund and Dunnett, 2007a;2007b;[START_REF] Horn | A prodrug of ADTN: selectivity of dopaminergic action and brain levels of ADTN[END_REF][START_REF] Pothos | Presynaptic recording of quanta from midbrain dopamine neurons and modulation of the quantal size[END_REF]. However, TH activity requires the involvement of a specific co-enzyme tetrahydrobiopterin (BH4). Synthesis of the latter is performed from GTP but requires several steps successively involving the enzymes GTP cyclohydrase-1, PTP synthase and sepiapterin reductase [START_REF] Wijemanne | Dopa-responsive dystonia--clinical and genetic heterogeneity[END_REF]. Then, L-dopa is transformed within the brain into dopamine by the enzyme dopadecarboxylase. A defect at any step of this synthesis pathway may lead to a disruption of dopamine production [START_REF] Furukawa | The discovery of central monoamine neurons gave volume transmission to the wired brain[END_REF]. In turn, dopamine is catabolized under the action of two enzymes, catechol-o-methyl-transferase (COMT) and the monoamine oxydase (MAO), into homovanillic acid. Dopa can also be directly transformed into 3-O methyldopa, thanks to the action of COMT [START_REF] Horn | A prodrug of ADTN: selectivity of dopaminergic action and brain levels of ADTN[END_REF]. Dopamine plays a critical role in modulating cortical and thalamic signals carried by glutaminergic synapses on SPNs (see for review [START_REF] Calabresi | Dopamine-mediated regulation of corticostriatal synaptic plasticity[END_REF]2014;[START_REF] Shen | Dichotomous dopaminergic control of striatal synaptic plasticity[END_REF][START_REF] Surmeier | D1 and D2 dopaminereceptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF][START_REF] Zhai | Striatal synapses, circuits, and Parkinson's disease[END_REF]. The organization of this system can be described as a functional triad: each cortico-striatal or thalamo-striatal synapse is modulated by dopaminergic inputs. The dopaminergic receptors activate heteromeric guanine nucleotide binding G proteins. Gas/olf is the regulatory unit of ADCY which leads to ATP hydrolysis. On the other hand, Gai/o associated to ADCY prevents the synthesis of cAMP [START_REF] Kandel | Principles of Neural Science[END_REF]. A major role of cAMP is to activate the serine/threonine kinase protein A [START_REF] Montminy | Transcriptional regulation by cyclic AMP[END_REF]. cAMP signaling is terminated by the cessation of ADCY-mediated cAMP production and the release of phosphodiesterase [START_REF] Sassone-Corsi | The cyclic AMP pathway[END_REF][START_REF] Warren | Receptors and Second Messengers in the Basal Ganglia[END_REF]. The D1 class of dopaminergic receptors (D1R) is coupled to Gas/olf protein and facilitates activity in SPNs at the origin of the direct striato-pallidal pathway. D2-like dopamine receptors (D2R) coupled to Gai/o, suppress the activity of SPNs at the origin of the indirect striatopallidal pathway [START_REF] Warren | Receptors and Second Messengers in the Basal Ganglia[END_REF]. Feedback inhibition is generated through presynaptic autoreceptors. In the dopaminergic system this role is played by the D2Rs located on SPNs. However, D2s are also expressed on cholinergic interneurons [START_REF] Jaunarajs | Striatal cholinergic dysfunction as a unifying theme in the pathophysiology of dystonia[END_REF]. The G protein competes to activate or inhibit ADCY, which converts ATP to cAMP.

Strong interactions occur between the dopaminergic and cholinergic systems within the striatum (Fig. 1). Cholinergic interneurons receive glutamatergic inputs both from the cortex and intralaminar nuclei of the thalamus [START_REF] Bennett | Synaptic regulation of action potential timing in neostriatal cholinergic interneurons[END_REF][START_REF] Kawaguchi | Physiological, morphological, and histochemical characterization of three classes of interneurons in rat neostriatum[END_REF][START_REF] Lapper | Input from the frontal cortex and the parafascicular nucleus to cholinergic interneurons in the dorsal striatum of the rat[END_REF][START_REF] Wilson | Firing patterns and synaptic potentials of identified giant aspiny interneurons in the rat neostriatum[END_REF]. However, thalamic inputs seem to be more influential on cholinergic interneurons than cortical ones [START_REF] Ding | Thalamic gating of corticostriatal signaling by cholinergic interneurons[END_REF][START_REF] Sidibé | Thalamic inputs to striatal interneurons in monkeys: synaptic organization and co-localization of calcium binding proteins[END_REF]. Dopaminergic receptors are also expressed on both cholinergic and GABAergic interneurons [START_REF] Tepper | GABAergic microcircuits in the neostriatum[END_REF]. There are two main types of muscarinic receptors: the M1-like receptors (M1, M3 and M5) and the M2-like receptors (M2 and M4). M1R are highly expressed in both types of SPNs and their activation leads to excitation of these cells [START_REF] Hersch | Distribution of m1-m4 muscarinic receptor proteins in the rat striatum: light and electron microscopic immunocytochemistry using subtype-specific antibodies[END_REF][START_REF] Yan | Coordinated expression of muscarinic receptor messenger RNAs in striatal medium spiny neurons[END_REF]. They play a role in synaptic plasticity by modulating the long-term potentiation (LTP) and long-term depression (LTD) [START_REF] Calabresi | Acetylcholine-mediated modulation of striatal function[END_REF][START_REF] Wang | Dopaminergic Control of Corticostriatal Long-Term Synaptic Depression in Medium Spiny Neurons Is Mediated by Cholinergic Interneurons[END_REF]. M2R are expressed on presynaptic glutamatergic terminals [START_REF] Alcantara | Muscarinic m1 and m2 receptor proteins in local circuit and projection neurons of the primate striatum: anatomical evidence for cholinergic modulation of glutamatergic prefronto-striatal pathways[END_REF], whereas M4R are found only on SPNs of the direct pathway and corticostriatal glutamatergic terminals (see for review [START_REF] Jaunarajs | Striatal cholinergic dysfunction as a unifying theme in the pathophysiology of dystonia[END_REF][START_REF] Shen | Dopaminergic modulation of glutamatergic signaling in stratal spiny projection neurons" in Handbook of Basal Ganglia Structure and Function[END_REF]. Their stimulation decreases the activity of glutamatergic terminals of the direct pathway. Dopamine terminals express nicotinic receptors (and perhaps M5 receptors), while cholinergic interneurons (Ach-IN) express D2 and D5 receptors [START_REF] Chesselet | Presynaptic regulation of neurotransmitter release in the brain: facts and hypothesis[END_REF][START_REF] Threlfell | Striatal dopamine release is triggered by synchronized activity in cholinergic interneurons[END_REF]. D2R activation diminishes acetylcholine release [START_REF] Maurice | D2 dopamine receptor-mediated modulation of voltagedependent Na+ channels reduces autonomous activity in striatal cholinergic interneurons[END_REF]. The action of medium-sized aspiny GABA interneurons on SPNs are complex and will not be detailed here (see for review [START_REF] Assous | Differential processing of thalamic information via distinct striatal interneuron circuits[END_REF], as well as that of other neurotransmitter systems, e.g. endocannabinoid, nitric oxide, adenoside (see for review chapters 10, 11 and 12 in (Steiner and Tseng, 2016).

Role of dopamine and striatum in procedural learning

Before investigating the involvement of dopamine in the pathophysiology of dystonia, it is critical to understand its role in physiological conditions. A line of evidence suggests that the striatum plays a critical role in reinforcement of learning and memorization of behavioral routines [START_REF] Balleine | Goal-directed instrumental action: contingency and incentive learning and their cortical substrates[END_REF][START_REF] Belin | Parallel and interactive learning processes within the basal ganglia: relevance for the understanding of addiction[END_REF][START_REF] Graybiel | The striatum: where skills and habits meet[END_REF][START_REF] Yin | The role of the basal ganglia in habit formation[END_REF]. Routines, for which equivalent terms are habits or action schemes, correspond to sequences of action that are so nearly automatic that we can perform them almost without thinking [START_REF] Graybiel | The Striatum and Decision-Making Based on Value, in: Micro-, Meso-and Macro-Dynamics of the Brain, Research and Perspectives in Neurosciences[END_REF]). Let's take an example. Imagine you are playing tennis and try to perform a backhand shot. The basic movement will recruit extensor muscles of the wrist, forearm and arm as well as inhibition of flexor muscles. Playing a backhand shot, you unfortunately send the ball in the net. To correct this mistake, your trajectory will be optimized through rehearsal of the sequence a great number of times using visual and proprioceptive information. If you manage the perfect shot most of the time, you have developed a particular skill. Physical skills can be interpreted as a further refinement of habits and correspond to new combinations of kinematics and limb dynamics that lead to optimized capacities [START_REF] Graybiel | The striatum: where skills and habits meet[END_REF]. Different sorts of automaticity are gained across habits and skills. The role of the striatum is to optimize behavior by refining action selection and to shape habits as a modulator of motor repertories, cognitive skills, and emotion-related patterns of action [START_REF] Burton | From ventral-medial to dorsallateral striatum: Neural correlates of reward-guided decision-making[END_REF][START_REF] Graybiel | The striatum: where skills and habits meet[END_REF][START_REF] Hikosaka | Parallel basal ganglia circuits for decision making[END_REF]. Although the cortex initially plays the main role at the onset of training because this process requires a high level of attention, automatization of procedures over time progressively involves the basal ganglia [START_REF] Hikosaka | Parallel basal ganglia circuits for decision making[END_REF][START_REF] Paul | A neurocomputational theory of how explicit learning bootstraps early procedural learning[END_REF].

Each part of the striatum play a specific role in procedural learning [START_REF] Rueda-Orozco | The striatum multiplexes contextual and kinematic information to constrain motor habits execution[END_REF]. The caudate nucleus contributes to behavior through the selection of correct action schemes and appropriate sub-goals based on the evaluation of action-outcomes. The putamen appears to support habit learning for sensorimotor sequences whereas the ventral striatum is engaged in motivational and affective aspects of behavior [START_REF] Grahn | The cognitive functions of the caudate nucleus[END_REF][START_REF] Nicola | The nucleus accumbens as part of a basal ganglia action selection circuit[END_REF]. This modular concept is consistent with hierarchical models of cortico-striatal function through which adaptive behavior towards significant goals can be identified, planned and implemented effectively to facilitate the selection of an appropriate action out of a collection of possibilities [START_REF] Balleine | The role of the dorsal striatum in reward and decision-making[END_REF][START_REF] Cisek | Making decisions through a distributed consensus[END_REF][START_REF] Nambu | Functions of direct, indirect and hyperdirect pathways[END_REF]. Dopaminergic neurons in the midbrain are known to respond to reward prediction error [START_REF] Schultz | Reward prediction error[END_REF]2016a) and consequently play a role in the learning process as well as in movement execution. This is well illustrated by the actor-critic model [START_REF] Bogacz | Integration of reinforcement learning and optimal decision-making theories of the basal ganglia[END_REF][START_REF] Crittenden | Basal Ganglia disorders associated with imbalances in the striatal striosome and matrix compartments[END_REF][START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF][START_REF] Gruber | Modulation of striatal single units by expected reward: a spiny neuron model displaying dopamineinduced bistability[END_REF][START_REF] Houk | Action selection and refinement in subcortical loops through basal ganglia and cerebellum[END_REF]Schultz, 2016b). In the latter, the role of the actor is played by the matrix compartment which performs action selection, whereas the patch compartment act as a critic and provides reward prediction signals necessary for reinforced learning [START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF][START_REF] Graybiel | The striatum: where skills and habits meet[END_REF][START_REF] Lau | Value representations in the primate striatum during matching behavior[END_REF][START_REF] Samejima | Representation of actionspecific reward values in the striatum[END_REF]. This is supported by a distinct pattern of inputs and outputs between the matrix and patch compartments. SNc neurons send projections to both regions of the striatum but the dorsal part of the SNc seems to send more heavy projections to the matrix [START_REF] Langer | Distinct nigrostriatal projection systems innervate striosomes and matrix in the primate striatum[END_REF]. Above all, the patch compartment sends direct projections to the dopaminergic-containing neurons in the ventral tier of the SNc [START_REF] Fujiyama | Exclusive and common targets of neostriatofugal projections of rat striosome neurons: a single neuron-tracing study using a viral vector[END_REF][START_REF] Gerfen | The neostriatal mosaic: compartmentalization of corticostriatal input and striatonigral output systems[END_REF][START_REF] Jimenez-Castellanos | Compartmental origins of striatal efferent projections in the cat[END_REF]. In turn, striosomes receive inputs from a subset of dopaminergic neurons located in the SNr [START_REF] Langer | Distinct nigrostriatal projection systems innervate striosomes and matrix in the primate striatum[END_REF]. The matrix compartment contains both dSPN and iSPN, whereas there is a predominance of dSPN in the striosomal compartment [START_REF] Crittenden | Basal Ganglia disorders associated with imbalances in the striatal striosome and matrix compartments[END_REF].

The learning capacities of striatal SPNs have been largely demonstrated in rodent studies. It has been shown that spike activity of striatal projection neurons change markedly in multiple dimensions during learning and its extinction [START_REF] Barnes | Activity of striatal neurons reflects dynamic encoding and recoding of procedural memories[END_REF][START_REF] Kubota | Stable Encoding of Task Structure Coexists With Flexible Coding of Task Events in Sensorimotor Striatum[END_REF][START_REF] Rueda-Orozco | The striatum multiplexes contextual and kinematic information to constrain motor habits execution[END_REF][START_REF] Seidler | Neural correlates of encoding and expression in implicit sequence learning[END_REF]. Dopamine induces the activation of D1R and D2R which have opposing effects on the direct and indirect striato-pallidal pathways (Fig. 1). The modulation of spiketiming dependent plasticity at corticostriatal synapses relies on LTP and LTD mechanisms [START_REF] Barnes | Activity of striatal neurons reflects dynamic encoding and recoding of procedural memories[END_REF][START_REF] Berretta | Synaptic plasticity in the basal ganglia: A similar code for physiological and pathological conditions[END_REF][START_REF] Calabresi | Dopamine-mediated regulation of corticostriatal synaptic plasticity[END_REF][START_REF] Shen | Dichotomous dopaminergic control of striatal synaptic plasticity[END_REF][START_REF] Surmeier | D1 and D2 dopaminereceptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF]. Striatal LTD induction requires pairing of postsynaptic depolarization with high-frequency afferent stimulation [START_REF] Kreitzer | Dopamine modulation of state-dependent endocannabinoid release and long-term depression in the striatum[END_REF]. The mechanism involves the production of an endocannabinoid (eCB) that leads to a long-lasting reduction in glutamate release [START_REF] Chevaleyre | Endocannabinoid-mediated synaptic plasticity in the CNS[END_REF][START_REF] Lovinger | Presynaptic modulation by endocannabinoids[END_REF][START_REF] Shen | Dopaminergic modulation of glutamatergic signaling in stratal spiny projection neurons" in Handbook of Basal Ganglia Structure and Function[END_REF]. Dopamine controls eCB-tLTD via dopamine D2R located presynaptically in cortical terminals (H. [START_REF] Xu | Dopamine-endocannabinoid interactions mediate spike-timing-dependent potentiation in the striatum[END_REF]. On the other hand, LTP induction requires the pairing of pre-synaptic glutamatergic inputs at high frequency and post-activation of NMDARs. This phenomenon also requires the coactivation of D1Rs coupled to AC5 and PKA but seems to occur only on dSPNs [START_REF] Nelson | A comparison of striatal-dependent behaviors in wild-type and hemizygous Drd1a and Drd2 BAC transgenic mice[END_REF][START_REF] Plotkin | Multiphoton imaging approaches for studying striatal dendritic excitability[END_REF][START_REF] Shen | Dichotomous dopaminergic control of striatal synaptic plasticity[END_REF][START_REF] Yagishita | A critical time window for dopamine actions on the structural plasticity of dendritic spines[END_REF].

Thus, dopamine influences the induction of both LTP and LTD at corticostriatal synapses with different effects on dSPNs and iSPNs (for further details see W. [START_REF] Shen | Dopaminergic modulation of glutamatergic signaling in stratal spiny projection neurons" in Handbook of Basal Ganglia Structure and Function[END_REF].

It was traditionally considered that activation of dSPNs increased motor behavior, whereas activation of iSPNs resulted in its suppression [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. However, a line of evidence suggests a more complex relationship than this. The direct pathway could be involved in the selection of specific motor routines, whereas the indirect one might play a role in the inhibition of competing motor programs [START_REF] Mink | The Basal Ganglia and Involuntary Movements[END_REF]. The role of these two pathways has been experimentally demonstrated in mice using optogenetic techniques [START_REF] Friend | Working together: basal ganglia pathways in action selection[END_REF][START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF]. When the direct striato-pallidal pathway is fully stimulated, an excessive and disorganized behavioral activity is observed, whereas stimulation of the indirect striato-pallidal pathway leads to severe akinesia. In physiological conditions, each movement requires the selection of a limited set of SPNs belonging to the two pathways (Fig. 2). Their simultaneous activation by dopamine [START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF] allows the fine selection of specific chains of muscles different from one action to another [START_REF] Friend | Working together: basal ganglia pathways in action selection[END_REF]. Different populations of cortical neurons activate different populations of striatal dSPN and iSPN [START_REF] Friend | Working together: basal ganglia pathways in action selection[END_REF]. Each of the efferent pathways drives distinct brain-wide responses and consequently distinct features of action (Hyun Joo [START_REF] Lee | Activation of Direct and Indirect Pathway Medium Spiny Neurons Drives Distinct Brain-wide Responses[END_REF]. When a motor pattern is selected at the cortical level, information is sent in parallel to both the striosome and matrix compartments [START_REF] Bogacz | Integration of reinforcement learning and optimal decision-making theories of the basal ganglia[END_REF]. Striosomal SPNs receive information from the limbic prefrontal cortex in relation with the expected goal [START_REF] Bogacz | Integration of reinforcement learning and optimal decision-making theories of the basal ganglia[END_REF][START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF]. This information is sent to dopaminergic neurons in the SNc through the direct pathway [START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF] and dopamine then modulates the neuronal activity of matrix SPNs through the nigro-striatal pathway, allowing the selection a specific motor pattern related to the goal-directed action (Fig. 2). Thus, the basal ganglia serve to finely shape the cortical network involved in motor performance. This is a dynamic process that is improved by learning. Although habit representations are not per se stored in the striatum, this region must be viewed as a critical node in the cortico-subcortical networks involved in motor planning [START_REF] Graybiel | The striatum: where skills and habits meet[END_REF]. If the putamen is lesioned, the ability to properly select motor routines (e.g. adapted agonist/antagonist muscle patterns) within premotor and motor areas will definitively disappear. This is exactly what happens in secondary dystonia [START_REF] Bhatia | The behavioural and motor consequences of focal lesions of the basal ganglia in man[END_REF]. The subject is unable to perform a smooth movement because of the co-contractions and overflow of muscle activity.

Phenomenological considerations

The classification of dystonia has been recently revised by a consensus of movement disorders experts [START_REF] Albanese | Phenomenology and classification of dystonia: A consensus update[END_REF][START_REF] Breakefield | The pathophysiological basis of dystonias[END_REF][START_REF] Charlesworth | Primary and secondary dystonic syndromes: an update[END_REF]. Two main axes have been defined. Axis 1 corresponds to clinical features i.e. age at onset, body distribution, temporal pattern, associated features, and the occurrence of other neurological or systematic manifestations. Axis 2 corresponds to different types of etiologies (nervous system pathology, inherited or acquire, idiopathic). Age and body distribution at onset are inter-related since early-onset generalized isolated dystonia frequently begins during childhood whereas focal or segmental isolated dystonia begins in adulthood. In isolated dystonia, dystonia is the main clinical feature without evidence of neurodegeneration processes [START_REF] Phukan | Primary dystonia and dystonia-plus syndromes: clinical characteristics, diagnosis, and pathogenesis[END_REF]. Early-onset generalized isolated dystonia is a progressive disabling disorder that often begins in a limb with subsequent involvement of other limbs and the trunk and corresponds to a group of rare diseases appearing on a specific genetic background [START_REF] Charlesworth | Primary and secondary dystonic syndromes: an update[END_REF][START_REF] Phukan | Primary dystonia and dystonia-plus syndromes: clinical characteristics, diagnosis, and pathogenesis[END_REF]. Focal or segmental isolated dystonia is about 10-fold more common than generalized isolated dystonia, has onset in adulthood, and usually involves the craniocervical muscles or arms. The term 'combined dystonia' refers to conditions in which additional features such as parkinsonism, myoclonus, pyramidal tract involvement or other neurological deficits are observed. In axis 2, acquired dystonia is symptomatic of an identifiable acquired cause, e.g. perinatal brain injury, infection, drugs, exposure to specific toxin or damage to the basal ganglia (tumor, vascular or neoplastic lesion and brain injury). In clinical practice, the most frequent drugs leading to dystonic syndromes are levodopa, dopamine agonists, and neuroleptics.

The abnormal postures and movements observed in dystonia are triggered or worsened by action initiation [START_REF] Albanese | Phenomenology and classification of dystonia: A consensus update[END_REF][START_REF] Phukan | Primary dystonia and dystonia-plus syndromes: clinical characteristics, diagnosis, and pathogenesis[END_REF]. This feature is very important because it suggests that dystonia occurs when the motor system is engaged in the selection of motor routines. Indeed, dystonia may be induced by action, e.g. walking in a generalized dystonia, or appear with a specific action, e.g. taskspecific dystonia. The biased selection of motor command is also illustrated by the overflow of muscular activity observed in dystonia, i.e. a greater number of muscles will be recruited in dystonic patients than in normal subjects for the same type of movement [START_REF] Phukan | Primary dystonia and dystonia-plus syndromes: clinical characteristics, diagnosis, and pathogenesis[END_REF]. Moreover, the fact that dystonic movements are repetitive and predictable for a given subject ("individual pattern of dystonia") suggests that the underlying dysfunction of the central nervous system concerns specific networks for a given subject, a trait that corresponds to a form of « somatotopic disorganization ». An evolution also occurs over time since dystonia may begin for one specific action, e.g. writing, and then diffuse to less specific actions, e.g. other prehension gestures in everyday life.

Another important point is the link between postural disturbances and dystonia.

Postural control is the result of the position of many systems that are regulated, determined and created through limited functional patterns [START_REF] Feldman | Spatial control of reflexes, posture and movement in normal conditions and after neurological lesions[END_REF].

During movement execution, changes in posture reflect to some extent the sum of anticipatory postural adjustments which counterbalance the perturbation caused by the primary movement, so as to ensure whole-body balance [START_REF] Cavallari | The Organization and Control of Intra-Limb Anticipatory Postural Adjustments and Their Role in Movement Performance[END_REF][START_REF] Harbourne | Upper extremity function: What's posture got to do with it?[END_REF]. The postural system could be directly involved in the control of movement, providing a postural basis for task-specific dystonias. In this respect, dystonia could reflect the excessive function of one or more components of this system [START_REF] Blood | New hypotheses about postural control support the notion that all dystonias are manifestations of excessive brain postural function[END_REF] rather than abnormal movements, a phenomenon explained by gain-of-function failure of a feedback controller responsible for stabilizing posture and movement [START_REF] Sanger | Basic and Translational Neuroscience of Childhood-Onset Dystonia: A Control-Theory Perspective[END_REF]. This phenomenon could also explain to some extent the overflow of muscular activity. Based on the inhibitory influence that stabilizing mechanisms exert on movement, it has been suggested that the function served by the indirect striato-pallidal pathway is to centrally coordinate the distributed network of brain regions controlling posture and movement [START_REF] Blood | New hypotheses about postural control support the notion that all dystonias are manifestations of excessive brain postural function[END_REF].

The abnormal plasticity and disruption of synaptic homeostasis reported in dystonia suggests aberrant associations between sensory inputs and motor outputs, leading to de-differentiation of motor representations during learning of new procedures [START_REF] Beck | Surround inhibition in the motor system[END_REF][START_REF] Hallett | Neurophysiology of dystonia: The role of inhibition[END_REF][START_REF] Quartarone | Abnormal associative plasticity of the human motor cortex in writer's cramp[END_REF][START_REF] Quartarone | Emerging concepts in the physiological basis of dystonia[END_REF][START_REF] Quartarone | Abnormal plasticity in dystonia: Disruption of synaptic homeostasis[END_REF][START_REF] Quartarone | Homeostatic-like plasticity of the primary motor hand area is impaired in focal hand dystonia[END_REF]. This sensory component of dystonia (intrinsic sensory abnormalities, effects of light sensory tricks i.e. « geste antagoniste ») could play a key role in the abnormal sensorimotor integration process [START_REF] Patel | Sensory aspects of movement disorders[END_REF]. LTP and LTD are the most widely recognized physiological models of synaptic plasticity. In humans, a series of electrophysiological experiments has focused on plasticity at the cortical level with various stimulation protocols based on repetitive trans-cranial stimulation (rTMS) and paired-associative stimulation [START_REF] Hallett | Neurophysiology of dystonia: The role of inhibition[END_REF][START_REF] Quartarone | Abnormal plasticity in dystonia: Disruption of synaptic homeostasis[END_REF]. They showed that associative plasticity was enhanced in dystonia with a loss of spatial specificity that was explained by a failure of surround inhibition [START_REF] Beck | Surround inhibition in the motor system[END_REF].

We now turn to the different clinical conditions in which dystonia may occur.

Dystonia associated with decreased dopaminergic activity (hypokinetic syndromes)

Off-dystonia in parkinsonian syndromes

The abnormal postures frequently observed in untreated parkinsonian patients (off-dystonia) correspond to a more or less fixed focal dystonia, e.g. foot dystonia, trunk dystonia, neck or face dystonia [START_REF] Kidron | Forms of dystonia in patients with Parkinson's disease[END_REF][START_REF] Lugo | Dystonia in Parkinsonian Syndromes, Dystonia -The Many Facets[END_REF][START_REF] Rivest | Dystonia in Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy[END_REF][START_REF] Sheffield | Botulinum toxin in the treatment of tremors, dystonias, sialorrhea and other symptoms associated with Parkinson's disease[END_REF]. Dystonia is usually more severe on the most affected side and more frequent in patients with young onset of the disease [START_REF] Rivest | Dystonia in Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy[END_REF]. Moreover, this type of dystonia can be observed in untreated parkinsonian patients before their exposure to levodopa [START_REF] Kidron | Forms of dystonia in patients with Parkinson's disease[END_REF]. Early-morning dystonia frequently occurs before the first dose of levodopa, affects the lower extremities and is frequently painful [START_REF] Currie | Early morning dystonia in Parkinson's disease[END_REF][START_REF] Lugo | Dystonia in Parkinsonian Syndromes, Dystonia -The Many Facets[END_REF]. Off-period dystonia develops when the benefit of levodopa wears off [START_REF] Kidron | Forms of dystonia in patients with Parkinson's disease[END_REF]. This symptomatology can respond to either an increase in levodopa dose [START_REF] Currie | Early morning dystonia in Parkinson's disease[END_REF], apomorphine infusion, continuous levodopa duodenal infusion [START_REF] Sage | Continuous levodopa infusions to treat complex dystonia in Parkinson's disease[END_REF] or subthalamic chronic stimulation [START_REF] Derrey | Alleviation of off-period dystonia in Parkinson disease by a microlesion following subthalamic implantation[END_REF]. PD patients may also exhibit different forms of focal dystonia (blepharospasm; apraxia of eyelid opening, antecollis, bruxism) or truncal dystonia (camptocormia, Pisa syndrome). However, in these cases, the link with dopaminergic status remains unclear because these features may indicate the involvement of non-dopaminergic systems in the neurodegenerative process.

Dystonia is also frequently observed in atypical parkinsonism with a relatively high frequency in multiple system atrophy (30-46%), progressive supranuclear palsy (62%), and cortico-basal degeneration (100%) [START_REF] Godeiro-Junior | Clinical features of dystonia in atypical parkinsonism[END_REF]. In multiple system atrophy, dystonia affects the axial muscles and neck. Severe antecollis is the most common form of cervical dystonia although its nature is still a matter of debate [START_REF] Boesch | Dystonia in multiple system atrophy[END_REF]. In progressive supranuclear palsy (PSP), retrocollis is more frequent but its relation to axial rigidity is also discussed [START_REF] Barclay | Dystonia in progressive supranuclear palsy[END_REF].

Other forms of dystonia in PSP include eye lid opening and limb dystonia [START_REF] Rivest | Dystonia in Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy[END_REF]. In corticobasal degeneration, a limb dystonia contralateral to the cortical atrophy is frequently reported but its spastic or dystonic nature remains unclear [START_REF] Riley | Cortical-basal ganglionic degeneration[END_REF]. Thus, in atypical parkinsonism, dystonia could be due either to excessive rigidity or another mechanism involving neurodegenerative disorders outside of the dopaminergic system. Lesions located in the striatum, the cerebellum or the brainstem may interfere with the expression of dystonia.

Dystonia is a common feature of genetic and early-onset forms of PD. Mutations in the PARK2-Parkin gene cause autosomal recessive young-onset parkinsonism close to PD but frequently associated to limb dystonia, [START_REF] Doherty | Parkin disease: a clinicopathologic entity?[END_REF][START_REF] Schneider | Rare causes of dystonia parkinsonism[END_REF] which can be a presenting symptom [START_REF] Elia | Isolated limb dystonia as presenting feature of Parkin disease[END_REF][START_REF] Khan | Parkin disease: a phenotypic study of a large case series[END_REF]. Although exercise-induced dystonia and cervical dystonia have been reported in patients with PARK2-Parkin gene mutations, most of the dystonic attitudes in these patients are characterized by a high level of rigidity especially in the lower limbs, [START_REF] Khan | Parkin disease: a phenotypic study of a large case series[END_REF] In PARK6-PTEN-induced putative kinase 1 (PINK1), a foot dystonia is sometimes observed [START_REF] Taipa | DJ-1 linked parkinsonism (PARK7) is associated with Lewy body pathology[END_REF]. Dystonia is also encountered in DJ-1 linked parkinsonism (PARK7) [START_REF] Siuda | Early-onset Parkinson's disease due to PINK1 p.Q456X mutation -Clinical and functional study[END_REF].

Patients with mutations in the gene encoding the dopamine transporter (SLC6A3) develop severe parkinsonism-dystonia during childhood associated with eye movement disorders and pyramidal tract features [START_REF] Blackstone | Infantile parkinsonism-dystonia: a dopamine "transportopathy[END_REF]. Dystonia is close to the off-dystonia observed in PD. The ratio of homovanillic acid to 5hydroxyindoleacetic acid is increased in cerebrospinal fluid and a complete loss of dopamine transporter activity in the basal nuclei on single photon emission computed tomography [ 123 I]-ioflupane (DATSCAN ® ) imaging is evidenced. In vitro studies of mutant dopamine transporter demonstrated multifaceted loss of dopamine transporter function with impaired dopamine uptake, diminished dopamine binding affinity, reduced cell surface transporter, loss of post-translational dopamine transporter glycosylation and failure of amphetamine-mediated dopamine efflux [START_REF] Ng | Dopamine transporter deficiency syndrome: phenotypic spectrum from infancy to adulthood[END_REF].

Thus, the excess of dopamine in the synaptic cleft can down-regulate the postsynaptic receptors and activate D2 presynaptic receptors, leading to a decrease in the production of dopamine [START_REF] Blackstone | Infantile parkinsonism-dystonia: a dopamine "transportopathy[END_REF].

Mutations of the ATP1A3 gene may lead to rapid-onset parkinsonism but also to other syndromes such as early infantile epileptic encephalopathywith ataxia and dystonia, [START_REF] Heinzen | Distinct neurological disorders with ATP1A3 mutations[END_REF] alternating hemiplegia of childhood, CAPOS syndrome, hemiplegic migraine, and relapsing encephalopathy with cerebellar ataxia [START_REF] Panagiotakaki | Clinical profile of patients with ATP1A3 mutations in Alternating Hemiplegia of Childhood-a study of 155 patients[END_REF]. The gene encodes the α3 subunit of Na(+)/K(+)-ATPase.

Although the exact mechanism by which these mutations lead to disease is still unknown, much knowledge has been gained about the functional consequences of ATP1A3 mutations by using a range of in vitro and animal model systems. Mutations in this gene impair Na(+)/K(+)-ATPases in the brain, thereby disrupting the metabolic chain engaged by the activation of dopaminergic receptors [START_REF] Heinzen | Distinct neurological disorders with ATP1A3 mutations[END_REF].

Other forms of mixed syndromes such as pantothenate kinase-associated neurodegeneration (PKAN) and X-linked dystonia-parkinsonism (XDP), also referred to as DYT3 dystonia or "Lubag" disease, could underpin dystonia and parkinsonism [START_REF] Evidente | Phenomenology of "Lubag" or X-linked dystonia-parkinsonism[END_REF][START_REF] Gregory | Pantothenate Kinase-Associated Neurodegeneration[END_REF]. However, they are associated with progressive loss of neurons in the globus pallidus [START_REF] Gregory | Pantothenate Kinase-Associated Neurodegeneration[END_REF][START_REF] Kruer | Novel histopathologic findings in molecularlyconfirmed pantothenate kinase-associated neurodegeneration[END_REF] or the striatum [START_REF] Evidente | Phenomenology of "Lubag" or X-linked dystonia-parkinsonism[END_REF][START_REF] Kawarai | Clinicopathological Phenotype and Genetics of X-Linked Dystonia-Parkinsonism (XDP; DYT3; Lubag)[END_REF] and are thus similar to secondary forms of dystonia.

Therefore, most of the dystonic symptoms observed in untreated parkinsonian syndrome or after lesions of the putamen are characterized by a more or less fixed rigidity. In this situation, the apparatus necessary to operate the selection between agonist and antagonist muscles is disrupted, either because of the dopamine deficit or because the network itself is damaged. One can speculate that fixed dystonic postures could result from the combination of an extreme form of rigidity (increased iSPN activity) and severe bradykinesia (diminished dSPN activity) (Fig. 3B). Indeed, there is evidence for the causative role of low dopamine levels in the pathophysiology of fixed dystonic postures in the context of « off-dystonia ». During recordings within the subthalamic nucleus (STN) of parkinsonian patients exhibiting off-dystonia, a high incidence of neurons with a high frequency discharge is found [START_REF] Kühn | Pathological synchronisation in the subthalamic nucleus of patients with Parkinson's disease relates to both bradykinesia and rigidity[END_REF] and LFPs recordings reveal synchronization of STN neurons in the beta band [START_REF] Eusebio | Oscillatory activity in the basal ganglia[END_REF][START_REF] Starr | Microelectrode-guided implantation of deep brain stimulators into the globus pallidus internus for dystonia: techniques, electrode locations, and outcomes[END_REF][START_REF] Tang | Neuronal firing rates and patterns in the globus pallidus internus of patients with cervical dystonia differ from those with Parkinson's disease[END_REF]. Moreover, a fixed focal dystonia in the lower limb was noted in MPTP-treated monkeys before the development of a full akinetic-rigid syndrome [START_REF] Boyce | Induction of chorea and dystonia in parkinsonian primates[END_REF][START_REF] Jenner | The MPTP-treated primate as a model of motor complications in PD: primate model of motor complications[END_REF][START_REF] Mitchell | A 2-deoxyglucose study of the effects of dopamine agonists on the parkinsonian primate brain. Implications for the neural mechanisms that mediate dopamine agonist-induced dyskinesia[END_REF]. This can be experimentally mimicked in normal monkeys by injecting bicuculline, a GABAA antagonist (a drug increasing neuronal activity), into the internal pallidum [START_REF] Burbaud | Movement disorders induced by gamma-aminobutyric agonist and antagonist injections into the internal globus pallidus and substantia nigra pars reticulata of the monkey[END_REF]. At low volume, fixed focal dystonia predominating in the lower limb is observed whereas at greater volumes, a full parkinsonian syndrome similar to that found in MPTP-treated monkeys is obtained. These observations suggest that the combination of severe akinesia and rigidity may lead to the abnormal dystonic postures observed in hypokinetic syndromes.

Dopamine-responsive dystonia

Dopa-responsive dystonia (DRD) encompasses a group of clinically and genetically heterogeneous disorders that typically manifest as limb-onset, diurnally fluctuating dystonia with a sustained response to levodopa treatment [START_REF] Wijemanne | Dopa-responsive dystonia--clinical and genetic heterogeneity[END_REF]. Tetrahydrobiopterin (BH4) is essential for the biosynthesis of dopamine, noradrenaline, and serotonin and serves as cofactor for tyrosine hydroxylase (TH) and tryptophan hydroxylase. GTP cyclohydrolase (GCH) is the first and rate-limiting enzyme for BH4 biosynthesis. Thus, loss-of-function mutations in GCH1 may result in severe reduction of dopamine synthesis in nigrostriatal cells. This is the most common and best-characterized condition that manifests as DRD.

However, a similar presentation can be seen following deficiencies in tyrosine hydroxylase, sepiapterin reductase or other enzymes involved in the biosynthesis of dopamine [START_REF] Wijemanne | Dopa-responsive dystonia--clinical and genetic heterogeneity[END_REF].

In patients with GTP-CH1 deficiency (DYT/PARK-GCH1), dystonia typically starts in childhood as a equinovarus foot posturing that impairs walking and balance [START_REF] Furukawa | The discovery of central monoamine neurons gave volume transmission to the wired brain[END_REF]. Occasionally, initial symptoms may include arm dystonia, postural tremor of the hand, or slowness of movements. During the first two decades of life, in the absence of treatment, dystonia typically progresses to segmental or generalized dystonia, but remains most pronounced in the legs without intellectual, cerebellar, sensory or autonomic disturbances [START_REF] Timmers | Non-motor symptoms and quality of life in dopa-responsive dystonia patients[END_REF].

The autosomal recessive tyrosine-hydroxylase deficiency syndrome (TH-DRD DYT/PARK -TH) is much less common and leads to a more severe symptomatology [START_REF] Willemsen | Tyrosine hydroxylase deficiency: a treatable disorder of brain catecholamine biosynthesis[END_REF]. In individuals with TH-DRD, initial symptoms are classically lower-limb dystonia and/or difficulty in walking with diurnal fluctuation of symptoms [START_REF] Furukawa | The discovery of central monoamine neurons gave volume transmission to the wired brain[END_REF]. Most individuals with infantile TH-DRD suffer from motor delay development with truncal hypotonia and juvenile parkinsonism. In addition, a third form of the disease, known as TH-deficient progressive infantile encephalopathy, has been recently reported [START_REF] Furukawa | The discovery of central monoamine neurons gave volume transmission to the wired brain[END_REF]. Tyrosine hydroxylase deficiency is almost exclusively caused by missense mutations in the TH gene and its promoter region. Most of these patients can be successfully treated with levodopa but the response is generally not complete. The treatment of TH-deficient progressive infantile encephalopathy is limited because of the developmental context and the existence of severe dyskinesias [START_REF] Timmers | Non-motor symptoms and quality of life in dopa-responsive dystonia patients[END_REF][START_REF] Willemsen | Tyrosine hydroxylase deficiency: a treatable disorder of brain catecholamine biosynthesis[END_REF].

The phenotypic spectrum of sepiapterin reductase deficiency (DYT/PARK -SR) ranges from significant motor and cognitive deficits to only minimal symptoms [START_REF] Friedman | Sepiapterin reductase deficiency: A Treatable Mimic of Cerebral Palsy[END_REF]. The main clinical features in the majority of affected individuals include dystonia with diurnal fluctuations, weakness, and oculogyric crises.

Nonspecific features in infancy may include developmental delays and axial hypotonia [START_REF] Friedman | Sepiapterin reductase deficiency: A Treatable Mimic of Cerebral Palsy[END_REF].

Unlike in PD, dopamine transporter (DT) is intact in pure forms of DRD (C.-C. [START_REF] Huang | Normal dopamine transporter binding in dopa responsive dystonia[END_REF] because the number of nigral cells expressing DT is normal (pure enzymatic defect). On the other hand, an elevated positron emission tomography ["C]raclopride binding index (a marker of D2R availability) was found in the putamen and caudate nucleus of DRD patients compared with controls [START_REF] Künig | D2 receptor binding in dopa-responsive dystonia[END_REF]. It was also higher in the caudate nucleus of dystonic patients than in PD patients whereas D1Rs was unchanged [START_REF] Rinne | Striatal dopaminergic system in dopa-responsive dystonia: a multi-tracer PET study shows increased D2 receptors[END_REF].

In a knock-in mouse model of DRD displaying the core features of the human disorder, the gross anatomy of nigrostriatal dopaminergic neurons was normal but the microstructure of the striatal synapses was affected [START_REF] Rose | A new knock-in mouse model of l-DOPA-responsive dystonia[END_REF]. The striatal dopamine concentration was reduced and microinjection of L-DOPA directly into the striatum improved the dystonic movements, as well as systemic treatment with D2R agonists. No significant change in the number of striatal cholinergic interneurons (Ach-IN) nor in striatal GABAergic PV-containing interneurons was found in these animals [START_REF] Yalcin-Cakmakli | Striatal Cholinergic Interneurons in a Knock-in Mouse Model of L-DOPA-Responsive Dystonia[END_REF]. The levels of M1 and M4 muscarinic receptor immunoreactivity was normal.

Thus, the mechanisms supporting DRD are different from those involved in PD, i.e. dopamine is depleted, D2R expression is increased while D1R and Ach-IN activity seem normal. This situation may potentially lead to increased electrophysiological activity in iSPN and normal activity in dSPN (Fig. 3C).

Dystonia induced by drugs acting on the dopaminergic system

Dystonia induced by dopaminergic blockers

Pharmacologic treatments based on dopamine blockers may induce two types of dystonia. The first one, acute dystonia, can be induced by the introduction of neuroleptic treatment in drug-naïve patients, particularly in children or young adolescents [START_REF] Satterthwaite | A meta-analysis of the risk of acute extrapyramidal symptoms with intramuscular antipsychotics for the treatment of agitation[END_REF]. The symptomatology is very close to the offdystonia of parkinsonian patients and generally resolves within a few days after treatment discontinuation.

A much more and frequent disabling condition is tardive dystonia (TD), i.e. the appearance of a dystonic syndrome in psychotic patients treated over long periods of time with dopamine blockers [START_REF] Muscettola | Extrapyramidal syndromes in neuroleptic-treated patients: prevalence, risk factors, and association with tardive dyskinesia[END_REF]. TD can affect various body parts with an axial predominance. It may include tongue protraction, movement of the lips, licking, chewing or mandible movements, back-arching dystonia, camptocormia and cervical dystonia. When dystonia affects the limbs, abnormal movements are distal with strumming features. Sometimes, the voice and breathing may also be involved.

The prevalence of TD depends on the nature of dopaminergic antagonists: 32% with the first generation of antipsychotics and 13% with the second generation [START_REF] Mentzel | Efficacy and safety of deep brain stimulation in patients with medication-induced tardive dyskinesia and/or dystonia: a systematic review[END_REF]. Elderly women exposed for a long time to high doses of antipsychotics are at risk of developing TD [START_REF] Yassa | Gender differences in tardive dyskinesia: a critical review of the literature[END_REF]. More recently, a susceptibility gene coding for the CYP2D6 was discovered. Patients carrying this gene are at high risk of developing TD when they are exposed to metoclopramide (Allen [START_REF] Lee | Metoclopramide in the treatment of diabetic gastroparesis[END_REF]). In addition, other genes of susceptibility that affect dopamine and serotonin transmission are also known to promote TD in carriers (Heon-Jeong [START_REF] Lee | Genetics of tardive dyskinesia[END_REF]. Independently of genetic factors, various pathophysiological mechanisms have been proposed to explain TD. The most popular hypothesis concerns D2R. Initial studies reported no change in D2R binding [START_REF] Andersson | Striatal binding of 11C-NMSP studied with positron emission tomography in patients with persistent tardive dyskinesia: no evidence for altered dopamine D2 receptor binding[END_REF][START_REF] Blin | Striatal dopamine D2 receptors in tardive dyskinesia: PET study[END_REF] but it was suggested later on that TD was related to hypersensitivity of D2R associated with an increase in their number on SPN membranes [START_REF] Ginovart | D2-receptor upregulation is dependent upon temporal course of D2-occupancy: a longitudinal [11C]-raclopride PET study in cats[END_REF][START_REF] Rizos | Increased striatal dopamine transporter levels, as indicated by a DAT scan, induced by ziprasidone in association to improvement of tardive dyskinesia--a case report[END_REF][START_REF] Seeman | All roads to schizophrenia lead to dopamine supersensitivity and elevated dopamine D2(high) receptors[END_REF]. The high affinity of first-generation antipsychotics for D2R induces a reduction in D2R available for dopamine fixation. However, an up-regulation of dopamine production occurs with an accumulation of dopamine in the synapse. This is associated with a synthesis of new D2R. The dopamine binding on these new nonblocked receptors may induce a lower activity within the indirect striato-pallidal pathway (striatum-GPe), which in turn could induce thalamo-cortical disinhibition (Fig. 3D). The severity of TD may be increased by lowering the dose of antipsychotic drugs through the binding of dopamine on new available free D2R [START_REF] Blanchet | Relevance of animal models to human tardive dyskinesia[END_REF][START_REF] Turrone | The vacuous chewing movement (VCM) model of tardive dyskinesia revisited: is there a relationship to dopamine D(2) receptor occupancy?[END_REF]. An increase in the binding of dopamine on D2R was also reported within the GPi of haloperidol-induced TD monkeys, suggesting that disinhibition of the thalamo-cortical pathway could play a role in the onset of TD [START_REF] Mahmoudi | Upregulation of dopamine D3, not D2, receptors correlates with tardive dyskinesia in a primate model[END_REF].

The number of cholinergic interneurons is decreased in the ventral lateral striatum and accumbens of rodents exposed to haloperidol and exhibiting tardive dyskinesia of the oromandibular region [START_REF] Grimm | Decreased choline acetyltransferase immunoreactivity in discrete striatal subregions following chronic haloperidol in rats[END_REF]. Such a degeneration of cholinergic interneurons (and probably SPN) could be related to the formation of free radicals [START_REF] Lohr | Oxygen radicals and neuropsychiatric illness. Some speculations[END_REF]. It was also shown that schizophrenic patients with TD had significantly higher concentrations of N-acetylaspartate, N-acetylaspartylglutamate and aspartate in their CSF than patients without TD [START_REF] Tsai | Glutamatergic neurotransmission involves structural and clinical deficits of schizophrenia[END_REF]. A high level of such markers for excitatory neurotransmission could account for the neuronal toxicity and the neuronal degeneration in TD.

Levodopa-induced dystonia

Levodopa-induced dyskinesia (LID), a common complication of dopaminergic treatments in PD, frequently encompasses dystonic features [START_REF] Aquino | Clinical spectrum of levodopa-induced complications[END_REF][START_REF] Damier | Drug-induced dyskinesias[END_REF][START_REF] Hametner | The clinical spectrum of levodopainduced motor complications[END_REF][START_REF] Manson | Levodopa-induced-dyskinesias clinical features, incidence, risk factors, management and impact on quality of life[END_REF]. "Peak-dose" LID occurs with the maximum effect of medication whereas biphasic dyskinesias have a "beginning-and end-of-dose" pattern [START_REF] Manson | Levodopa-induced-dyskinesias clinical features, incidence, risk factors, management and impact on quality of life[END_REF]. LID can mimic several forms of focal dystonia such as spasmodic dystonia, blepharospasm or limb dystonia and it is obvious for clinicians taking care of patients with movement disorders that strong phenomenological similarities exist between levodopa-induced dystonia and the mobile dystonic postures observed in isolated dystonia. The onset of LID appears to be related to dose, pulsatile delivery and duration of treatment with levodopa, as well as severity and duration of the disease [START_REF] Bastide | Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson's disease[END_REF]. These motor complications are often associated with fluctuations in non-motor symptoms, particularly fluctuations in neuropsychiatric, autonomic, and sensory symptoms.

Recognizing such complications and understanding their relationship with the timing of levodopa doses is essential for adequate diagnosis and management.

A line of evidence suggests that D1R-mediated stimulation in depleted DA animals promotes the development of dyskinesia. Indeed, both experimental models and PD patients exhibit a strong behavioral sensitization at the level of D1R [START_REF] Bastide | Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson's disease[END_REF][START_REF] Rascol | Dyskinesia: L-dopa-induced and tardive dyskinesia[END_REF], and such sensitization is supported by a huge increase in D1R-mediated canonical and non-canonical pathways. Moreover, blunting the electrical activity of D1R-expressing SPN alleviates dyskinesia severity in experimental models [START_REF] Engeln | Selective Inactivation of Striatal FosB/ΔFosB-Expressing Neurons Alleviates L-DOPA-Induced Dyskinesia[END_REF] and eliminating direct pathway D1Rexpressing SPN dramatically reduces dyskinesias in the 6-OHDA mouse model of LID [START_REF] Révy | Cellular and Behavioral Outcomes of Dorsal Striatonigral Neuron Ablation: New Insights into Striatal Functions[END_REF]. In dyskinetic mice, iSPN activity is decreased and dSPN activity is increased [START_REF] Girasole | A Subpopulation of Striatal Neurons Mediates Levodopa-Induced Dyskinesia[END_REF][START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF][START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF]. This sensitization is sustained by several features, such as an increased recruitment of D1R at the cell surface, an increased D1R-mediated GTPgS activity, and an up-regulation of both Gαolf and AC5 in the striatal dSPN [START_REF] Aubert | Increased D1 dopamine receptor signaling in levodopa-induced dyskinesia[END_REF][START_REF] Berthet | Dopamine receptors and L-dopa-induced dyskinesia[END_REF][START_REF] Guigoni | Altered D1 dopamine receptor trafficking in parkinsonian and dyskinetic non-human primates[END_REF][START_REF] Park | Inhibition of adenylyl cyclase type 5 prevents L-DOPA-induced dyskinesia in an animal model of Parkinson's disease[END_REF][START_REF] Rangel-Barajas | l-DOPA-induced dyskinesia in hemiparkinsonian rats is associated with upregulation of adenylyl cyclase type V/VI and increased GABA release in the substantia nigra reticulata[END_REF]. The role of D3R, and to a less extent that of D2R and D4R, in the pathophysiology of LID, as well as that of non-dopaminergic receptors, has been recently reviewed [START_REF] Bastide | Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson's disease[END_REF].

Few attempts have been made to study the specificity of LID characterized by dystonic features. The idea of a specific enhancement of the direct striato-pallidal pathway in the pathophysiology of levodopa-induced dystonia is supported by the observation that in MPTP-treated monkeys, D1R expression is increased during peakdose dystonia [START_REF] Graham | Differential effect of chronic dopaminergic treatment on dopamine D1 and D2 receptors in the monkey brain in MPTP-induced parkinsonism[END_REF]. On the other hand, an inhibition of the indirect striato-pallidal pathway is suggested by the report that D2R antagonists induce dystonia and the modification of D2R expression in imaging and experimental studies [START_REF] Niethammer | Hereditary dystonia as a neurodevelopmental circuit disorder: Evidence from neuroimaging[END_REF]. The resulting decreased internal pallidal output may lead to increased activity in the motor thalamus (Fig. 4B), in line with the observation that bicuculline injections within the motor thalamus induce contralateral dystonia [START_REF] Guehl | Bicuculline injections into the rostral and caudal motor thalamus of the monkey induce different types of dystonia[END_REF][START_REF] Macia | Neuronal activity in the monkey motor thalamus during bicuculline-induced dystonia[END_REF].

Dystonia unresponsive to dopaminergic treatment

Early-onset generalized isolated dystonia DYT1 early-onset isolated dystonia (DYT-TOR1A) typically begins in childhood or adolescence [START_REF] Ozelius | DYT1 Early-Onset Isolated Dystonia[END_REF]. Symptoms are usually first apparent for specific actions such as writing or walking, but over time they become evident with less specific actions and spread to other body regions. Disease severity varies considerably among subjects even within the same family. DYT-TOR1A dystonia is inherited in an autosomal dominant manner with reduced penetrance [START_REF] Ozelius | DYT1 Early-Onset Isolated Dystonia[END_REF]. The classical familial form is caused by the DYT1 (ΔE) mutation in TOR1A, which encodes torsin A, AAA⁺ ATPase, a chaperon protein resident in the lumen of the endoplasmic reticular/nuclear envelope. Nuclear-envelope-localized torsin A is present on the inner nuclear membrane (INM) and mutations in torsin A inhibiting ATPase activity reduce the access of torsin A to the INM [START_REF] Goodchild | New genetic insights highlight "old" ideas on motor dysfunction in dystonia[END_REF]. The buffering capacity of torsin A is greatly diminished by the DYT1-associated deletion or mutations that prevent its translocation to the reticulum, block ATPase activity, or increase the levels of torsin A in the nuclear envelope (P. [START_REF] Chen | The early-onset torsion dystonia-associated protein, torsinA, is a homeostatic regulator of endoplasmic reticulum stress response[END_REF]. The diagnosis of DYT1 dystonia is established by identification of a three base-pair deletion, c.907_909delGAG on chromosome 9 [START_REF] Ozelius | DYT1 Early-Onset Isolated Dystonia[END_REF]. However, the link between the mutation and the pathophysiology of the disease remains unclear.

The rare neuropathological data collected in DYT1 patients have given conflicting results. Some studies reported no evidence of neuronal loss, inflammation, or alteration in the localization of torsin A [START_REF] Paudel | Neuropathological features of genetically confirmed DYT1 dystonia: investigating disease-specific inclusions[END_REF][START_REF] Rostasy | TorsinA protein and neuropathology in early onset generalized dystonia with GAG deletion[END_REF] whereas others found perinuclear inclusion bodies in cholinergic neurons of the pedunculopontine and cuneiform nuclei [START_REF] Mcnaught | Brainstem pathology in DYT1 primary torsion dystonia[END_REF]. Nigral dopaminergic neurons appeared to be larger and more closely spaced in GAG-deletion brains [START_REF] Iacono | Reduced Number of Pigmented Neurons in the Substantia Nigra of Dystonia Patients? Findings from Extensive Neuropathologic, Immunohistochemistry, and Quantitative Analyses[END_REF].

Numerous genetic models of DYT1 dystonia have been reported in the literature with few biological modifications [START_REF] Jaunarajs | Striatal cholinergic dysfunction as a unifying theme in the pathophysiology of dystonia[END_REF]. These animals develop perinuclear accumulation of ubiquitin and the E3 ubiquitin ligase HRD1 in discrete sensorimotor regions, followed by neurodegeneration [START_REF] Liang | TorsinA hypofunction causes abnormal twisting movements and sensorimotor circuit neurodegeneration[END_REF]. A series of electrophysiological experiments performed in mouse genetic models of DYT1 dystonia revealed the close interaction between cholinergic and dopaminergic transmission in the pathophysiology of the disease [START_REF] Martella | Impairment of bidirectional synaptic plasticity in the striatum of a mouse model of DYT1 dystonia: role of endogenous acetylcholine[END_REF][START_REF] Sciamanna | Impaired striatal D2 receptor function leads to enhanced GABA transmission in a mouse model of DYT1 dystonia[END_REF]2011). In transgenic mice expressing the mutant form of torsin A, increased LTP, decreased LTD, and depotentiation (SD)1 were observed were observed at corticostriatal synapses onto SPNs, following cortical stimulation. These phenomena were reversed by lowering endogenous acetylcholine (Ach) levels or by antagonizing muscarinic M1 receptors [START_REF] Maltese | Anticholinergic drugs rescue synaptic plasticity in DYT1 dystonia: role of M1 muscarinic receptors[END_REF][START_REF] Sciamanna | Cholinergic Dysfunction Alters Synaptic Integration between Thalamostriatal and Corticostriatal Inputs in DYT1 Dystonia[END_REF].

The inhibitory effect of D2R agonists on cholinergic interneurons was lost, suggesting that the disinhibition of SPN synaptic activity could be due to a D2R dysfunction [START_REF] Scarduzio | Strength of cholinergic tone dictates the polarity of dopamine D2 receptor modulation of striatal cholinergic interneuron excitability in DYT1 dystonia[END_REF]. In a pathogenic knock-in TOR1A mutation in rodents, alterations in motor behavior were associated with specific disruption of projection neurons arising from the deep cerebellar nuclei [START_REF] Ruiz | Abnormalities of motor function, transcription and cerebellar structure in mouse models of THAP1dystonia[END_REF].

Moreover, two experimental studies reported slight changes in the production of dopamine. In a transgenic mouse model of DYT1 dystonia (human mutant-type hMT), no difference was found in the density of striatal DA transporter, vesicular monoamine transporter binding sites, and density of striatal binding sites [START_REF] Balcioglu | Dopamine release is impaired in a mouse model of DYT1 dystonia[END_REF]. However, although basal extracellular DA levels were similar, the response to amphetamine was markedly attenuated in the hMT1 mice compared with their nontransgenic littermates. In a different knock-in mouse model of DYT1 dystonia (DYT1(ΔE) knock-in mice), neurochemical measures revealed only small changes in the content of dopamine or its metabolites in tissue homogenates from caudoputamen or midbrain, whereas microdialysis studies revealed robust decreases in baseline and amphetamine-stimulated extracellular dopamine in the caudoputamen. Substantia nigra neurons immunopositive for tyrosine hydroxylase were also slightly reduced in numbers and enlarged in size [START_REF] Song | Functional analysis of dopaminergic systems in a DYT1 knock-in mouse model of dystonia[END_REF]. Taken as a whole, these observations suggest that the mutation in the torsinA protein responsible for DYT1 dystonia may interfere with transport or release of DA but does not alter presynaptic transporters or post-synaptic DA receptors.

The clinical phenotype of DYT6 (DYT-THAP1) consists mainly of early-onset primary craniocervical dystonia with laryngeal involvement, but clinical presentation is variable and may take the form of generalized dystonia [START_REF] Houlden | THAP1 mutations (DYT6) are an additional cause of early-onset dystonia[END_REF]. A number of mutation types and locations in the THAP1 gene have been associated with a range of severity and dystonia phenotypes without genotype-phenotype correlations [START_REF] Xiromerisiou | THAP1 mutations and dystonia phenotypes: genotype phenotype correlations[END_REF]. THAP1 is a gene encoding a nuclear pro-apoptotic protein and its conditional deletion retards maturation of the oligodendrocyte lineage and delays myelination [START_REF] Yellajoshyula | The DYT6 Dystonia Protein THAP1 Regulates Myelination within the Oligodendrocyte Lineage[END_REF]. The few DYT6 post-mortem cases reported in humans showed no significant neurodegeneration and no specific diseaserelated pathology [START_REF] Paudel | DYT6 Dystonia: A Neuropathological Study[END_REF]. It seems that a link exists between DYT1 and DYT6 dystonia since THAP1 might regulate the transcription of TOR1A [START_REF] Kaiser | The dystonia gene DYT1 is repressed by the transcription factor THAP1 (DYT6)[END_REF].

Several imaging studies have reported a disruption in post-synaptic dopaminergic receptor expression in DYT1 and DYT6 dystonia. Reduced D2R availability in the striatum was observed not only in symptomatic DYT1 and DYT6 patients but also in non-manifesting counterparts [START_REF] Carbon | Abnormal striatal and thalamic dopamine neurotransmission: Genotype-related features of dystonia[END_REF][START_REF] Karimi | Decreased striatal dopamine receptor binding in primary focal dystonia: A D2 or D3 defect?[END_REF]. On the other hand, findings in transgenic mouse models of DYT1 dystonia suggest that there could be a paradoxical effect (i.e. excitatory instead of inhibitory) of D2R activation [START_REF] Sciamanna | Impaired striatal D2 receptor function leads to enhanced GABA transmission in a mouse model of DYT1 dystonia[END_REF].

Myoclonus dystonia (DYT11) is an autosomal dominant disorder characterized by bilateral, alcohol-sensitive myoclonic jerks mainly involving the arms and axial muscles [START_REF] Zimprich | Mutations in the gene encoding epsilon-sarcoglycan cause myoclonus-dystonia syndrome[END_REF]. Dystonia may present as torticollis and/or writer's cramp (WC) but may also concern the axis and lower limbs. In most families, disease is linked to a locus on chromosome 7q21 in relation with ɛ-sarcoglycan, a part of the dystrophin-associated protein complex in the brain [START_REF] Waite | The dystrophin-glycoprotein complex in brain development and disease[END_REF]. Different heterozygous loss-of-function mutations in this gene lead to DYT11 dystonia [START_REF] Zimprich | Mutations in the gene encoding epsilon-sarcoglycan cause myoclonus-dystonia syndrome[END_REF] but myoclonus dystonia may appear without any identifiable genotype. Metabolic changes were found in DYT11 patients with genotype-specific metabolic increases in the inferior pons and posterior thalamus associated with a metabolic decrease in the ventromedial prefrontal cortex and a phenotype-related increase in the parasagittal cerebellum [START_REF] Carbon | Metabolic changes in DYT11 myoclonusdystonia[END_REF]. The dopaminergic system also seems to be involved in DYT11 dystonia with a reduction in striatal D2R binding [START_REF] Beukers | Reduced striatal D2 receptor binding in myoclonus-dystonia[END_REF]. Moreover, alteration of striatal dopaminergic transmission has been reported in a mouse model of DYT11 myoclonus dystonia, suggesting that ε-SG may play a role in the regulation of D2R expression [START_REF] Zhang | Alteration of striatal dopaminergic neurotransmission in a mouse model of DYT11 myoclonusdystonia[END_REF]. Thus, DYT11 might involve an altered cerebro-thalamo-cortical network and putaminal D2R impairment.

Focal isolated dystonia

Focal isolated dystonia (FID) is the most frequent form of dystonia and generally begins in adulthood. It usually involves muscles of the craniocervical region (cervical dystonia, blepharospasm, oromandibular dystonia) or the upper limbs (occupational dystonia) [START_REF] Breakefield | The pathophysiological basis of dystonias[END_REF]. No family history is reported in most cases. However, in some cases, FD can correspond to the initial presentation of generalized dystonia on a genetic background (e.g. DYT1 or DYT6 dystonia).

The role of the dopaminergic system in FID remains controversial. Decreased D2R binding was reported in the striatum of patients with primary cranial or hand dystonia [START_REF] Perlmutter | Decreased [18F]spiperone binding in putamen in dystonia[END_REF] and decreased D3R binding has also been suspected [START_REF] Karimi | The role of dopamine and dopaminergic pathways in dystonia: insights from neuroimaging[END_REF]. Patients with writer's cramp have reduced [ 11 C]raclopride binding to D2/D3R at rest in the bilateral striatum compared to matched healthy control subjects and dopamine release was decreased in the left striatum during a tapping task [START_REF] Berman | Striatal dopaminergic dysfunction at rest and during task performance in writer's cramp[END_REF]. Later on, it was shown that D2R were distributed differently in the putamen depending on the body part manifesting dystonia [START_REF] Black | Spatial reorganization of putaminal dopamine D2-like receptors in cranial and hand dystonia[END_REF]. However, dopamine D2R polymorphism is not a significant risk factor in WC [START_REF] Zeuner | Dopamine DRD2 polymorphism (DRD2/ANNK1-Taq1A) is not a significant risk factor in writer's cramp[END_REF] and common variations in key genes of the dopamine pathway do not contribute to the risk of dystonia [START_REF] Grimm | Decreased choline acetyltransferase immunoreactivity in discrete striatal subregions following chronic haloperidol in rats[END_REF].

The role of the direct pathway explored through the expression of D1R also appears controversial. The first study on patients with primary focal dystonia (cranial, cervical, or arm) revealed that striatal dopamine D1R binding was unchanged in patients versus controls [START_REF] Karimi | Striatal dopamine D1-like receptor binding is unchanged in primary focal dystonia[END_REF]. However, in this pilot study the group of dystonic patients was heterogeneous. Recently, evidence emerged suggesting that the direct pathway is hyperactive [START_REF] Simonyan | The direct basal ganglia pathway is hyperfunctional in focal dystonia[END_REF]. Patients with WC or laryngeal dystonia exhibited increased availability of dopamine D1R in the striatum.

Disease duration was negatively correlated with the amount of binding. Changes were observed in the specific somatotopic distribution of body representation, i.e. dopaminergic function was mainly altered within the hand representation of the putamen in patients with WC and within the larynx representation in patients with laryngeal dystonia [START_REF] Simonyan | The direct basal ganglia pathway is hyperfunctional in focal dystonia[END_REF]. In contrast to healthy subjects, patients with dystonia showed negligible, if any, overlap between the regions of dopamine D1R and D2R distribution, pointing to the loss of interface between the direct and indirect pathways. Other studies showed a twofold increased risk of developing cervical dystonia in patients with a polymorphism in the dopamine D5R [START_REF] Placzek | Cervical dystonia is associated with a polymorphism in the dopamine (D5) receptor gene[END_REF], a receptor belonging to the same family of dopaminergic receptors as the D1R type. A model illustrating the respective contribution of the direct and indirect striato-pallidal pathways in the pathophysiology of isolated dystonia is shown in Fig. 4C. However, a line of evidence suggests that other regions located outside the basal ganglia without direct connections to the dopaminergic system might play a role in the pathophysiology of focal dystonia. For instance, choline acetyltransferase is reduced in the pedunculopontine nucleus of patients with cervical dystonia [START_REF] Mente | Pedunculopontine Nucleus Cholinergic Deficiency in Cervical Dystonia[END_REF] and the processing of visual stimuli in the superior colliculus is disrupted [START_REF] Mc Govern | Disrupted superior collicular activity may reveal cervical dystonia disease pathomechanisms[END_REF]. In the macaque, selective pharmacological manipulations of the interstitial nucleus of Cajal induce abnormal head movements resembling cervical dystonia [START_REF] Farshadmanesh | Threedimensional eye-head coordination after injection of muscimol into the interstitial nucleus of Cajal (INC)[END_REF]. A patchy loss of cerebellar Purkinje cells was also found in patients with cervical dystonia, [START_REF] Prudente | Neuropathology of cervical dystonia[END_REF][START_REF] Zoons | Pathologic changes in the brain in cervical dystonia pre-and post-mortem -a commentary with a special focus on the cerebellum[END_REF] highlighting the potential role of the cerebellum in the pathophysiology of the disorder. Furthermore, altered functional connectivity was found in widespread cortical and sub-cortical regions in patients with blepharospasm [START_REF] Hallett | Update on blepharospasm: report from the BEBRF International Workshop[END_REF][START_REF] Huang | Multiple Neural Networks Malfunction in Primary Blepharospasm: An Independent Components Analysis[END_REF] or WC [START_REF] Gallea | Impairment of a parieto-premotor network specialized for handwriting in writer's cramp[END_REF][START_REF] Langbour | The Cortical Processing of Sensorimotor Sequences is Disrupted in Writer's Cramp[END_REF].

A new causative gene, GNAL, has been recently identified in a form of familial dystonia (DYT25) beginning in middle age by cervical dystonia with segmental diffusion to the face, larynx or upper limb [START_REF] Fuchs | Mutations in GNAL cause primary torsion dystonia[END_REF]. GNAL encodes the subunit alpha [Gα(olf)] of guanine nucleotide-binding protein G(olf) which plays, among others, a role in coupling D1R and adenosine A2A receptors to adenyl cyclase [START_REF] Vemula | Role of Gα(olf) in familial and sporadic adult-onset primary dystonia[END_REF]. Gα(olf) is highly expressed in the striatum. In a model of Gnal knock-out mice (Gnal +/-), self-grooming, motor coordination, and apparent motivation in operant conditioning were impaired, as well as spine morphology and phospho-CaMKIIβ in the striatum [START_REF] Pelosi | Heterozygous Gnal Mice Are a Novel Animal Model with Which to Study Dystonia Pathophysiology[END_REF]. After systemic administration of oxotremorine, an unselective cholinergic agonist, Gnal +/-mice developed more abnormal postures and movements than WT mice. Therefore, impairment of the cAMP pathway in association with an increased cholinergic tone creates alterations in striatal neuron functions that can promote the onset of dystonia.

Paroxysmal dystonia-dyskinesias

Paroxysmal neurological disorders are characterized by episodes of neurological dysfunction that are either isolated or part of a more complex disorder with interictal manifestations (see for review [START_REF] Méneret | Paroxysmal movement disorders: An update[END_REF]. Paroxysmal movement disorders remain rare and are characterized by attacks of dystonic and/or choreic movements. They may be of genetic origin or secondary to underlying causes, such as lesions of the central nervous system or metabolic disorders, familial or sporadic, with onset in either childhood or adolescence. The features of paroxysmal movement disorders allow them to be classified in three main categories: paroxysmal kinesigenic dystonia-dyskinesia (PKD); paroxysmal non-kinesigenic dyskinesia (PNKD), and paroxysmal exercise-induced dyskinesia (PED).

PKD has no known connection with the dopaminergic system and seems to involve changes in glutamate release, [START_REF] Li | Targeted genomic sequencing identifies PRRT2 mutations as a cause of paroxysmal kinesigenic choreoathetosis[END_REF] whereas PED linked to glucose transporter 1 (GLUT1) deficiency [START_REF] Schneider | GLUT1 gene mutations cause sporadic paroxysmal exercise-induced dyskinesias[END_REF] has been sometimes reported in parkin-related parkinsonism [START_REF] Bhatia | Paroxysmal exercise-induced dystonia: eight new sporadic cases and a review of the literature[END_REF][START_REF] Khan | Parkin disease: a phenotypic study of a large case series[END_REF].

Mutations in the PNKD gene (formerly MR-1) are the main cause of primary PNKD. The phenotype is one of severe dystonic attacks of variable duration with normal inter-ictal examination. Disruption of the dopaminergic system in PKND was initially suggested by imaging data with 18FDOPA and 11C raclopride PET scans revealing a marked reduction in the density of presynaptic dopa decarboxylase activity in the striatum, together with an increased density of postsynaptic dopamine D2 receptors. In a mouse model of paroxysmal non-kinesigenic dyskinesia, extracellular dopamine levels were reduced in the striatum and a proportional increase of dopamine release in response to caffeine and ethanol treatment was found (Hsien-yang [START_REF] Lee | Dopamine dysregulation in a mouse model of paroxysmal nonkinesigenic dyskinesia[END_REF]. It seems that PNKD codes for a synaptic protein that modulates neurotransmitter release and suppresses synaptic vesicle exocytosis (Y. [START_REF] Shen | Protein mutated in paroxysmal dyskinesia interacts with the active zone protein RIM and suppresses synaptic vesicle exocytosis[END_REF]2011). Its mutations may induce abnormal dopamine release in response to precipitating factors such as stress, caffeine and alcohol, through a gain-of-function mechanism.

The GABAergic interneurons of the striatum could also play a part. The most popular model of PNKD is the mutant dystonic hamster (dt(sz)). Microdialysis studies showed that striatal levels of dopamine were dramatically increased during stressinduced dystonic attacks in mutant hamsters [START_REF] Hamann | Striatal increase of extracellular dopamine levels during dystonic episodes in a genetic model of paroxysmal dyskinesia[END_REF] but there was also a marked decrease in the density of parvalbumin-immunoreactive GABAergic interneurons [START_REF] Gernert | Deficit of striatal parvalbumin-reactive GABAergic interneurons and decreased basal ganglia output in a genetic rodent model of idiopathic paroxysmal dystonia[END_REF] suggesting a delayed maturation of these neurons [START_REF] Bode | Altered postnatal maturation of striatal GABAergic interneurons in a phenotypic animal model of dystonia[END_REF]. In this model, the discharge pattern of entopeduncular neurons was found to be highly irregular with altered burst-like firing. [START_REF] Gernert | Altered discharge pattern of basal ganglia output neurons in an animal model of idiopathic dystonia[END_REF]. On the other hand, acetylcholine receptor binding and cholinergic interneuron density were unaltered [START_REF] Hamann | Acetylcholine receptor binding and cholinergic interneuron density are unaltered in a genetic animal model of primary paroxysmal dystonia[END_REF]. Thus, in PKND, deficiency in striatal GABAergic interneurons coupled with an increase in dopamine production during dystonic attacks may potentially diminish activity in the GPi. On the other hand, iSPN electrophysiological activity is probably more decreased in PKND than in isolated dystonia because of the inhibitory effect of D2R stimulation due to the increased production of dopamine during dystonic attacks.

Miscellaneous disorders

ADCY5 mutation does not lead to pure focal dystonia but to a complex hyperkinetic movement disorder occurring in childhood with a mixed chorea/ dystonia syndrome and myoclonus, frequently misdiagnosed as cerebral palsy [START_REF] Carapito | A de novo ADCY5 mutation causes early-onset autosomal dominant chorea and dystonia[END_REF]. It can be associated with neck and axial hypotonia and progresses slowly with paroxysmal nocturnal movement disorders [START_REF] Carecchio | ADCY5-related movement disorders: Frequency, disease course and phenotypic variability in a cohort of paediatric patients[END_REF]. It is associated with missense mutations in adenylyl cyclase 5, a key enzyme in the chain of events that lead to dopamine receptor activation (Y.-Z. [START_REF] Chen | Gain-of-function ADCY5mutations in familial dyskinesia with facial myokymia[END_REF].

The complex role of the dopaminergic system in the pathophysiology of dystonia This review highlights the critical role of the dopaminergic system in the pathophysiology of several dystonic syndromes. However, we are far from understanding all the mechanisms involved and there is no simple model accounting for every pathological situation.

To go further, we need to return to physiology. The role of dopamine is to regulate the balance between the two striato-pallidal pathways through the modulation of cortico-striatal synapses. This process allows the selection of specific routines adapted to the context of action, e.g. during movement execution, to select a chain of agonist muscles (direct pathway) while inhibiting their antagonists (indirect pathway).

A failure of this mechanism leads to muscular co-contractions and overflow of muscular activity, two landmarks of dystonia.

A body of evidence indicates that changes in the relative balance between the two striato-pallidal pathways influence the clinical features of movement disorders. A theoretical model is proposed in Fig. 5. In the latter, the occurrence of hypotonia or hypertonia depends on activity in the indirect pathway whereas hypokinesia or hyperkinesia depends on activity in the direct pathway. For instance, hypotonia observed in levodopa-induced dyskinesias is probably due to decreased activity in the indirect pathway whereas the abnormal movements seen in this condition are probably explained by increased activity in the direct pathway. It is noteworthy that postural abnormalities and muscle co-contractions are observed both in isolated dystonia and parkinsonian syndromes. Yet, imaging studies suggest that increased activity in the indirect pathway is observed in both. This phenomenon probably results from the failure of antagonist muscles inhibition during movement initiation. On the other hand, hypokinetic syndromes are classically considered to be associated with a decreased activity in the direct pathway [START_REF] Albin | The functional anatomy of disorders of the basal ganglia[END_REF]1989;[START_REF] Delong | Update on models of basal ganglia function and dysfunction[END_REF][START_REF] Obeso | The basal ganglia in Parkinson's disease: current concepts and unexplained observations[END_REF][START_REF] Wichmann | Pathological basal ganglia activity in movement disorders[END_REF]. Although a line of evidence supports this view, the link between hypokinesia and low activity in the direct pathway

is not yet clearly supported by PET studies in parkinsonian syndromes [START_REF] Niccolini | Dopamine receptor mapping with PET imaging in Parkinson's disease[END_REF]. In contrast, levodopa-induced dystonia, isolated generalized dystonia (DYT1 and DYT6) and PKND, characterized by their hyperkinetic features, seem to be associated with increased activity in the direct pathway. This has been largely demonstrated in LIDs [START_REF] Bastide | Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson's disease[END_REF], recently reported in focal dystonia [START_REF] Simonyan | The direct basal ganglia pathway is hyperfunctional in focal dystonia[END_REF] and is suspected in PKND (Hsien-yang [START_REF] Lee | Dopamine dysregulation in a mouse model of paroxysmal nonkinesigenic dyskinesia[END_REF].

Experimental data obtained in transgenetic mouse models support this claim [START_REF] Girasole | A Subpopulation of Striatal Neurons Mediates Levodopa-Induced Dyskinesia[END_REF][START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF][START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF].

The role played by D2R in the pathophysiology of isolated dystonia still remains unclear. Indeed, although decreased D2R expression has been reported in most forms of isolated generalized dystonia [START_REF] Karimi | The role of dopamine and dopaminergic pathways in dystonia: insights from neuroimaging[END_REF], D2R are localized in different cell types such as SPNs and cholinergic interneurons. Moreover, their stimulation might have a paradoxical effect, at least in DYT1 dystonia [START_REF] Martella | Impairment of bidirectional synaptic plasticity in the striatum of a mouse model of DYT1 dystonia: role of endogenous acetylcholine[END_REF][START_REF] Scarduzio | Strength of cholinergic tone dictates the polarity of dopamine D2 receptor modulation of striatal cholinergic interneuron excitability in DYT1 dystonia[END_REF][START_REF] Sciamanna | Developmental Profile of the Aberrant Dopamine D2 Receptor Response in Striatal Cholinergic Interneurons in DYT1 Dystonia[END_REF]2009). In DYT1 dystonia, the decrease in D2R with a subnormal production of dopamine would tend to increase the electrophysiological activity of iSPN, a process enhanced by increased cholinergic tone. The resulting decreased firing rate of GPe neurons would in turn increase activity within the STN. This is in line with electrophysiological data collected per-operatively in dystonic patients showing that discharge frequency is low in the GPi [START_REF] Lenz | Microelectrode Studies of Basal Ganglia and VA, VL and VP Thalamus in Patients With Dystonia: Dystonia-Related Activity and Somatic Sensory Reorganization[END_REF] but slightly increased in the STN, with bursting discharges and oscillatory activity [START_REF] Geng | Comparison of oscillatory activity in subthalamic nucleus in Parkinson's disease and dystonia[END_REF].

In the phenomenological model proposed by Mink, competition occurs at the level of the GPi between the strong and focused inhibitory inputs from dSPN, which facilitate the selection of a specific movement, and the weak and diffuse excitatory inputs from the STN, which inhibit competitive motor programs [START_REF] Mink | The Basal Ganglia and Involuntary Movements[END_REF]. The model supposes that in dystonia, STN activity might be decreased, thus impairing the inhibition of unwanted patterns. This is not in line with the D2R down-regulation observed in isolated generalized dystonia and electrophysiological data collected peroperatively in these patients. We have no simple explanation for this discrepancy.

However, a mechanistic model opposing abnormal "high" or "low" firing frequencies in the STN is probably slightly reductionist because of the subtle timing regulation (in the range of msec) of STN activity during the dynamic process of motor routines selection.

Further electrophysiological investigations are necessary to document this point.

Another unresolved issue is whether focal and generalized isolated dystonia are subsumed by common mechanisms. A simple view would be to consider that focal dystonia is the result of a focused dysfunction of the putamen, and its dopaminergic inputs, limited to specific somatotopic regions, whereas larger disruption might be involved in generalized dystonia. This is in line with recent imaging data of the dopaminergic system in writer's cramp and laryngeal dystonia [START_REF] Simonyan | The direct basal ganglia pathway is hyperfunctional in focal dystonia[END_REF].

However, many other regions located outside the basal ganglia (cerebellum, pons) could be involved in the pathophysiology of focal dystonia and most of them are not influenced by the dopaminergic system.

A simple dichotomized model limiting the pathophysiology of dystonia to an increase/decrease in dopamine production/receptor expression, as well as to a differential recruitment of the direct and indirect striato-pallidal pathways, is probably an over-simplification. Intermediate situations are possible. For instance, in tardive dystonia or in levodopa-induced dystonia, a mixed phenotype encompassing dystonic and choreic features may be observed. The clinical presentation of DRD encompasses a more or less mobile dystonia and a slight parkinsonian syndrome. A bradykinetic component may be observed in primary mobile dystonia, whereas the associated abnormal movements have a clear hyperkinetic dimension. Thus, the subtle action of dopamine at the cortico-striatal synapse may probably explain why both hyperkinetic and hypokinetic features may coexist. Independently of post-synaptic dopaminergic expression, many other mechanisms impacting the dopaminergic system or SPN activity could be involved in the pathophysiology of dystonia, such as overactivity in specific ion channels (DYT24), changes in adenylyl-cyclase functioning (ADCY5) or DNA synthesis (DYT23). Above all, the fine regulation of SPN activity not only involves dopaminergic inputs but also complex interactions between cortical and thalamic inputs, as well as the modulating effect of local interneurons, particularly cholinergic interneurons. The debate concerning the balance between dopamine and acetylcholine activity in the pathophysiology of movement disorders is a longstanding one [START_REF] Pisani | Re-emergence of striatal cholinergic interneurons in movement disorders[END_REF].

Increased Ach-IN activity may lead to enhanced activity of both types of SPNs through M1R activation. The role of M4R located pre-synaptically on cortico-striatal and dopaminergic projections and post-synaptically on dSPNs is so far unclear. The cerebellum may also play a critical role in the pathophysiological process through its involvement in the time-dependent automatization of motor routines [START_REF] Gao | Distributed synergistic plasticity and cerebellar learning[END_REF].

It seems that abnormal activity of Purkinje cells and the concomitant increased activity in cerebellar projection neurons may be involved in the pathophysiology of isolated dystonia [START_REF] Jinnah | Evolving concepts in the pathogenesis of dystonia[END_REF]. Interactions between the pallidal and cerebellum networks might occur within the thalamus, as suggested by experimental data in a model of rapid-onset parkinsonism [START_REF] Calderon | The neural substrates of rapid-onset Dystonia-Parkinsonism[END_REF][START_REF] Fremont | Abnormal High-Frequency Burst Firing of Cerebellar Neurons in Rapid-Onset Dystonia-Parkinsonism[END_REF]. Moreover, cerebellar inputs strongly impact Ach-IN activity through thalamic projections from the CM/Pf complex [START_REF] Jaunarajs | Striatal cholinergic dysfunction as a unifying theme in the pathophysiology of dystonia[END_REF]. Thus, dopaminergic tone dramatically influences the phenotype of dystonia. In this condition, the overflow of muscular activity is the result of ineffective inhibition of competing motor programs involving agonist and antagonist muscles. The indirect striato-pallidal pathway is thought to play a critical role in this process. Interestingly, its activity seems to be disrupted both in hypokinetic syndromes (e.g. untreated or resistant parkinsonian syndromes, DRD, off-dystonia) owing to underactivation of D2R (due to dopamine loss) and in hyperkinetic syndromes (e.g. isolated, generalized or focal dystonia, paroxysmal dystonia or levodopa-induced dystonia) because of the decreased expression of D2R. The hyperkinetic dimension of the disorder seems to depend on the relative activity of the direct striato-pallidal pathway. When the latter is decreased, as in hypokinetic syndromes, dystonia is characterized by a poorly mobile, fixed rigidity, associated with bradykinesia. On the other hand, overactivity in the direct pathway clearly leads to mobile dystonia in hyperkinetic syndromes. Other circuits such as the cerebello-thalamic network are likely to play a critical role in the mechanisms underpinning dystonia. In this respect, dystonia is not only a basal ganglia disorder but a brain disorder with several possible entry points for the pathophysiological process. The convergence of this abnormal information at the thalamic level leads to the genesis of abnormal motor routines. Interestingly, highly variable phenotypes are often observed in patients sharing the same genotype (e.g. DYT1). Apart from unknown modifying genes, such a variability may result from individual epigenetic factors in relation with motor habits, overtraining, or central and peripheral traumatic events. 
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 5 Figure 5: Putative model of movement disorders based on imbalance between

Depotentiation occurs by specific trains of repetitive stimulation that allow LTP to be suppressed. Functionally, it is a way to erase excessive information stored in procedural memory.