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Figure1: Neuroanatomy of the primary motor cortex (M1) Figure2: Functional connectivity and synaptic organization of inputs onto the motor thalamus Figure3: The parafascicular nucleus (PF): Topographical organization between PF, the striatum, the globus pallidus and the cerebral cortex Figure4: The basal ganglia system and cortical-basal ganglia-thalamo-cortical loops Figure5: Schematics of the direct, indirect and hyperdirect pathways within the basal ganglia Figure6: Cortical and basal ganglia possible interactions and roles in reinforcement learning Figure7: Spatial orientation and regional division of the cerebellum Figure8: Simplified organization of the cerebellar cortex and deep cerebellar nuclei In 1758, the botanist, zoologist and physician Carl Linnaeus (1707-1778) introduced the Linnaean taxonomy and divided all living organisms into three kingdoms: plants, animals, and minerals. Even though taxonomy is nowadays more refined and complex, the difference between plants and animals remains. The most important feature that differs animals from the other kingdoms is partially the result of their inability to produce their own organic food, unlike plants, therefore all animals are able to move through their environment and that is where motor control comes into play.

Methods and Results

One definition of motor control is "the mind and body functions that control, regulate, and govern postures and movements" [START_REF] Brooks | The Neural Basis of Motor Control[END_REF]. "Movements" are the transition from one posture to another and are classified into two main categories: intentional movements and non-intentional movements, including automatic adjustments, reflexes, and pathological unvoluntary movements such as levodopa-induced dyskinesia (See Chapter II) (reviewed in [START_REF] Ugawa | Voluntary and involuntary movements : A proposal from a clinician[END_REF]).

To put it simply, motor control is the first reason why we have a brain.

Motor control is a complex and burning topic in Neurosciences and a full description of the structures and mechanisms underlying motor control and motor learning is beyond the scope of this thesis. Only the neural basis of four major higher brain structures, which are the motor cortex, the basal ganglia, the thalamus, and the cerebellum, and a brief overview of their role (s) in motor control will be detailed here.

THE PRIMARY MOTOR CORTEX

There is no doubt that the primary motor cortex is one of the major structures involved in movement generation and motor control. However, before detailing its exact roles in motor function, let's quickly overview the principal components of its anatomy.

Neuroanatomy

More than a century ago, Brodmann described varying shapes and diameters of neurons depending on the cortical depth [START_REF] Brodmann | Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues von Dr[END_REF] and since then, the mammalian neocortex is conventionally divided into 6 layers (L1-6) based on cell type, cell size, and cell density, although further subdivisions exist and can differ between species. Layer 1 (L1), the most superficial layer, constitutes the molecular layer and contains a few piriform cells as well as glial and vascular endothelial cell nuclei. L2, below L1, represents the external granular layer and is composed of densely packed pyramidal cells and smooth cells. L3 contains large pyramidal cells. L4 constitutes the internal granular layer and comprises small densely packed pyramidal cells. L5 represents the inner pyramidal cell layer and contains pyramidal cells.

Finally, L6 forms the fusiform layer as it is composed of densely packed spindle-shaped cells.

This laminar organization of the neocortex has been widely accepted and numerous studies have now provided layer-specific analyses. This thesis will only focus on the neuroanatomy of the rodent's primary motor cortex (M1).

Similarly to the human M1, located anterior to the central sulcus (Figure 1A), which was originally called area 4 by Brodmann and was termed 'agranular' as it is characterized by an absence of visible granular L4 cells [START_REF] Brodmann | Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues von Dr[END_REF], the rodents' motor cortex (Figure 1A) follows a similar agranular layer structure, however, neurons located in a thin laminar zone have been shown to share similar L4-synaptic connections as observed in L4 of sensory cortices [START_REF] Yamawaki | A genuine layer 4 in motor cortex with prototypical synaptic circuit connectivity[END_REF]. In rodents, L2 and L3 are usually grouped together based on similar cytoarchitectonic and are referred as L2/3 layer. Below, L5 is subdivided into L5A, which is more superficial and contains medium and large pyramidal cells, and the deeper L5B, which comprises large cortico-spinal motor neurons. The distinction of the border between L5B/L6 is the blurriest (for reviews [START_REF] Shepherd | Intracortical cartography in an agranular area[END_REF][START_REF] Mccolgan | The human motor cortex microcircuit: insights for neurodegenerative disease[END_REF]).

The most basic classification of neurons in the neocortex in general distinguishes the inhibitory interneurons and the excitatory projection neurons, the pyramidal cells. Pyramidal cells account for 80% of all cortical neurons and can be further divided into pyramidal tract (PT), intratelencephalic neurons (IT), and corticothalamic neurons (CT), based on their axonal projections patterns (reviewed in [START_REF] Harris | The neocortical circuit : themes and variations[END_REF]). PT neurons are large pyramidal neurons conventionally belonging to L5B and projecting to subcortical areas, including the brainstem, the spinal cord, the midbrain, and also send collaterals to the ipsilateral cortex, the striatum and the thalamus [START_REF] Harris | The neocortical circuit : themes and variations[END_REF] (Figure 1B). IT neurons are found in layers 2 to 6 and only project to the telencephalon, including the neocortex, and the striatum (Figure 1B). IT axons widely connect ipsilateral and contralateral cortices via the corpus callosum and the anterior commissure [START_REF] Harris | The neocortical circuit : themes and variations[END_REF].

Finally, CT neurons are found in layer 6 and mainly project to the ipsilateral thalamus [START_REF] Harris | The neocortical circuit : themes and variations[END_REF] (Figure 1B). The remaining 20% of neocortical neurons are interneurons, mostly inhibitory, that can be distinguished based on their morphology, physiology, molecular C. Human primary motor cortex homunculus representing the somatotopic organization of the different body part (i.e foot, hip, torso, hand, face, and tongue) in M1.

Abbreviations: SMA: supplementary motor area; M2: secondary motor cortex (rodents); S1: primary sensory cortex (humans) or somatosensory cortex (rodents); V1: primary visual cortex and synaptic properties (reviewed in [START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF]). Inhibitory interneurons can also be distinguished based on the type of calcium-binding protein they express, including parvalbumin (PV), somatostatin (STT), calbindin (CB), and calretinin (CR). A detailed description of the many different subtypes of interneurons is beyond the scope of this thesis, but readers can find further information in the following reviews [START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF][START_REF] Tremblay | GABAergic Interneurons in the Neocortex : From Cellular Properties to Circuits[END_REF]. Succinctly, PV and STT neurons are the two main subtypes of inhibitory interneurons, found across all layers, and inhibiting pyramidal neurons in M1 L2-6. PV interneurons tend to mainly inhibit perisomatic basal dendrites of pyramidal cells in the same layer (reviewed in [START_REF] Tremblay | GABAergic Interneurons in the Neocortex : From Cellular Properties to Circuits[END_REF]), whereas STT interneurons connect to the basal dendrites but also to the apical, tufting dendrites of pyramidal neurons present in upper L2/3 and L1 [START_REF] Wang | Anatomical , physiological and molecular properties of Martinotti cells in the somatosensory cortex of the juvenile rat[END_REF]. PV and STT interneurons form a dense inhibitory network and allow feedback inhibition which is very important for circuit integration [START_REF] Fino | Dense inhibitory connectivity in neocortex[END_REF]. In turn, PV and STT interneurons are inhibited by vasoactive intestinal peptide (VIP)-expressing interneurons [START_REF] Lee | A disinhibitory circuit mediates motor integration in the somatosensory cortex NIH Public Access Author Manuscript[END_REF].

Connectivity

Outputs

The motor cortex form many recurrent loops, with other areas of the cerebral cortex, the cortico-cortical loops and the cortico-thalamo-cortical loops (reviewed in [START_REF] Shepherd | Untangling the cortico-thalamo-cortical loop: cellular pieces of a knotty circuit puzzle[END_REF]), the basal ganglia (BG), including the striatum, the subthalamus nuclei (STN) [START_REF] Nambu | Functional significance of the cortico-subthalamopallidal "hyperdirect" pathway[END_REF][START_REF] Kita | The Subthalamic Nucleus Is One of Multiple Innervation Sites for Long-Range Corticofugal Axons : A Single-Axon Tracing Study in the Rat[END_REF] and the globus pallidus pars externus (GPe) [START_REF] Karube | Motor cortex can directly drive the globus pallidus neurons in a projection neuron type-dependent manner in the rat[END_REF], called the cortico-basal ganglia-thalamo-cortical loops (Mandelbaum et al., 2019;[START_REF] Foster | The mouse cortico -basal ganglia -thalamic network[END_REF] (reviewed in [START_REF] Alexander | Parallel Organization of Functionally Segregated Circuits Linking Basal Ganglia and Cortex[END_REF])), and the cerebellum (Cb), the cortico-cerebello-thalamo-cortical loops (reviewed in [START_REF] Léna | Cerebrocerebellar loops in the rodent brain[END_REF]). These reciprocal loops, constituting the upper motor circuits, will be detailed below in this Chapter (See Section 1.6 Recurrent Loops: Upper Motor Circuits).

As already mentioned above, efferent projections from M1 depend on the types of projection neurons as well as their laminar location (Figure 1B).

IT neurons, located in the cortical layer L2/3, typically project bilaterally to other cortical areas whereas IT neurons of L5A, L5B and L6 send projections to both ipsi-and contralateral cortical areas and the striatum [START_REF] Wilson | Morphology and synaptic connections of crossed corticostriatal neurons in the rat[END_REF][START_REF] Parent | Single-axon tracing study of corticostriatal projections arising from primary motor cortex in primates[END_REF] (reviewed in [START_REF] Shepherd | Corticostriatal connectivity and its role in disease[END_REF])) (Figure 1B). In addition, L5 IT neurons receive strong inter-laminar excitatory projections from L2/3 IT neurons [START_REF] Weiler | Top-down laminar organization of the excitatory network in motor cortex[END_REF][START_REF] Hooks | Laminar Analysis of Excitatory Local Circuits in Vibrissal Motor and Sensory Cortical Areas[END_REF] (Figure 1B). Intra-laminarly, IT neurons project to other IT neurons, PT neurons, and cortical interneurons, mostly in layer 5 [START_REF] Kiritani | Hierarchical Connectivity and Connection-Specific Dynamics in the Corticospinal -Corticostriatal Microcircuit in Mouse Motor Cortex[END_REF].

PT neurons of cortical L5B send long efferent projections to motor structures in the spinal cord and the brainstem with massive collaterals supplying multiple subcortical structures, including ipsilateral striatum and thalamus [START_REF] Cowan | Spontaneous firing patterns and axonal projections of single corticostriatal neurons in the rat medial agranular cortex[END_REF][START_REF] Parent | Single-axon tracing study of corticostriatal projections arising from primary motor cortex in primates[END_REF]) (Figure 1B). As IT neurons, they receive strong excitatory projections from L2/3 IT neurons [START_REF] Weiler | Top-down laminar organization of the excitatory network in motor cortex[END_REF][START_REF] Hooks | Laminar Analysis of Excitatory Local Circuits in Vibrissal Motor and Sensory Cortical Areas[END_REF] (Figure 1B). Intra-laminarly, PT neurons projects to other PT neurons and interneurons, but not to IT neurons [START_REF] Kiritani | Hierarchical Connectivity and Connection-Specific Dynamics in the Corticospinal -Corticostriatal Microcircuit in Mouse Motor Cortex[END_REF].

CT neurons are found in L6 and only send projections to the ipsilateral thalamus (Figure 1B), including the ventroanterior-ventrolateral complex of the thalamus (VAL), the centrolateral nucleus (CL), the central medial nucleus, the centromedian nucleus, and the parafascicular nucleus (PF) (See below in Section 1. [START_REF] Alonso-Frech | Slow oscillatory activity and levodopa-induced dyskinesias in Parkinson's disease[END_REF] The Thalamus) as well as the reticular nucleus [START_REF] Molinari | Efferent fibers from the motor cortex terminate bilaterally in the thalamus of rats and cats[END_REF][START_REF] Rouiller | Patterns of corticothalamic terminations following injection of Phaseolus vulgaris leucoagglutinin (PHA-L) in the sensorimotor cortex of the rat[END_REF][START_REF] Kakei | Thalamic terminal morphology and distribution of single corticothalamic axons originating from layers 5 and 6 of the cat motor cortex[END_REF] where they from recurrent cortico-thalamo-cortical loops. Moreover, CT neurons make reciprocal connections with other CT neurons, IT neurons and send unilateral projections to IT neurons in L6 [START_REF] Yamawaki | Synaptic circuit organization of motor corticothalamic neurons[END_REF].

Inputs

Except for brainstem neuromodulatory systems projecting to M1, all long-range inputs arriving in M1 originate from the thalamus and other cortical areas, all glutamatergic afferents.

Cortical afferents mostly stem from the primary somatosensory cortex that mainly connect the upper layer L2/3 and L5A neurons [START_REF] Mao | Long-Range Neuronal Circuits Underlying the Interaction between Sensory and Motor Cortex[END_REF], contralateral M1 [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF], secondary motor cortices, including premotor cortex and supplementary motor area (SMA), targeting L1 and L2/3 in primates [START_REF] Burman | Patterns of Cortical Input to the Primary Motor Area in the Marmoset Monkey[END_REF][START_REF] Ninomiya | Layer specificity of inputs from supplementary motor area and dorsal premotor cortex to primary motor cortex in macaque monkeys[END_REF] or bilateral secondary motor cortex (M2) (Figure 1A), targeting L5B in rodents [START_REF] Reep | Topographic organization in the corticocortical connections of medial agranular cortex in rats[END_REF][START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF] and the visual cortex [START_REF] Wang | Network Analysis of Corticocortical Connections Reveals Ventral and Dorsal Processing Streams in Mouse Visual Cortex[END_REF].

As in primates, frontal cortices send projections to M1, including bilateral orbitofrontral cortices [START_REF] Reep | Topographic organization in the corticocortical connections of medial agranular cortex in rats[END_REF][START_REF] Rouiller | Comparison of the connectional properties of the two forelimb areas of the rat sensorimotor cortex: support for the presence of a premotor or supplementary motor cortical area[END_REF], projecting to neurons in L6 [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF]. Interestingly, these afferents vary in their laminar profile and the strength of their synaptic connections and target different neuronal populations than sensory cortices [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF].

Thalamic projections targeting M1 come from both sensory, including posterior (PO) [START_REF] Ohno | A Morphological Analysis of Thalamocortical Axon Fibers of Rat Posterior Thalamic Nuclei : A Single Neuron Tracing Study with Viral Vectors[END_REF] and motor areas of the thalamus, including ventromedial (VM) [START_REF] Kuramoto | Ventral Medial Nucleus Neurons Send Thalamocortical Afferents More Widely and More Preferentially to Layer 1 than Neurons of the Ventral Anterior -Ventral Lateral Nuclear Complex in the Rat[END_REF] and VAL [START_REF] Asanuma | Receptive fields of thalamic neurons projecting to the motor cortex in the cat[END_REF][START_REF] Anderson | An analysis of potentially converging inputs to the rostral ventral thalamic nuclei of the cat[END_REF][START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF]. As for cortical afferents, thalamic axons differently innervate distinct layers of M1.

In general, sensory projections from PO project to L2/3 and L5A [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF] whereas motor thalamic outputs from VM target more preferentially the apical dendrites of pyramidal neurons in L1 of cortical areas [START_REF] Kuramoto | Ventral Medial Nucleus Neurons Send Thalamocortical Afferents More Widely and More Preferentially to Layer 1 than Neurons of the Ventral Anterior -Ventral Lateral Nuclear Complex in the Rat[END_REF] and afferents from VAL target almost all layers of motor cortical areas [START_REF] Herkenham | Laminar organization of thalamic projections to the rat neocortex[END_REF][START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF]. Intralaminar nuclei of the thalamus mostly arrive in deeper layer L5B and L6 [START_REF] Herkenham | Laminar organization of thalamic projections to the rat neocortex[END_REF][START_REF] Yamawaki | Synaptic circuit organization of motor corticothalamic neurons[END_REF]. Optogenetic stimulations of motor thalamic projections have shown that the strength of monosynaptic excitatory input varies in pyramidal neurons depending on the laminar location of their soma, being greatest for neurons in L2/3 and L5B, including PT neurons projecting to pontine nuclei [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF].

M1 connectivity suggests that it integrates a wide range of cortical and thalamic inputs, which impinge on excitatory (and potentially inhibitory) neurons in each layer and offers many putative sites for plasticity during motor learning [START_REF] Papale | Circuit changes in motor cortex during motor skill learning[END_REF]. It is noteworthy that the cerebral cortex is specialized in unsupervised learning which is based on Hebbian plasticity and reciprocal connections within and between other cortical areas (reviewed in (K Doya, 2000)). Moreover, modulatory afferents from midbrain dopaminergic neurons directly innervate L5 and L6 of M1 [START_REF] Vitrac | Dopamine control of pyramidal neuron activity in the primary motor cortex via D2 receptors[END_REF][START_REF] Hosp | Topography and collateralization of dopaminergic projections to primary motor cortex in rats[END_REF] and are critical for motor learning (reviewed in [START_REF] Vitrac | Monoaminergic Modulation of Motor Cortex Function[END_REF]).

The role of the primary motor cortex in motor control

The primary motor cortex has soon been implicated in motor control as early experiments with cortical stimulations during surgery on human patients revealed a somatotopic organization of the motor cortex, given rise to the homunculus (Figure 1C) which establishes a correspondence between a cortical point and the muscles that are activated by its stimulation [START_REF] Penfield | Somatic motor and sensory representation in the cerebral cortex of man as studied by electrical stimulation[END_REF]. Since then, many experiments have corroborated that electrical or optogenetic stimulations of M1 resulted in muscle contraction [START_REF] Brecht | Whisker movements evoked by stimulation of single pyramidal cells in rat motor cortex[END_REF][START_REF] Tennant | The Organization of the Forelimb Representation of the C57BL / 6 Mouse Motor Cortex as Defined by Intracortical Microstimulation and Cytoarchitecture[END_REF][START_REF] Harrison | Distinct Cortical Circuit Mechanisms for Complex Forelimb Movement and Motor Map Topography[END_REF]. Of particular interest for this thesis, microstimulation of a specific area in M1 induced protraction and opening of the mouth, with a bigger facial representation in the right hemisphere [START_REF] Pronichev | Functional mapping of the motor cortex of the white mouse by a microstimulation method[END_REF]. However, the interpretation of the prominent role of M1 in motor control remains highly debated, especially following the observations that motor cortex lesions in rodents resulted in no overt movement impairments [START_REF] Drew | Motor cortical cell discharge during voluntary gait modification[END_REF][START_REF] Kawai | Motor Cortex Is Required for Learning but Not for Executing a Motor Skill[END_REF][START_REF] Ruiz | Locomotion in intact and in brain cortex-ablated cats[END_REF].

Many studies have demonstrated that the neuronal activity in M1 correlates with a wide range of movements parameters including speed [START_REF] Beloozerova | The role of the motor cortex in the control of vigour of locomotor movements in the cat[END_REF], direction [START_REF] Georgopoulos | Neuronal population coding of movement direction[END_REF], muscle activity [START_REF] Armstrong | Discharges of pyramidal tract and other motor cortical neurones during locomotion in the cat[END_REF], and movement error signals [START_REF] Inoue | Error Signals in Motor Cortices Drive Adaptation in Reaching[END_REF]. Whether movement parameters are truly encoded by individual M1 neurons has been challenged [START_REF] Churchland | Temporal complexity and heterogeneity of single-neuron activity in premotor and motor cortex[END_REF] as many parameters intrinsically covary and the tuning of neurons to one parameter change over time [START_REF] Reimer | The problem of parametric neural coding in the motor system[END_REF]. Adding to this complexity, M1 neurons also exhibit preparatory activity where they are modulated during an instructed-delay task [START_REF] Churchland | Preparatory activity in premotor and motor cortex reflects the speed of the upcoming reach[END_REF]. It is argued that preparatory activity plays a mechanistic role by providing the initial state of a dynamic system to enable appropriate movement activity [START_REF] Churchland | Cortical Preparatory Activity: Representation of Movement or First Cog in a Dynamical Machine?[END_REF].

Neuronal oscillations also provide neural representations of movements in M1: at rest, M1

neurons oscillate dominantly at the beta frequency range (~13-30 Hz) [START_REF] Hillebrand | Frequency-dependent functional connectivity within resting-state networks: An atlas-based MEG beamformer solution[END_REF][START_REF] Frauscher | Atlas of the normal intracranial electroencephalogram: Neurophysiological awake activity in different cortical areas[END_REF] while at the onset of voluntary movements, beta oscillations decrease and high-gamma (>60 Hz) oscillations emerge [START_REF] Crone | Functional mapping of human sensorimotor cortex with electrocorticographic spectral analysis[END_REF][START_REF] Ball | Movement related activity in the high gamma range of the human EEG[END_REF][START_REF] Cheyne | Self-paced movements induce high-frequency gamma oscillations in primary motor cortex[END_REF]. Rhythmic activities are important aspects of M1 physiology as beta oscillations entrain local neurons' activity [START_REF] Murthy | Synchronization of neurons during local field potential oscillations in sensorimotor cortex of awake monkeys[END_REF], influence corticospinal excitability [START_REF] Torrecillos | Motor cortex inputs at the optimum phase of beta cortical oscillations undergo more rapid and less variable corticospinal propagation[END_REF] and contribute to the frequencies in muscle [START_REF] Conway | Synchronization between motor cortex and spinal motoneuronal pool during the performance of a maintained motor task in man[END_REF][START_REF] Halliday | Using electroencephalography to study functional coupling between cortical activity and electromyograms during voluntary contractions in humans[END_REF] whereas gamma-frequency is associated with movement initiation and is therefore considered prokinetic [START_REF] Joundi | Driving oscillatory activity in the human cortex enhances motor performance[END_REF].

Altogether, these observations highlight the undebatable but complex roles of the primary motor cortex in motor control, motor learning, and movement generation.

THE THALAMUS

The anatomy and the role in motor control of two thalamic nuclei of interest will be detailed here below: the ventroanterior-ventrolateral complex (VAL) and the parafascicular nucleus (PF) of the thalamus.

The ventroanterior-ventrolateral complex: Part of the motor thalamus

The motor thalamus comprises several nuclei, including a ventral lateral, a ventral anterior, and a ventral medial (VM) parts, that are highly conserved across vertebrates (reviewed in [START_REF] Bosch-Bouju | Motor thalamus integration of cortical, cerebellar and basal ganglia information: implications for normal and parkinsonian conditions[END_REF]). In rodents, the anatomical distinction between the ventral anterior and the ventral lateral regions of the motor thalamus is blurry and will be therefore considered as a whole and referred as VAL complex. It is noteworthy however, that some studies have identified molecular markers enabling some distinction between the two regions based on their afferents [START_REF] Kuramoto | Complementary distribution of glutamatergic cerebellar and GABAergic basal ganglia afferents to the rat motor thalamic nuclei[END_REF][START_REF] Nakamura | Temporal coupling with cortex distinguishes spontaneous neuronal activities in identified basal ganglia-recipient and cerebellar-recipient zones of the motor thalamus[END_REF]. Indeed, there are two functional subdivisions in the motor thalamus, with very little overlap: one region receives only projections from the basal ganglia and another one is the Figure2: Functional connectivity and synaptic organization of inputs onto the motor thalamus A. Upper motor circuits involving the motor thalamus. Descending pathways from the primary motor cortex (M1) originating in L5 pyramidal tract (PT-type, darker blue) neurons, send axons collaterals to the basal ganglia (BG), pontine nuclei, and to the thalamus. Alternatively, intratelencephalic neurons (IT-type, lighter blue) in M1 project to the ipsi-and contralateral striatum in the BG. SNr/GPi, the output nuclei of the basal ganglia (red) and the DCN, the output nuclei of the cerebellum (purple) send projections to the motor thalamus and form two major loops that project back to the motor cortex. The position of arrows arriving in M1 indicate the proposed laminae targeted by loops (L2/3, L5A, and L5B). Adapted from Papale and Hooks, 2018 B. Schematic of neuronal axons in motor thalamus (yellow) in the BG-recipient region (orange background) and cerebellum-recipient area (purple background) of the motor thalamus. Cortical afferents from layer 6 (light blue) and layer 5 (dark blue) innervate somatic and perisomatic areas and distal dendrites, respectively. BG afferents (red) innervate somatic and perisomatic regions of motor thalamus axons and form multiple synapses (inset) whereas cerebellar afferents (purple) contact primary dendrites of motor thalamic neurons, each in their own territories. From Bosch-Bouju, Hyland, and Parr-Brownlie, 2013 Abbreviations: CB: cerebellum; DCN: deep cerebellar nuclei; SNr: substantia nigra pars reticulata; GPi: globus palludis pars internus; VAL: ventroanterior-ventrolateral complex of the motor thalamus; VM: ventromedial nucleus of the motor thalamus; Mthal: motor thalamus.

target of cerebellar afferents. Moreover, the motor thalamus, including VAL, is tightly interconnected with the cerebral cortex, therefore occupying a strategical and central place in motor circuits (Figure 2A). Indeed, in rodents, all neurons in the motor thalamus are glutamatergic [START_REF] Arai | Distribution of calretinin, calbindin-D28k, and parvalbumin in the rat thalamus[END_REF] and send excitatory reciprocal and nonreciprocal projections to pyramidal neurons in L1, L2/3, and L5 of the cerebral cortex [START_REF] Mcfarland | Thalamic relay nuclei of the basal ganglia form both reciprocal and nonreciprocal cortical connections, linking multiple frontal cortical areas[END_REF][START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF]. The output nuclei of BG, the substantia nigra pars reticulata (SNr) and the globus pallidus pars internus (GPi) or entopeduncular nucleus in rodents, send inhibitory projections to the rostroventral region of VAL and VM, forming the BGterritory of the motor thalamus, whereas the output nuclei of the cerebellum, the deep cerebellar nuclei (DCN), send excitatory projections to the caudodorsal region of VAL, constituting the cerebellar-recipient region of the motor thalamus [START_REF] Yamamoto | Electrophysiological and morphological studies on thalamic neurons receiving entopedunculo-and cerebello-thalamic projections in the cat[END_REF][START_REF] Sakai | Comparison of cerebellothalamic and pallidothalamic projections in the monkey (Macaca fuscata): a double anterograde labeling study[END_REF][START_REF] Kuramoto | Complementary distribution of glutamatergic cerebellar and GABAergic basal ganglia afferents to the rat motor thalamic nuclei[END_REF]. There is little convergence between the two territories [START_REF] Yamamoto | Electrophysiological and morphological studies on thalamic neurons receiving entopedunculo-and cerebello-thalamic projections in the cat[END_REF][START_REF] Sakai | Comparison of cerebellothalamic and pallidothalamic projections in the monkey (Macaca fuscata): a double anterograde labeling study[END_REF] (Figure 2A). In addition, neurons in the motor thalamus receive massive inputs from motor and non-motor cortical regions, with projections coming from L5 and L6 pyramidal neurons in the motor cortex [START_REF] Kakei | Thalamic terminal morphology and distribution of single corticothalamic axons originating from layers 5 and 6 of the cat motor cortex[END_REF][START_REF] Kultas-Ilinsky | Reevaluation of the primary motor cortex connections with the thalamus in primates[END_REF]. Interestingly, BG inputs form giant multiple synapses concentrated on proximal dendrites and somata onto VAL neurons [START_REF] Sakai | Nigrothalamic projections and Nigrothalamocortical Pathway to the Medial Agranular Cortex in the Rat : Single-and Double-Labeling Light and Electron Microscopic Studies[END_REF]) (Figure 2B), suggesting an important role of BG in the regulation of VAL activity. VAL also receives major inputs from bilateral reticular thalamic nucleus [START_REF] Hazrati | Contralateral pallidothalamic and pallidotegmental projections in primates: an anterograde and retrograde labeling study[END_REF], and to a lesser extent, from the pedunculopontine nucleus [START_REF] Steriade | Projections of cholinergic and non-cholinergic neurons of the brainstem core to relay and associational thalamic nuclei in the cat and macaque monkey[END_REF]. Insight into the role of the motor thalamus in motor control comes from studies performed on experimental animals observing alterations in motor behavior, such as catalepsy, muscular rigidity and postural imbalance, after lesions or inhibition of the motor thalamus [START_REF] Wüllner | Behavioral actions of baclofen in the rat ventromedial thalamic nucleus: antagonism by delta-aminovalerate[END_REF][START_REF] Jeljeli | Effects of ventrolateral-ventromedial thalamic lesions on motor coordination and spatial orientation in rats[END_REF]. The activity of neurons in the motor thalamus is modulated during movement, mainly with an increased activity but more complex patterns are also observed [START_REF] Anderson | Activity of neurons in cerebellar-receiving and pallidalreceiving areas of the thalamus of the behaving monkey[END_REF][START_REF] Nambu | Movement-related activity of thalamic neurons with input from the globus pallidus and projection to the motor cortex in the monkey[END_REF].

As for the motor cortex, some movement parameters are encoded into neurons of the motor thalamus, such as movement duration and velocity but not force [START_REF] Butler | The relationship between monkey ventrolateral thalamic nucleus activity and kinematic parameters of wrist movement[END_REF][START_REF] Ivanusic | Cerebellar thalamic activity in the macaque monkey encodes the duration but not the force or velocity of wrist movement[END_REF]. Modulations in the activity of neurons of the motor thalamus are also reported at the onset of movements [START_REF] Anderson | Activity of neurons in cerebellar-receiving and pallidalreceiving areas of the thalamus of the behaving monkey[END_REF][START_REF] Ivanusic | Cerebellar thalamic activity in the macaque monkey encodes the duration but not the force or velocity of wrist movement[END_REF]. However, given the many motor afferences from BG, Cb, and motor cortical areas that the motor thalamus receives, its exact role(s) in motor control is probably highly complex and remains unclear and still debated (Bosch-Bouju, [START_REF] Bosch-Bouju | Motor thalamus integration of cortical, cerebellar and basal ganglia information: implications for normal and parkinsonian conditions[END_REF].

The parafascicular nucleus

The lamina of the thalamus contains several nuclei called intralaminar nuclei (Figure 3A), that In mangenta, the central part of PF (cPF) forms associative loops with the cerebral cortex and Str (middle). In blue, mPF forms limbic loops with the cerebral cortex and Str (right).

Adapted from Mandelbaum et al. 2019

Abbreviations: CL: centrolateral nucleus of the thalamus, PC: paracentral nucleus of the thalamus PF also sends massive projections to L1, the border of L3-L4, L5, and L6 of the cerebral cortex [START_REF] Kaufman | Efferent projections of the thalamic intralaminar nuclei in the cat[END_REF][START_REF] Smith | Differential connections of caudate nucleus and putamen in the squirrel monkey (Saimiri sciureus)[END_REF][START_REF] Deschênes | Striatal and cortical projections of single neurons from the central lateral thalamic nucleus in the rat[END_REF], also displaying a topographical organization [START_REF] Stepniewska | Thalamic Connections of the Primary Motor Cortex ( Ml ) of Owl Monkeys[END_REF][START_REF] Vercelli | Anatomical organization of the telencephalic connections of the parafascicular nucleus in adult and developing rats[END_REF]Mandelbaum et al., 2019) (Figure 3C). The same neuron in PF is able to project to different areas in the cerebral cortex, suggesting a coordinator role of PF [START_REF] Kaufman | Efferent projections of the thalamic intralaminar nuclei in the cat[END_REF]. Reciprocally, L5 and L6 of the cerebral cortex send massive excitatory projections to PF [START_REF] Cornwall | Afferent projections to the parafascicular thalamic nucleus of the rat, as shown by the retrograde transport of wheat germ agglutinin[END_REF] forming closed, topographically-organized, cortico-thalamo-striatal loops (Mandelbaum et al., 2019) (Figure 3C). Recent findings have

shown that the cerebellum also sends excitatory projections to PF [START_REF] Xiao | Regulation of striatal cells and goal-directed behavior by cerebellar outputs[END_REF]. In addition, numerous subcortical structures also project to PF, including the globus pallidus, the substantia nigra, the zona incerta, the amygdala, the raphe nucleus, the locus coeruleus, and the spinal cord [START_REF] Royce | Subcortical projections to the centromedian and parafascicular thalamic nuclei in the cat[END_REF][START_REF] Nakamura | The parafascicular nucleus relays spinal inputs to the striatum: An electron microscope study in the rat[END_REF].

Given the massive inputs and outputs to and from PF with association-, limbic-, and motorrelated areas within the brain, it suggests that PF may exert many different role(s), however its exact functions remain poorly understood. Early reports mostly associated PF activity with more cognitive tasks (reviewed in (Van der Werf, [START_REF] Van Der Werf | The intralaminar and midline nuclei of the thalamus. Anatomical and functional evidence for participation in processes of arousal and awareness[END_REF]), such as attention [START_REF] Minamimoto | Participation of the thalamic CM-Pf complex in attentional orienting[END_REF], and arousal [START_REF] Kinomura | Activation by attention of the human reticular formation and thalamic intralaminar nuclei[END_REF] as well as sensory processing, including visual and auditory stimuli, independently of reward association (Matsumoto, Minamimoto, Ann M. Graybiel, et al., 2001). Specific projections from PF to the striatum have been implicated in behavioral flexibility necessary for action selection [START_REF] Brown | The parafascicular thalamic nucleus concomitantly influences behavioral flexibility and dorsomedial striatal acetylcholine output in rats[END_REF][START_REF] Kato | Selective neural pathway targeting reveals key roles of thalamostriatal projection in the control of visual discrimination[END_REF][START_REF] Bradfield | Thalamic control of dorsomedial striatum regulates internal state to guide goal-directed action selection[END_REF]. However, based on neuronal cell loss in PF in both Parkinson's disease [START_REF] Henderson | Degeneration of the centré median-parafascicular complex in Parkinson's disease[END_REF] and Huntington disease [START_REF] Heinsen | Nerve cell loss in the thalamic centromedian-parafascicular complex in patients with Huntington's disease[END_REF], two major motor-related diseases, more recent studies suggested a more direct role of PF in motor behaviors [START_REF] Parker | Pathway-Specific Remodeling of Thalamostriatal Synapses in Parkinsonian Mice[END_REF]Mandelbaum et al., 2019;[START_REF] Tanimura | Cholinergic Interneurons Amplify Thalamostriatal Excitation of Striatal Indirect Pathway Neurons in Parkinson's Disease Models[END_REF] (See also Chapter II: Beyond the basal ganglia: Involvement of other important playersthe parafascicular nucleus of the thalamus).

THE BASAL GANGLIA

"The basal ganglia have all the clarity of a dark basement" -Kinnear-Wilson

The basal ganglia (BG) system refers to a group of subcortical nuclei (Figure 4A), which are tightly interconnected between them as well as to the entire cerebral cortex [START_REF] Kemp | The cortico-striate projection in the monkey[END_REF][START_REF] Hintiryan | The mouse cortico-striatal projectome[END_REF][START_REF] Hooks | Topographic precision in sensory and motor corticostriatal projections varies across cell type and cortical area[END_REF], several nuclei of the thalamus, especially intralaminar and ventroanterior-ventrolateral complexes of the thalamus Figure4: The basal ganglia system and cortical-basal ganglia-thalamo-cortical loops A. Top left: Schematic of the spatial position of the basal ganglia system in a human brain.

Bottom: Schematic representation of the basal ganglia system comprising several nuclei in a coronal section of a human brain as well as the thalamus and the internal capsule. B. Topographical and functional organization of the cortical-basal ganglia-thalamo-cortical loops: the motor loop (red) through the posterior striatum (putamen + caudate); the associative loop (green) through the anterior striatum; and limbic loop (blue) through the ventral striatum. Adapted from Obeso et al. 2014 Abbreviation: GPe: globus pallidus pars externus; GPi: globus pallidus pars internus; STN: subthalamic nucleus; VAL: ventroanterior-ventrolateral complex of the thalamus; PF: parafascicular nucleus of the thalamus [START_REF] Anderson | Axonal branching patterns and location of nigrothalamic and nigrocollicular neurons in the cat[END_REF][START_REF] François | A topographic study of the course of nigral axons and of the distribution of pallidal axonal endings in the centre médian-parafascicular complex of macaques[END_REF][START_REF] Deniau | The lamellar organization of the rat substantia nigra pars reticulata: distribution of projection neurons[END_REF][START_REF] Sakai | Comparison of cerebellothalamic and pallidothalamic projections in the monkey (Macaca fuscata): a double anterograde labeling study[END_REF] and the brainstem (reviewed in [START_REF] Takakusaki | Role of basal ganglia -brainstem pathways in the control of motor behaviors[END_REF]). In addition, the cerebral cortex projects massively to BG forming the so-called cortico-basal gangliathalamo-cortical closed loops. Actually, the cortex, BG, and the thalamus form several anatomo-functionnal segregated loops that are topographically-organized [START_REF] Alexander | Parallel Organization of Functionally Segregated Circuits Linking Basal Ganglia and Cortex[END_REF][START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF]Mandelbaum et al., 2019) (Figure 4B). It is one of the most evolutionary conserved brain circuits with its basic anatomy and connectivity preserved from lamprey to human [START_REF] Reiner | Structural and functional evolution of the basal ganglia in vertebrates[END_REF][START_REF] Stephenson-Jones | Evolution of the basal ganglia: dual-output pathways conserved throughout vertebrate phylogeny[END_REF]. Individual nuclei of BG can be categorized into input, output, or intrinsic nuclei.

BG are typically involved in motor control (reviewed in [START_REF] Mink | The basal ganglia: focused selection and inhibition of competing motor programs[END_REF][START_REF] Groenewegen | The basal ganglia and motor control[END_REF]) and motor learning (reviewed in [START_REF] Graybiel | The basal ganglia: Learning new tricks and loving it[END_REF]) as well as in decision-making ( [START_REF] Ding | The basal ganglia's contributions to perceptual decision-making[END_REF]), reward and reinforcement (reviewed in (Kravitz and Kreitzer, 2012)), and short-term memory [START_REF] Wang | A cortico-basal ganglia-thalamo-cortical channel underlying short-term memory Article A cortico-basal ganglia-thalamo-cortical channel underlying short-term memory[END_REF]. Its functional neuroanatomy will quickly be reviewed before overviewing its role(s) in motor control.

The striatum

The striatum (ST) is the largest subcortical structure in the mammalian brain and constitutes the main input nucleus of the BG system (Figure 4B). It is an heterogenous structure, considered as one of the most important integrative subcortical structures as it receives massive afferents from almost the entire cerebral cortex and several nuclei of the thalamus as well as midbrain nuclei and transmit this integrated information to all the other nuclei of BG.

Depending on the origin of the cortical and thalamic afferents, the striatum is segregated into several anatomo-functionnal territories that cannot always be anatomically distinguished (Figure 4B). The striatum can be segregated into a dorsal part, the dorsal striatum and a ventral part, the nucleus accumbens (NAc) (Figure 5). The dorsal striatum is anatomically separated into the caudate and the putamen in primates whereas it constitutes one entity in rodents, with however a medial part, the mediodorsal striatum (DMS) and a lateral part, the dorsolateral striatum (DLS) (reviewed in [START_REF] Voorn | Putting a spin on the dorsal-ventral divide of the striatum[END_REF])) (Figure 5), receiving different cortical and thalamic inputs and involved in different aspects of motor control (reviewed in [START_REF] Graybiel | The striatum: where skills and habits meet[END_REF][START_REF] Bonnavion | It takes two to tango: Dorsal direct and indirect pathways orchestration of motor learning and behavioral flexibility[END_REF]).

Cytoarchitecture

The striatum is composed of several distinct neuronal populations distributed into two different types: projections neurons and interneurons.

Projection neurons, also called striatofugal neurons based on their outputs or medium spiny neurons (MSNs) based on their morphology, represent almost 95% of the total striatal neurons and Young, 1988). Moreover, the two populations of projection neurons form two distinct pathways: the direct and the indirect pathway (Figure 5) (See Section 1.4.1.2 The basal ganglia microcircuitry: Direct and indirect pathways). The remaining 5% of striatal neurons contains several classes of local-circuit interneurons [START_REF] Graveland | The frequency and distribution of medium-sized neurons with indented nuclei in the primate and rodent neostriatum[END_REF] that can be segregated into four groups based on their neurochemical profiles and morphological and electrophysiological characteristics (reviewed in [START_REF] Tepper | Heterogeneity and diversity of striatal GABAergic interneurons[END_REF][START_REF] Tepper | Heterogeneity and Diversity of Striatal GABAergic Interneurons : Update 2018[END_REF]). The most prominent class of interneurons consists of large aspiny cholinergic interneurons (ChIs) that use acetylcholine as a neurotransmitter, also referred as tonically-active neurons based on their constant firing pattern. Besides ChIs, the three other types of interneurons are GABAergic interneurons: PV + also called fast-spiking interneurons, CR + interneurons, and STT + /neuropeptide Y + (NPY)/nitrergic interneurons also known as plateau-depolarization lowthreshold spiking ((P)LTS) interneurons. ChIs and PV + interneurons modulate the activity of the two populations of MSNs and they are the targets of CR + and STT + /NPY + /nitrergic interneurons, forming a complex striatal microcircuitry (reviewed in [START_REF] Lanciego | Functional neuroanatomy of the basal ganglia[END_REF]). Moreover, a novel tyrosine-hydroxylase (TH)-expressing class of interneurons has been described [START_REF] Tepper | Heterogeneity and Diversity of Striatal GABAergic Interneurons : Update 2018[END_REF].

The basal ganglia microcircuitry: Direct and indirect pathways

Each loop involving the striatum is composed of two distinct parallel pathways originating from the two striatal populations of projection neurons (C R Gerfen and Young, 1988;[START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF][START_REF] Smith | Microcircuitry of the direct and indirect pathways of the basal ganglia[END_REF][START_REF] Calabresi | Direct and indirect pathways of basal ganglia: a critical reappraisal[END_REF] (Figure 5).

D1-MSNs or dMSNs, also called striatonigral neurons, form the so-called direct pathway as they project directly to the two output nuclei of the basal ganglia: the globus pallidus pars internus (GPi) and the substantia nigra pars compacta (SNr), that both project in turn to the thalamus [START_REF] Yamamoto | Electrophysiological and morphological studies on thalamic neurons receiving entopedunculo-and cerebello-thalamic projections in the cat[END_REF][START_REF] François | A topographic study of the course of nigral axons and of the distribution of pallidal axonal endings in the centre médian-parafascicular complex of macaques[END_REF][START_REF] Sakai | Comparison of cerebellothalamic and pallidothalamic projections in the monkey (Macaca fuscata): a double anterograde labeling study[END_REF][START_REF] Sakai | Nigrothalamic projections and Nigrothalamocortical Pathway to the Medial Agranular Cortex in the Rat : Single-and Double-Labeling Light and Electron Microscopic Studies[END_REF][START_REF] Kuramoto | Complementary distribution of glutamatergic cerebellar and GABAergic basal ganglia afferents to the rat motor thalamic nuclei[END_REF]. As all projections in this pathway are inhibitory, the activation of the direct pathway results in the disinhibition of the thalamus. On the contrary, D2-MSNs or iMSNs, also known as striatopallidal neurons, form the so-called indirect pathway as they project to GPi/SNr nuclei through two intrinsic nuclei: the globus pallidus pars externus (GPe) and the subthalamic nucleus (STN), acting as important connecting centers between the input and the output nuclei (Figure 5). It is noteworthy that STN is the only excitatory nucleus in BG [START_REF] Smith | Neurons of the subthalamic nucleus in primates display glutamate but not GABA immunoreactivity[END_REF] and is also considered as an input station as it receives direct projections from motor cortices, forming the hyperdirect pathway [START_REF] Monakow | Projections of the precentral motor cortex and other cortical areas of the frontal lobe to the subthalamic nucleus in the monkey[END_REF][START_REF] Kitai | Cortical inputs to the subthalamus: intracellular analysis[END_REF][START_REF] Nambu | Functional significance of the cortico-subthalamopallidal "hyperdirect" pathway[END_REF][START_REF] Kita | The Subthalamic Nucleus Is One of Multiple Innervation Sites for Long-Range Corticofugal Axons : A Single-Axon Tracing Study in the Rat[END_REF]) (Figure 5). Therefore, with three inhibitory and one excitatory projections, the activation of the indirect pathway leads the inhibition of the thalamus.

Those two striatal parallel pathways thus exert opposite action on the targets of GPi/SNr (Roger L. [START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF][START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF].

Further, dopaminergic (DA) projections from spontaneously active neurons in the substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA) massively innervate the striatum (Figure 5). SNc mainly projects to the dorsal portion of the striatum, while VTA innervates the ventral striatum [START_REF] Bentivoglio | Chapter I The organization and circuits of mesencephalic dopaminergic neurons and the distribution of dopamine receptors in the brain[END_REF] (Figure 5). It is noteworthy that even though the direct and indirect pathways were first described in the dorsal striatum, similar pathways exist in the ventral striatum. Indeed, neurons of the direct pathway directly innervate SNc/VTA nuclei, which constitute the output nuclei of the ventral circuitry. The indirect pathway projects to SNc/VTA nuclei via the ventral pallidum and STN. However, the distinction between the two pathways is less clear than in the dorsal striatum [START_REF] Kupchik | Coding the direct/indirect pathways by D1 and D2 receptors is not valid for accumbens projections[END_REF].

Last but not least, as MSNs of the direct and indirect pathways express different subtypes of dopamine receptors (DAR), the dense dopaminergic innervation onto these two striatal populations exerts opposite effects [START_REF] Robertson | D1 and D2 dopamine receptors differentially regulate c-fos expression in striatonigral and striatopallidal neurons[END_REF]) (for review [START_REF] Gerfen | Modulation of striatal projection systems by dopamine[END_REF]). Succinctly, D1-like receptors, including D1R and DAR subtype 5 (D5R), stimulate Gαs and Gαolf proteins, leading to the activation of adenylyl cyclase that increases intracellular levels of cyclic adenosine monophosphate (cAMP) and in turn activates protein kinase A (PKA). Through the activation of many downstream targets, including transcription factors, voltage-dependent ion channels, and glutamate receptors, PKA activation ultimately leads to an increase in excitability. On the contrary, D2-like receptors, including D2R, DAR subtype 3 (D3R), and DAR subtype 4 (D4R), are coupled to Gαi/o proteins that inhibit adenylyl cyclase, leading to a decrease in excitability. Therefore, the activation by dopamine of D1R expressed onto striatonigral neurons activates the direct pathway whereas dopamine acting on D2R expressed onto striatopallidal neurons inhibits the indirect pathway.

These features constitute the basis of the Classical Model of basal ganglia function and dysfunction (Roger L. [START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF].

Connectivity beyond the basal ganglia

Cortical afferences

The entire striatum receives topographically-organized excitatory cortical afferences from almost all areas of the cerebral cortex [START_REF] Kemp | The cortico-striate projection in the monkey[END_REF][START_REF] Hintiryan | The mouse cortico-striatal projectome[END_REF][START_REF] Hooks | Topographic precision in sensory and motor corticostriatal projections varies across cell type and cortical area[END_REF]. Both ipsilateral and contralateral cortices send glutamatergic projections, mostly from L3 and L5, and form asymmetric contacts with dendritic spines of striatal MSNs [START_REF] Smith | The neural network of the basal ganglia as revealed by the study of synaptic connections of identified neurones[END_REF][START_REF] Smith | Synaptic relationships between dopaminergic afferents and cortical or thalamic input in the sensorimotor territory of the striatum in monkey[END_REF]. In L5, the two types of pyramidal cells innervate striatal neurons with a higher topographic organization for IT neurons than PT neurons [START_REF] Hooks | Topographic precision in sensory and motor corticostriatal projections varies across cell type and cortical area[END_REF]. Interestingly, the somatotopic organization from sensory cortices is more precise than for motor cortices [START_REF] Hooks | Topographic precision in sensory and motor corticostriatal projections varies across cell type and cortical area[END_REF]. The homogeneity of cortical afferences onto the two populations of MSNs is, however, still in debate. Some suggest a differential cortical innervation between neurons of the direct and indirect pathways, with sensory and limbic cortices preferentially innervating neurons of the direct pathway, whereas motor cortex preferentially targeting neurons of the indirect pathway [START_REF] Wall | Differential innervation of direct-and indirect-pathway striatal projection neurons[END_REF], however, this observation has been challenged by others, finding no difference in cortical innervation between the two pathways [START_REF] Doig | Cortical and thalamic innervation of direct and indirect pathway medium-sized spiny neurons in mouse striatum[END_REF].

Cortical inputs are widely considered to be the dominant driver of MSNs activity, however, cortical afferents also target striatal interneurons [START_REF] Johansson | The Functional Organization of Cortical and Thalamic Inputs onto Five Types of Striatal Neurons Is Determined by Source and Target Cell Identities Article The Functional Organization of Cortical and Thalamic Inputs onto Five Types of Striatal Neurons Is D[END_REF], including PV + [START_REF] Ramanathan | Synaptic Convergence of Motor and Somatosensory Cortical Afferents onto GABAergic Interneurons in the Rat Striatum[END_REF] and ChIs interneurons [START_REF] Reynolds | The corticostriatal input to giant aspiny interneurons in the rat : a candidate pathway for synchronising the response to reward-related cues[END_REF][START_REF] Doig | Cortical and Thalamic Excitation Mediate the Multiphasic Responses of Striatal Cholinergic Interneurons to Motivationally Salient Stimuli[END_REF][START_REF] Guo | Whole-Brain Mapping of Inputs to Projection Neurons and Cholinergic Interneurons in the Dorsal Striatum[END_REF], either directly or through collaterals connecting MSNs, suggesting that cortical inputs can also regulate the activity of interneurons that in turn regulate the activity of MSNs.

Thalamic afferences

Excitatory projections from the thalamus represent another massive type of excitatory projections to the striatum [START_REF] Parent | The subcortical afferents to caudate nucleus and putamen in primate: a fluorescence retrograde double labeling study[END_REF]. Many thalamic nuclei project to the striatum, including the paracentral, the mediodorsal, VAL, and CL nuclei [START_REF] Smith | Differential connections of caudate nucleus and putamen in the squirrel monkey (Saimiri sciureus)[END_REF][START_REF] Groenewegen | The specificity of the "nonspecific" midline and intralaminar thalamic nuclei[END_REF][START_REF] Smith | The thalamostriatal system: a highly specific network of the basal ganglia circuitry[END_REF][START_REF] Smith | The thalamostriatal systems: Anatomical and functional organization in normal and parkinsonian states[END_REF], however, PF remains the most prominent source of thalamostriatal projections in non-human primates and rodents [START_REF] Smith | Differential connections of caudate nucleus and putamen in the squirrel monkey (Saimiri sciureus)[END_REF][START_REF] Berendse | Organization of the thalamostriatal projections in the rat, with special emphasis on the ventral striatum[END_REF][START_REF] Sadikot | Efferent connections of the centromedian and parafascicular thalamic nuclei in the squirrel monkey: a PHA-L study of subcortical projections[END_REF][START_REF] Deschênes | Striatal and cortical projections of single neurons from the central lateral thalamic nucleus in the rat[END_REF][START_REF] Mcfarland | Thalamic relay nuclei of the basal ganglia form both reciprocal and nonreciprocal cortical connections, linking multiple frontal cortical areas[END_REF]Mandelbaum et al., 2019). Intralaminar nuclei, including PF, project to almost every nuclei in the basal ganglia [START_REF] Royce | Efferent connections of the centromedian and parafascicular thalamic nuclei: an autoradiographic investigation in the cat[END_REF]. Contrarily to cortical afferences, consensus is reached in rodents concerning a similar innervation of neurons of the direct and indirect pathways by thalamic afferents [START_REF] Doig | Cortical and thalamic innervation of direct and indirect pathway medium-sized spiny neurons in mouse striatum[END_REF][START_REF] Wall | Differential innervation of direct-and indirect-pathway striatal projection neurons[END_REF] where they form asymmetric synapses predominantly with dendritic shafts of MSNs [START_REF] Xu | Restoration of thalamostriatal projections in rat neostriatal grafts: an electron microscopic analysis[END_REF][START_REF] Smith | Synaptic relationships between dopaminergic afferents and cortical or thalamic input in the sensorimotor territory of the striatum in monkey[END_REF]. Stimulations of PF terminals onto MSNs induce small amplitude responses and short-term depression [START_REF] Ellender | Heterogeneous properties of central lateral and parafascicular thalamic synapses in the striatum[END_REF]. Moreover, cortical and thalamic inputs can converge onto a single direct or indirect pathway MSN in rodents (Huerta-Ocampo, Mena- [START_REF] Huerta-Ocampo | Convergence of cortical and thalamic input to direct and indirect pathway medium spiny neurons in the striatum[END_REF]. Conversely, the same thalamic neuron can project to both the motor cortex and the striatum [START_REF] Deschênes | Striatal and cortical projections of single neurons from the central lateral thalamic nucleus in the rat[END_REF].

Thalamic afferents also tightly interact with striatal cholinergic interneurons [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] Consolo | ROLE OF THE PARAFASCICULAR THALAMIC NUCLEUS AND N-METHYL-D-ASPARTATE TRANSMISSION IN THE D1-DEPENDENT CONTROL OF IN VIVO ACETYLCHOLINE RELEASE IN RAT STRIATUM[END_REF]. Single-pulse thalamic stimulation led to short-latency spiking in ChIs, but firing probability increased with prolonged stimulations [START_REF] Doig | Cortical and Thalamic Excitation Mediate the Multiphasic Responses of Striatal Cholinergic Interneurons to Motivationally Salient Stimuli[END_REF].

Moreover, thalamostriatal activation can induce bursts of spikes in ChIs that was followed by a relatively long pause leading to a transient suppression of cortical inputs onto MSNs, therefore gating cortical transmission [START_REF] Ding | Thalamic gating of corticostriatal signaling by cholinergic interneurons[END_REF]. Conversely, ChIs seem to play a role in the thalamostriatal transmission as it amplifies thalamostriatal excitation onto iMSNs in parkinsonian mice [START_REF] Tanimura | Cholinergic Interneurons Amplify Thalamostriatal Excitation of Striatal Indirect Pathway Neurons in Parkinson's Disease Models[END_REF].

Dopaminergic afferences

As already mentioned above, dopaminergic afferents widely innervate the striatum [START_REF] Parent | The subcortical afferents to caudate nucleus and putamen in primate: a fluorescence retrograde double labeling study[END_REF]) and play a crucial role in basal ganglia functions by modulating the activity of neurons of both the direct and indirect pathways [START_REF] Gerfen | Modulation of striatal projection systems by dopamine[END_REF].

Striatal dopaminergic afferents mainly stem from SNc or A10, mostly projecting to the dorsal striatum [START_REF] Moore | Anatomical and chemical studies of a nigroneostriatal projection in the cat[END_REF][START_REF] Beckstead | CONVERGENT PREFRONTAL AND NIGRAL PROJECTIONS TO THE[END_REF][START_REF] Royce | Efferent connections of the centromedian and parafascicular thalamic nuclei: an autoradiographic investigation in the cat[END_REF] and VTA or A9, predominantly innervating the ventral region of the striatum, and to a lesser extend to the dorsal striatum [START_REF] Beckstead | CONVERGENT PREFRONTAL AND NIGRAL PROJECTIONS TO THE[END_REF]. The main interest of this thesis will focus on the nigrostriatal pathway, from the SNc to the striatum. Dopaminergic afferences form symmetric synapses mostly with dendritic shafts, but also with spines and soma [START_REF] Smith | Synaptic relationships between dopaminergic afferents and cortical or thalamic input in the sensorimotor territory of the striatum in monkey[END_REF].

Moreover, SNc sends dopaminergic terminals to other nuclei in the basal ganglia, including STN [START_REF] Hassani | Evidence for a dopaminergic innervation of the subthalamic nucleus in the rat[END_REF], GPi either directly [START_REF] Smith | Evidence for a distinct nigropallidal dopaminergic projection in the squirrel monkey[END_REF] or through collaterals [START_REF] Lindvall | Dopaminergic innervation of the globus pallidus by collaterals from the nigrostriatal pathway[END_REF], and GPe [START_REF] Gauthier | The axonal arborization of single nigrostriatal neurons in rats[END_REF]. Nigrostriatal axons target directly the striatum where they profusely branched [START_REF] Gauthier | The axonal arborization of single nigrostriatal neurons in rats[END_REF]. Reciprocally the dorsal striatum topographically project back to SNc whereas as the striatonigral projections from the ventral striatum are not organized, however, these projections do not overlap in SNc [START_REF] Parent | The subcortical afferents to caudate nucleus and putamen in primate: a fluorescence retrograde double labeling study[END_REF][START_REF] Lynd-Balta | Primate striatonigral projections: a comparison of the sensorimotor-related striatum and the ventral striatum[END_REF]. It is noteworthy that midbrain DA neurons are also able to co-release glutamate in the ventral striatum [START_REF] Stuber | Dopaminergic Terminals in the Nucleus Accumbens But Not the Dorsal Striatum Corelease Glutamate[END_REF] and GABA in the dorsal striatum [START_REF] Tritsch | Dopaminergic neurons inhibit striatal output via noncanonical release of GABA[END_REF] further adding depth to how the activity of midbrain dopamine neurons regulate BG activity.

Dopaminergic neurons also encode changes or errors in the prediction of reward and punishment [START_REF] Schultz | A neural substrate of prediction and reward[END_REF] (reviewed in (Kravitz and Kreitzer, 2012))

constituting the basis of the reinforcement learning rule of the basal ganglia, which is thought to act in concert with the unsupervised learning rule of the cerebral cortex for movement generation by selecting actions based on reward outcome (reviewed (K. Doya, 2000)) (Figure 6). Abbreviations: GPi: globus pallidus pars internus; SNr: substantia nigra pars reticulata; TD: temporal difference

Functional territories and their role in motor function

Excitatory afferences arriving within the striatum, from distinct cortical and thalamic areas, define different anatomo-functionnal territories topographically-segregated. Although the number of functional territories is highly debated due to a lack of anatomical segregation within the striatum [START_REF] Alexander | Parallel Organization of Functionally Segregated Circuits Linking Basal Ganglia and Cortex[END_REF][START_REF] Hintiryan | The mouse cortico-striatal projectome[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF][START_REF] Sugiyama | Subregion-Specific Regulation of Dopamine D1 Receptor Signaling in the Striatum : Implication for L-DOPA-Induced Dyskinesia[END_REF], three domains are commonly accepted: a sensorimotor, an associative, and a limbic territories, which approximately correspond to DLS, DMS, and ventral striatum, respectively (Figure 4B). Therefore, DLS receives mainly projection from sensory and motor cortical areas whereas DMS is the target of prefrontal and piriform cortices and prelimbic and limbic cortices project to the ventral striatum. Motor function is somatotopically-organized in the striatum: lesions of DLS produced the most deleterious effects on holding postures of the forelimbs, whereas lesions of the ventrolateral striatum maximally affected food biting, feeding efficiency, and food and water intake [START_REF] Pisa | Motor somatotopy in the striatum of rat" manipulation, biting and gait[END_REF][START_REF] Salamone | Ventrolateral striatal dopamine depletions impair feeding and food handling in rats[END_REF]. Similarly, a region-specific analysis between DMS and DLS has reflected preferential association in different types of abnormal movements [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Cenci | Transcription factors involved in the pathogenesis of L-DOPA-induced dyskinesia in a rat model of Parkinson ' s disease[END_REF]. This is of particular interest as readers will discover it in the next chapters, and an emphasized will be made on the orolingual somatotopy throughout the upper motor circuits.

Somatotopy at the scale of the cortical-basal ganglia-thalamo-cortical loops only begin to be addressed in mice [START_REF] Pan | Inputs to the dorsal striatum of the mouse reflect the parallel circuit architecture of the forebrain[END_REF], however, it was well studied in primates.

For example, the motor cortex of primates has been shown to project to the rostral putamen, which corresponds to the rostral dorsolateral striatum in rodents, whereas the premotor cortex projects to the rostral caudate, which corresponds to the rostral dorsomedial striatum [START_REF] Künzle | Bilateral projections from precentral motor cortex to the putamen and other parts of the basal ganglia. An autoradiographic study in Macaca fascicularis[END_REF].

Interestingly, DLS and DMS have been demonstrated to have different roles in motor function with DLS playing a particularly important role in the automatization of tasks and habit formation [START_REF] Yin | Lesions of dorsolateral striatum preserve outcome expectancy but disrupt habit formation in instrumental learning[END_REF] whereas DMS is crucial for the acquisition and expression of action-outcome associations (goal-directed) in instrumental conditioning [START_REF] Yin | The role of the dorsomedial striatum in instrumental conditioning[END_REF].

This shift from the associative domain, DMS, responsible for goal-directed learning to the sensorimotor domain, DLS, involved in habitual performance, meaning that the acquired behavior is insensitive to outcome devaluation (reviewed in [START_REF] Graybiel | The striatum: where skills and habits meet[END_REF]), has also been observed in humans during the learning of a motor sequence [START_REF] Lehéricy | Distinct basal ganglia territories are engaged in early and advanced motor sequence learning[END_REF].

These observations suggest that motor skills are stored in the sensorimotor motor domain of

BG.

Inside all these segregated cortico-basal ganglia-thalamo-cortical loops reside the two parallel direct and indirect pathways (Figure 5). As detailed above, these two pathways exert opposite actions onto the targets of the BG output nuclei and were therefore thought to have opposite actions on ongoing behavior (Roger L. [START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF]. A seminal study showed that optogenetic activation of the indirect pathway neurons induced parkinsonian-like state, including increased freezing, bradykinesia, and decreased locomotion initiation whereas optogenetic activation of the direct pathway neurons elicited increased locomotion and reduced freezing [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. In addition, the authors showed that activation of the direct pathway in parkinsonian mice led to a complete recovery of freezing, bradykinesia, and locomotor initiation deficits [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. Similarly, the ablation of neurons of the direct pathway were shown to inhibit exploration whereas the ablation of striatopallidal neurons of the indirect pathway simulated exploration [START_REF] Durieux | Differential regulation of motor control and response to dopaminergic drugs by D1R and D2R neurons in distinct dorsal striatum subregions[END_REF]. Moreover, in a genetic mouse model, the ablation of striatopallidal neurons in the entire dorsal striatum induced hyperlocomotion while it increased drug reinforcement in the ventral striatum [START_REF] Durieux | D2R striatopallidal neurons inhibit both locomotor and drug reward processes[END_REF]. These observations are consistent with the hypothesis that activation of the direct pathway promotes movements while activity of the indirect pathway inhibits movements. Moreover, stimulating D1-MSNs induced persistent reinforcement learning while the stimulation of D2-MSNs led to transient punishment [START_REF] Kravitz | Distinct roles for direct and indirect pathway striatal neurons in reinforcement[END_REF]. Although the hypothesis of a dual function of the striatal pathways constitute the fundamentals of the classical model of BG function, several studies have challenged this model suggesting concomitant activation of the two pathways during movements initiation and execution [START_REF] Cui | Concurrent activation of striatal direct and indirect pathways during action initiation[END_REF][START_REF] Tecuapetla | Balanced activity in basal ganglia projection pathways is critical for contraversive movements[END_REF][START_REF] Tecuapetla | Complementary Contributions of Striatal Projection Pathways to Action Initiation and Execution[END_REF].

THE CEREBELLUM

The cerebellum will be the last motor structure detailed in this thesis. It plays a central role in motor control, including motor coordination, control of gait and balance, and motor learning.

Cerebellar neuroanatomy

The cerebellum or "little brain", located at the caudal extremity of the brain (Figure 7A), is connected to the brainstem and the dorsal part of the brain through three bilateral pairs of tracts. Conventionally, the cerebellum is divided into two regions: a three-layered cerebellar cortex which corresponds to the cerebellar surface and is highly foliated (Figure 7B) and 4 bilateral pairs of deep cerebellar nuclei (DCN), which represent the output stage of the cerebellum and receive dense afferences from the cerebellar cortex (Figure 7B). 

The cerebellar cortex

The cerebellar cortex is subdivided into 3 layers, from external to internal: the molecular layer, the Purkinje cell (PC) layer, and the granular layer, surrounding a dense layer of white matter (Figure 7B). 1.5.1.1.1 The molecular layer

The most external layer of the cerebellar cortex is the molecular layer which contains the soma of only two types of interneurons, called molecular layer interneurons (MLIs) and comprising superficial stellate cells and deep basket cells (Figure 8A). These two classes of interneurons are both GABAergic and some authors suggested that the stellate and the basket cells form a continuum rather that belonging to two segregated populations [START_REF] Sultan | Quantitative Golgi Study of the Rat Cerebellar Molecular Layer Interneurons[END_REF]. MLIs receive hundreds of excitatory connections from granule cells, located in the third layer of the cerebellar cortex and inhibitory inputs from other surrounding MLIs (Lemkey- [START_REF] Lemkey-Johnston | Types and distribution of synapses upon basket and stellate cells of the mouse cerebellum: an electron microscopic study[END_REF]) and from PC collaterals (Lemkey- [START_REF] Lemkey-Johnston | Types and distribution of synapses upon basket and stellate cells of the mouse cerebellum: an electron microscopic study[END_REF][START_REF] Witter | Purkinje Cell Collaterals Enable Output Signals from the Cerebellar Cortex to Feed Back to Purkinje Cells and Interneurons[END_REF]. In addition, MLIs are able to synchronize by the means of electrical gap-junctions [START_REF] Mann-Metzer | Electrotonic coupling synchronizes interneuron activity in the cerebellar cortex[END_REF]. In turn, the main target of MLIs are PC on which they form inhibitory synapses on PC dendritic shafts and shape PC activity [START_REF] Brown | Molecular layer interneurons shape the spike activity of cerebellar Purkinje cells[END_REF]. 1.5.1.1.2 The Purkinje cell layer PC are aligned together in a single-layer fashion and occupy a central position in the cerebellar cortex as they constitute the sole output of the cerebellar cortex. PC are GABAergic projection neurons that target other neurons in the cerebellar cortex, in the cerebellar nuclei, and in the vestibular nuclei. They have a characteristic tree-shaped dendritic tree located in the molecular layer [START_REF] Voogd | The anatomy of the cerebellum[END_REF][START_REF] Nedelescu | Comparative morphology of dendritic arbors in populations of Purkinje cells in mouse sulcus and apex[END_REF] (Figure 8A). PC receive the two mains excitatory afferences of the cerebellum: the mossy fiber (MF) and the climbing fiber (CF) (Figure 8A).

MF carry different types of sensory and motor information from diverse origins, including several nuclei in the brainstem such as the pontine nuclei, the medulla, and the spinal cord, to the cerebellar cortex and the deep cerebellar nuclei. MF target PC indirectly as they first contact granule cells in the granular layer which in turn send excitatory projections to PC inducing "simple spike". Pontine nuclei are key structures in the cortico-cerebellar loops (See Section 1.6 Recurrent Loops: Upper Motor Circuits) and MF originating from the pontine nuclei, the pontocerebellar projections, are a major source of inputs to the cerebellum relaying sensorimotor and associative information from the cerebral cortex to multiple areas in the cerebellum [START_REF] Schmahmann | Anatomic organization of the basilar pontine projections from prefrontal cortices in rhesus monkey[END_REF][START_REF] Serapide | Coordinated and Spatial Upregulation of Arc in Striatonigral Neurons Correlates With L-Dopa-Induced Behavioral Sensitization in Dyskinetic Rats[END_REF][START_REF] Biswas | Divergent projections of single pontocerebellar axons to multiple cerebellar lobules in the mouse[END_REF]. CF originate from the inferior olive, located in the ventral part of the medulla. The inferior olive can be further subdivided in several nuclei which send topographically-organized projections to the cerebellar cortex constituting the anatomical basis for the modular organization of the cerebellum (See Section 1.5.2.2 Modular organization of the cerebellum) (reviewed in [START_REF] Hawkes | An anatomical model of cerebellar modules[END_REF]Apps and Garwicz, 2005)). CF send direct excitatory projections to PC and collaterals to neurons in the deep cerebellar nuclei. Each PC receives input from a single CF however, the connection is very powerful and induces "complex spike" activity in PC [START_REF] Eccles | The excitatory synaptic action of climbing fibres on the Purkinje cells of the cerebellum[END_REF] (Figure 8A). CF activity constitute a very important signal as they are considered as a "teaching signal" establishing the basis of the supervised learning rule of the cerebellum thought to promote gradual adaptation of movements and gating synaptic plasticity of PC synapses (reviewed in [START_REF] Raymond | Computational Principles of Supervised Learning in the Cerebellum[END_REF]).

PC target neurons in DCN as well as in the vestibular nuclei. In addition, PC send inhibitory projections to neurons in the cerebellar cortex, including other PC, MLIs, Lugaro cells [START_REF] Witter | Purkinje Cell Collaterals Enable Output Signals from the Cerebellar Cortex to Feed Back to Purkinje Cells and Interneurons[END_REF], and granule cells [START_REF] Guo | Purkinje Cells Directly Inhibit Granule Cells in Specialized Regions of the Cerebellar Cortex Purkinje Cells Directly Inhibit Granule Cells in Specialized Regions of the Cerebellar Cortex[END_REF] through collaterals in the parasagittal plane.

In addition to PC, the Bergmann Glia cells constitute the other type of cells in the PC layer.

They are specialized astrocytes that send projections in the parasagittal plane wrapping the PC dendrites and somas. Some suggested that they are actively involved in synaptic transmission (reviewed in [START_REF] De Zeeuw | Reappraisal of Bergmann glial cells as modulators of cerebellar circuit function[END_REF]). 1.5.1.1.3 The granular layer

The granular layer is mainly composed of granule cells (GC) which constitute the only excitatory neurons of the anterior cerebellum (Figure 8A). They are small, densely packed neurons that represent the major input stage of the cerebellar cortex, and the most numerous cells in the mouse brain. They receive massive afferences from mossy fibers containing different modalities [START_REF] Huang | Convergence of pontine and proprioceptive streams onto multimodal cerebellar granule cells[END_REF][START_REF] Chabrol | Synaptic diversity enables temporal coding of coincident multisensory inputs in single neurons[END_REF][START_REF] Powell | Synaptic representation of locomotion in single cerebellar granule cells[END_REF]. GC axons are particular and can be divided into 2 parts: the ascending axon which corresponds to the initial part of the GC axon, projecting vertically in the molecular layer, parallel to the PC dendritic tree, and forming numerous synapses with surrounding neurons, including PC [START_REF] Napper | Number of parallel fiber synapses on an individual Purkinje cell in the cerebellum of the rat[END_REF], Golgi cells [START_REF] Cesana | Granule cell ascending axon excitatory synapses onto Golgi cells implement a potent feedback circuit in the cerebellar granular layer[END_REF], and MLIs [START_REF] Sultan | Quantitative Golgi Study of the Rat Cerebellar Molecular Layer Interneurons[END_REF]. In the molecular layer, the ascending axon bifurcates into 2 branches in a T-shape fashion, called parallel fibers (Pf), therefore crossing PC dendritic tree and contacting PC, Golgi cells, and MLIs (Figure 8A). In rodents, a single PC can receive a very high number of Pf inputs (up to 175 000!) [START_REF] Napper | Number of parallel fiber synapses on an individual Purkinje cell in the cerebellum of the rat[END_REF], however, most of them have been described as silent synapses [START_REF] Ekerot | Parallel fibre receptive fields of Purkinje cells and interneurons are climbing fibre-specific[END_REF][START_REF] Isope | Properties of unitary granule cell-->Purkinje cell synapses in adult rat cerebellar slices[END_REF].

Besides GC, the granular layer also comprises different types of interneurons, all inhibitory:

the Golgi cells, the Lugaro cells, the Globular cell, and the unipolar brush cells. Golgi cells (Figure 8A) are inhibitory interneurons with basal dendrites receiving MF inputs and ascending GC axon [START_REF] Cesana | Granule cell ascending axon excitatory synapses onto Golgi cells implement a potent feedback circuit in the cerebellar granular layer[END_REF] and apical dendrites receiving Pf inputs in the molecular layer [START_REF] Dieudonné | Submillisecond kinetics and low efficacy of parallel fibre-Golgi cell synaptic currents in the rat cerebellum[END_REF]. Interestingly, they use either GABA or glycine or both as neurotransmitters and innervate GC [START_REF] Simat | Heterogeneity of Glycinergic and Gabaergic Interneurons in the Granule Cell Layer of Mouse Cerebellum[END_REF] and other Golgi cells [START_REF] Hull | Identification of an Inhibitory Circuit that Regulates Cerebellar Golgi Cell Activity[END_REF] but do not receive any connections from PC [START_REF] Witter | Purkinje Cell Collaterals Enable Output Signals from the Cerebellar Cortex to Feed Back to Purkinje Cells and Interneurons[END_REF] nor MLIs [START_REF] Hull | Identification of an Inhibitory Circuit that Regulates Cerebellar Golgi Cell Activity[END_REF]. Lugaro cells is another class of granular layer's interneurons that use a mixt a glycine and GABA as neurotransmitter [START_REF] Simat | Heterogeneity of Glycinergic and Gabaergic Interneurons in the Granule Cell Layer of Mouse Cerebellum[END_REF]. They receive inhibitory projections from PC as well as modulatory serotoninergic projections [START_REF] Dieudonné | Serotonin-driven long-range inhibitory connections in the cerebellar cortex[END_REF]. In turn, they target MLIs [START_REF] Simat | Heterogeneity of Glycinergic and Gabaergic Interneurons in the Granule Cell Layer of Mouse Cerebellum[END_REF], Golgi cells [START_REF] Dieudonné | Serotonin-driven long-range inhibitory connections in the cerebellar cortex[END_REF] and PC [START_REF] Dean | Serotonin drives a novel GABAergic synaptic current recorded in rat cerebellar Purkinje cells: A Lugaro cell to Purkinje cell synapse[END_REF]. As for Lugaro cells, globular cells receive inhibitory projections from PC and monoaminergic excitation [START_REF] Hirono | Cerebellar globular cells receive monoaminergic excitation and monosynaptic inhibition from purkinje cells[END_REF]. Finally, unipolar brush cells are, alongside with GC, the only excitatory neurons of the cerebellar cortex, and are only located in the posterior cerebellum [START_REF] Diño | Distribution of unipolar brush cells and other calretinin immunoreactive components in the mammalian cerebellar cortex[END_REF].

The deep cerebellar nuclei

The sole output stage of the cerebellum are the deep cerebellar nuclei (DCN) (Figure 8B) and the vestibular nuclei. The vestibular nuclei are beyond the scope of this thesis and will not be further detailed.

In rodents, there are 4 bilateral pairs of deep cerebellar nuclei distributed along a medio-lateral axis: medial or fastigial, anterior interposed and posterior interposedtwo distinct nuclei in humans: the globose and emboliform nuclei -, and lateral or dentate nuclei (Figure 8B). In addition, the lateral part of the fastigial and the medial part of the posterior interposed nuclei overlap and form the interstitial cell group [START_REF] Voogd | The organization of the corticonuclear and olivocerebellar climbing fiber projections to the rat cerebellar vermis: the congruence of projection zones and the zebrin pattern[END_REF]) (Figure 8B). DCN are located in the ventral part of the cerebellum where they send massive projections to the brainstem and the thalamus.

Neurons in DCN can be subdivided into at least 5 categories [START_REF] Uusisaari | Morphological and Electrophysiological Properties of GABAergic and Non-GABAergic Cells in the Deep Cerebellar Nuclei[END_REF]Uusisaari andKnöpfel, 2008, 2010), according to their targets, their neurochemical profiles and the kind of neurotransmitter they use [START_REF] Uusisaari | Morphological and Electrophysiological Properties of GABAergic and Non-GABAergic Cells in the Deep Cerebellar Nuclei[END_REF]Uusisaari andKnöpfel, 2008, 2010;[START_REF] Fujita | Modular output circuits of the fastigial nucleus for diverse motor and nonmotor functions of the cerebellar vermis[END_REF], and their intrinsic biophysical properties, including spike width, after hyperpolarization kinematics, and firing rate [START_REF] Czubayko | Two types of neurons in the rat cerebellar nuclei as distinguished by membrane potentials and intracellular fillings[END_REF][START_REF] Alviña | T-type calcium channels mediate rebound firing in intact deep cerebellar neurons[END_REF][START_REF] Tadayonnejad | Rebound discharge in deep cerebellar nuclear neurons in vitro[END_REF][START_REF] Zheng | Synaptic Inhibition, Excitation, and Plasticity in Neurons of the Cerebellar Nuclei[END_REF][START_REF] Özcan | Differential Coding Strategies in Glutamatergic and GABAergic Neurons in the Medial Cerebellar Nucleus[END_REF].

1) Large glutamatergic projection neurons, gathered most of the attention. Axon terminals from PC and collaterals from CF and MF converge onto these cells (Matsushita andIwahori, 1971b, 1971a). Moreover, they are innervated by collaterals from inhibitory nucleo-cortical cells [START_REF] Ankri | A novel inhibitory nucleo-cortical circuit controls cerebellar Golgi cell activity[END_REF]. They are the main output neurons of the cerebellum to the brainstem, the spinal cord, and several premotor and cortical areas through the thalamus. In addition, they send collaterals back to the cerebellar cortex [START_REF] Houck | Cerebellar premotor output neurons collateralize to innervate the cerebellar cortex[END_REF] which is thought to transmit an efference copy of the cerebellar output back to the cerebellar cortex, enhancing cerebellar learning [START_REF] Gao | Excitatory Cerebellar Nucleocortical Circuit Provides Internal Amplification during Associative Conditioning[END_REF]. Surprisingly, these neurons can keep high spontaneous firing rateabout 30Hz at 24°C [START_REF] Uusisaari | Morphological and Electrophysiological Properties of GABAergic and Non-GABAergic Cells in the Deep Cerebellar Nuclei[END_REF]) and 90Hz at 36°C (Person and Raman, 2011), even though they are under strong inhibitory convergence from PC axons, estimated at 40 to 1 in mice (Person and Raman, 2011). Therefore, these projection neurons integrate information from four different sources by increasing and decreasing their spontaneous firing rate.

2) GABAergic and glycinergic nucleo-cortical cells with local collaterals target specific populations of Golgi cells in the cerebellar cortex as well as large glutamatergic neurons in DCN through collaterals [START_REF] Ankri | A novel inhibitory nucleo-cortical circuit controls cerebellar Golgi cell activity[END_REF]. Compared to the large glutamatergic projection neurons, inhibitory nucleo-cortical neurons appear to have limited capabilities to maintain a high firing frequency above their baseline and they operate in a smaller frequency range [START_REF] Uusisaari | The mysterious microcircuitry of the cerebellar nuclei[END_REF].

3) Non-inhibitory interneurons have been defined by Uusisaari and colleagues in 2007 and described as small GAD-negative neurons [START_REF] Uusisaari | Morphological and Electrophysiological Properties of GABAergic and Non-GABAergic Cells in the Deep Cerebellar Nuclei[END_REF] but further careful investigations remain necessary to confirm their existence and electrophysiological characteristics. They were described as having intermediate action potential (AP) duration between the short AP of glutamatergic projections neurons and the large AP of nucleo-cortical neurons but with the greatest AP peak amplitude [START_REF] Uusisaari | Morphological and Electrophysiological Properties of GABAergic and Non-GABAergic Cells in the Deep Cerebellar Nuclei[END_REF].

4) GABAergic nucleo-olivary neurons send topographically-organized projections to the inferior olive [START_REF] Fredette | The GABAergic cerebello-olivary projection in the rat[END_REF][START_REF] De Zeeuw | Climbing fibre collaterals contact neurons in the cerebellar nuclei that provide a GABAergic feedback to the inferior olive[END_REF] and play an important role in the control of CF discharge via the cortico-nucleo-olivary pathway (Chaumont et al., 2013). In turn, they receive collaterals from CF forming a closed-loop between the DCN and the inferior olive [START_REF] De Zeeuw | Climbing fibre collaterals contact neurons in the cerebellar nuclei that provide a GABAergic feedback to the inferior olive[END_REF].

5) Glycinergic premotor projection cells are found only in the rostral part of the fastigial nucleus, project to the same premotor areas than the glutamatergic projection neurons but mostly ipsilaterally, and they also receive direct inputs from PC and excitatory fibers [START_REF] Bagnall | Glycinergic Projection Neurons of the Cerebellum[END_REF]. The excitatory/inhibitory fastigial outputs to similar contralateral/ipsilateral targets suggest that these pathways balance circuit activity for the control of movements.

The different types of DCN neurons are still highly debated. Even though the previous characterization has been mainly performed in vitro in young animals, as the identification of specific neurons is easier, in vivo studies also characterized DCN neuronal populations in at least 2 main categories: small and large DCN neurons with properties that confirm in vitro characterization [START_REF] Canto | Whole-Cell Properties of Cerebellar Nuclei Neurons In Vivo[END_REF][START_REF] Özcan | Differential Coding Strategies in Glutamatergic and GABAergic Neurons in the Medial Cerebellar Nucleus[END_REF], though with a wider and richer continuum of the physiological properties [START_REF] Canto | Whole-Cell Properties of Cerebellar Nuclei Neurons In Vivo[END_REF]). An interesting in vivo finding is that there is a small but significant relationship between the soma diameter and the firing rate [START_REF] Canto | Whole-Cell Properties of Cerebellar Nuclei Neurons In Vivo[END_REF]. Moreover, further subdivisions are possible based on their gene expression profiles and more specific targets. For example, 5 major classes of glutamatergic projections neurons have been recently described in the fastigial nucleus (FN) and they were all connected with a specific set of PC and inferior olive's neurons and in turn innervate a distinct collection of downstream targets [START_REF] Fujita | Modular output circuits of the fastigial nucleus for diverse motor and nonmotor functions of the cerebellar vermis[END_REF]. Adding to this complex picture, a very recent study demonstrated that inhibitory neurons in IN send projections to the brainstem, targeting both motor-and sensory-related nuclei, and the pontine nuclei, which were distinct from output targets of excitatory projection neurons [START_REF] Judd | Diverse inhibitory projections from the cerebellar interposed nucleus[END_REF].

Besides MF and CF collaterals and local circuitry, PC represent the main input to DCN neurons. A high number of PC axons converges onto neurons in DCN and a single PC axon can contact different neurons in mice, from different types [START_REF] Teune | Single Purkinje cell can innervate multiple classes of projection neurons in the cerebellar nuclei of the rat: a light microscopic and ultrastructural triple-tracer study in the rat[END_REF] and different nuclei [START_REF] Sugihara | Projection of reconstructed single Purkinje cell axons in relation to the cortical and nuclear aldolase C compartments of the rat cerebellum[END_REF]. The amount of GABAergic input determines the firing rate of DCN neurons. Person and Raman (2011) showed that when IPSPs were delivered asynchronously, DCN neurons strongly reduced their firing rate while a synchronous delivery of IPSPs reduced DCN firing rate to a lesser extent due to time-locked spiking behavior of DCN neurons (Person and Raman, 2011). Two possible mechanisms might explain this time-locking spiking behavior: rebound-like spike-responses (reviewed in [START_REF] Tadayonnejad | Rebound discharge in deep cerebellar nuclear neurons in vitro[END_REF] and temporal gaps in tonic inhibition allowing DCN neurons to spike. It is noteworthy that PC innervate differently the different types of DCN neurons [START_REF] Najac | Integration of Purkinje Cell Inhibition by Cerebellar Nucleo-Olivary Neurons[END_REF], suggesting differential integration and transmission of PC information. Interestingly, DCN neurons exhibit combinations of 3 distinct response components following orofacial air-puff stimuli: a shortlatency fast excitatory response, likely induced by direct connections from CF or MF; a prolonged inhibition, due to PC inhibitory projections; and a long-latency increased in firing rate, that might be caused by disinhibition of the nucleo-olivary pathway and/or by intrinsic excitability of DCN neurons (Rowland and Jaeger, 2005).

Therefore, neurons in DCN constitute one of the major output stations of the cerebellum, integrating inhibitory information from PC and excitatory projections from MF and CF collaterals [START_REF] Gauck | The Control of Rate and Timing of Spikes in the Deep Cerebellar Nuclei by Inhibition[END_REF]Rowland and Jaeger, 2005b;[START_REF] Bengtsson | Specific relationship between excitatory inputs and climbing fiber receptive fields in deep cerebellar nuclear neurons[END_REF][START_REF] Steuber | Modeling the Generation of Output by the Cerebellar Nuclei Volker[END_REF]. Such diverse input collection is combined and processed in DCN neurons. An elegant study performed in monkeys showed that DCN neurons encoded a selective representation of unexpected movements using sensory information while during the same movement performed voluntarily, the incoming sensory information is cancelled with precision and DCN neurons did not respond [START_REF] Brooks | The primate cerebellum selectively encodes unexpected selfmotion[END_REF]. In turn, they send excitatory projections to the motor cortex through the thalamus, the tectum, the red nucleus, and back to the cerebellar cortex (Kelly and Strick, 2003) (reviewed in [START_REF] Allen | Cerebrocerebellar communication systems[END_REF][START_REF] Schmahmann | THE CEREBROCEREBELLAR SYSTEM[END_REF][START_REF] Léna | Cerebrocerebellar loops in the rodent brain[END_REF] as well as directly or indirectly to several nuclei of the basal ganglia system [START_REF] Hoshi | The cerebellum communicates with the basal ganglia[END_REF][START_REF] Chen | Short latency cerebellar modulation of the basal ganglia[END_REF][START_REF] Bostan | The basal ganglia and the cerebellum: Nodes in an integrated network[END_REF][START_REF] Xiao | Local and long-range circuit elements for cerebellar function[END_REF][START_REF] Carta | Cerebellar Modulation of the Reward Circuitry and social behavior[END_REF] (See Section 1.6 Recurrent loops:

Upper Motor circuits).

Anatomo-functional organization of the cerebellum

As for the striatum, the cerebellum can be compartmentalized into several anatomo-functional territories based on the origin of their afferences, the targets of their efferences, different neurochemical expression, and their distinct roles in motor functions. Several different classifications have been proposed for the cerebellum and are still highly debated in the scientific community. A full description of the proposed organizations is beyond the scope of this thesis, however, the basis of the cerebellar microcircuitry and its division into a collection of 'modules' will be reviewed.

Phylogenetic organization

One of the early descriptions is based on the phylogenetic order of emergence of the different cerebellar structures. In this model, three major cerebellar regions can be distinguished: the vestibulo-cerebellum, the spino-cerebellum, and the cerebro-cerebellum, each of them is associated with a specific output nucleus in DCN (Figure 9A).

The vestibulo-cerebellum

In higher vertebrates, the vestibulo-cerebellum includes the flocculonodular lobe or lobule X and lobule IX, both involved in balance and eye movement adaptation (Figure 9A). Indeed, the vestibulo-cerebellum has been tightly associated with the control of the gain in the vestibulooccular reflex (VOR), which enables to stabilize the gaze on a target while the head is moving through a compensatory eye movement performed in the opposite direction of the head [START_REF] Ito | The Modifiable Neuronal Network of the Cerebellum[END_REF]. Indeed, vestibular afferents, carrying information about the head position and motion, massively project to the cortical part of lobules IX and X [START_REF] Yakusheva | Purkinje Cells in Posterior Cerebellar Vermis Encode Motion in an Inertial Reference Frame[END_REF][START_REF] Dugué | Cerebellar re-encoding of self-generated head movements[END_REF]. In turn, they directly project to vestibular nuclei in the brainstem, the other major output station of the cerebellum [START_REF] Voogd | Organization of the vestibulocerebellum[END_REF]. 1.5.2.1.2 The spino-cerebellum

The spino-cerebellum includes the vermis and the paravermis (Figure 9A), which are involved in the motor control of body and limb movements, including the head, neck, tail, and proximal limbs and received direct inputs from the spinal cord [START_REF] Matsushita | Cells of origin of the spinocerebellar tract in the rat, studied with the method of retrograde transport of horseradish peroxidase[END_REF][START_REF] Yaginuma | Spinocerebellar projections from the upper lumbar segments in the cat, as studied by anterograde transport of wheat germ agglutinin-horseradish peroxidase[END_REF]. The vermis sends projections to the fastigial nucleus (FN) which in turn project to brainstem nuclei involved in the control of locomotion and balance. The paravermis mainly sends efferences to the anterior region of the interposed nucleus (IN), which then innervates the red nucleus in the brainstem and VAL complex of the thalamus [START_REF] Garwicz | Topographical organization of the cerebellar cortical projection to nucleus interpositus anterior in the cat[END_REF] (reviewed in [START_REF] Ruigrok | Cerebellum and Cerebellar Connections. Fourth Edition, The Rat Nervous System: Fourth Edition[END_REF][START_REF] Voogd | Essentials of Cerebellum and Cerebellar Disorders: A Primer for Graduate Students[END_REF]).

Therefore, these areas of the cerebellum are essential for the control and adaptation of balance and locomotion through several pathways (rubrospinal and corticospinal tracts).

The cerebro-cerebellum

The cerebro-cerebellum includes the cerebral hemispheres which are conventionally thought to mainly project to the dentate nucleus (DN) and posterior part of the interposed nucleus (Figure 9A) which in turn send massive projections to many thalamic nuclei, the last relay before the cerebral cortex (reviewed in [START_REF] Ruigrok | Cerebellum and Cerebellar Connections. Fourth Edition, The Rat Nervous System: Fourth Edition[END_REF][START_REF] Voogd | Essentials of Cerebellum and Cerebellar Disorders: A Primer for Graduate Students[END_REF]. The cerebro-cerebellum receives massive afferences from the cerebral cortex through pontine nuclei. Altogether, these reciprocal connections between the cerebral cortex and the cerebellum form the basis of the cerebro-cerebello and cerebello-cortical loops that will be detailed here below.

Even though, this model has been very useful in early research, it is now obsolete and too simplified, especially considering their associated output nuclei and following afferences.

Modular organization of the cerebellum

The cerebellum has been described as a repetition of microcircuits associated in parallel, the cerebellar modules [START_REF] Hawkes | An anatomical model of cerebellar modules[END_REF][START_REF] Voogd | The anatomy of the cerebellum[END_REF]. They are thought to be the functional processing unit of the cerebellum (reviewed in (Apps and Garwicz, 2005;Apps and Hawkes, 2009;[START_REF] Apps | Cerebellar Modules and Their Role as Operational Cerebellar Processing Units[END_REF]) as they receive spatially segregated inputs and target specific locations, thus, they are thought to be dedicated to a given task (reviewed in [START_REF] Ruigrok | Ins and outs of cerebellar modules[END_REF]). Indeed, three interconnected networks which are topographically-organized constitute the anatomical basis of cerebellar modules: a specific subset of neurons in the inferior olive sends climbing fibers to specific longitudinal clusters of PC in the cerebellar cortex which in turn target specific clusters of neurons within DCN or vestibular nuclei that send projections to targets outside of the cerebellum [START_REF] Groenewegen | The parasagittal zonation within the olivocerebellar projection. II. Climbing fiber distribution in the intermediate and hemispheric parts of cat cerebellum[END_REF][START_REF] Cerminara | Structural Basis of Cerebellar Microcircuits in the Rat[END_REF] (Figure 9B). However, DCN also send collaterals back to their associated neurons in the inferior olive in a functional and efficient way [START_REF] Uusisaari | The mysterious microcircuitry of the cerebellar nuclei[END_REF][START_REF] Lefler | Cerebellar Inhibitory Input to the Inferior Olive Decreases Electrical Coupling and Blocks Subthreshold Oscillations[END_REF][START_REF] Najac | Integration of Purkinje Cell Inhibition by Cerebellar Nucleo-Olivary Neurons[END_REF], closing the olivo-cortical-nuclear loop (Chaumont et al., 2013) (Figure 9B).

The longitudinal topographical organization of climbing fibers' afferents suggests a parasagittal information processing via multiple CF collaterals. Parasagittal (or longitudinal) zones refer to the cortical part of the cerebellar module only (Figure 9B). Longitudinal zones can be further divided into smaller units: microzones (Sugihara, Wu andShinoda, 1999, 2001;[START_REF] Sugihara | Microzonal projection and climbing fiber remodeling in single olivocerebellar axons of newborn rats at postnatal days 4-7[END_REF] that will be defined here, based on the consensus reached by Apps and colleagues [START_REF] Apps | Cerebellar Modules and Their Role as Operational Cerebellar Processing Units[END_REF], as zones of PC that share similar olivary receptive fields.

Inputs from mossy fibers are also topographically-organized, however, unlike CF inputs that project to one or two parasagittal zones, a single MF can target multiple zones bilaterally [START_REF] Kawamura | Projections from the pontine nuclei proper and reticular tegmental nucleus onto the cerebellar cortex in the cat. An autoradiographic study[END_REF][START_REF] Serapide | Coordinated and Spatial Upregulation of Arc in Striatonigral Neurons Correlates With L-Dopa-Induced Behavioral Sensitization in Dyskinetic Rats[END_REF][START_REF] Biswas | Divergent projections of single pontocerebellar axons to multiple cerebellar lobules in the mouse[END_REF] via collaterals reaching different lobules [START_REF] Shinoda | The entire trajectory of single climbing and mossy fibers in the cerebellar nuclei and cortex[END_REF][START_REF] Voogd | The Distribution of Climbing and Mossy Fiber Collateral Branches from the Copula Pyramidis and the Paramedian Lobule : Congruence of Climbing Fiber Cortical Zones and the Pattern of Zebrin Banding within the Rat Cerebellum[END_REF], and therefore allowing GC to receive sensorimotor information from many different modalities [START_REF] Huang | Convergence of pontine and proprioceptive streams onto multimodal cerebellar granule cells[END_REF][START_REF] Chabrol | Synaptic diversity enables temporal coding of coincident multisensory inputs in single neurons[END_REF]. Indeed, the mapping of MF receptive fields in the granule cell layer shows a fractured somatotopy, with multiple sensory representation of body parts in patches that are fractured and can be repeated across different lobules [START_REF] Shambes | Multiple tactile areas in cerebellar cortex: another patchy cutaneous projection to granule cell columns in rats[END_REF][START_REF] Shambes | Fractured somatotopy in granule cell tactile areas of rat cerebellar hemispheres revealed by micromapping[END_REF]Apps and Hawkes, 2009;[START_REF] Apps | Cerebellar Modules and Their Role as Operational Cerebellar Processing Units[END_REF] (Figure10). These observations were mainly done in the lateral cerebellar hemispheres, especially in the lobule simplex, paramedian lobule, Crus I and Crus II [START_REF] Shambes | Multiple tactile areas in cerebellar cortex: another patchy cutaneous projection to granule cell columns in rats[END_REF][START_REF] Bower | Congruence of spatial organization of tactile projections to granule cell and Purkinje cell layers of cerebellar hemispheres of the albino rat: vertical organization of cerebellar cortex[END_REF]) (Figure 10). Although, no overlap between CF and MF. This led to the hypothesis that CF carry pre-integrated somatosensory information when MF would bring raw somatosensory information from the same body part within a microzone (reviewed in (Apps and Garwicz, 2005;Apps and Hawkes, 2009)), enabling PC to select relevant inputs under the supervision of CF activity [START_REF] Ito | Interactive report Mechanisms of motor learning in the cerebellum[END_REF], hence the concept of functional microzone (Apps and Garwicz, 2005;Apps and Hawkes, 2009).

The cerebellum in motor control

The cerebellum is a center of sensorimotor integration and is therefore involved in both voluntary and non-voluntary movements. As previously mentioned, the cerebellum has been tightly associated with the control of the gain of the VOR (reviewed in (Miles andLisberger, 1981a, 1981b;[START_REF] Ito | Cerebellar circuitry as a neuronal machine[END_REF]) and cerebellar synaptic plasticity's are essential for its efficient control [START_REF] Boyden | Selective engagement of plasticity mechanisms for motor memory storage[END_REF][START_REF] Schonewille | Purkinje Cell-Specific Knockout of the Protein Phosphatase PP2B Impairs Potentiation and Cerebellar Motor Learning[END_REF]. Other unvoluntary movements such as control of balance and locomotion have been associated with cerebellar functions (reviewed in [START_REF] Morton | Cerebellar control of balance and locomotion[END_REF]). In addition, clinical observations from patients with cerebellar dysfunctions have highlighted the importance of the cerebellum in motor control as patients experience a wide range of motor impairments, including lack of coordination, tremor, and poor movement accuracy. For example, ataxia, which is a disorder defined as a lack of coordination in voluntary muscle movement, has been tightly associated with cerebellar dysfunction (reviewed in [START_REF] Schmahmann | Disorders of the cerebellum: ataxia, dysmetria of thought, and the cerebellar cognitive affective syndrome[END_REF]). Following these clinical reports, the cerebellum has been involved in accurate goal-directed voluntary movements (reviewed in [START_REF] Manto | Consensus Paper: Roles of the Cerebellum in Motor Control-The Diversity of Ideas on Cerebellar Involvement in Movement[END_REF])

which requires motor planification. Although, feedback loops alone cannot explain the rapidity and coordination of normal movements in animals, the combination of predictive strategies and internal models can (reviewed in [START_REF] Wolpert | Internal models in the cerebellum[END_REF]). Indeed, the cerebellum has been proposed to be composed of 2 models: forward and inverse internal models. Forward internal models of specific movements predict the upcoming state of the movements, based on the current state, and the motor commands whereas inverse internal models first provide the motor command that will generate the desired upcoming movements (reviewed in [START_REF] Wolpert | Internal models in the cerebellum[END_REF][START_REF] Doya | What are the computations of the cerebellum, the basal ganglia and the cerebral cortex?[END_REF]). Therefore, the cerebellum is thought to compute realtime movement correction as it learns to predict the sensorimotor state of a movement (forward internal model) and compares it with the actual sensory feedback to correct movement, if necessary, through connections with motor structures (inverse internal model) [START_REF] Wolpert | Internal models in the cerebellum[END_REF][START_REF] Doya | What are the computations of the cerebellum, the basal ganglia and the cerebral cortex?[END_REF][START_REF] Bastian | Learning to predict the future: the cerebellum adapts feedforward movement control[END_REF]. The ability of the cerebellar system to learn is thought to depend on the ability of synapses to be potentiated or depressed by the action of an external signal. The Maar-Albus-Ito hypothesis states that the selection of relevant input pattern at the level of Pf-PC synapse is under the control of a teaching signal: CF input, which therefore constitutes a supervised learning ruling cerebellar functions [START_REF] Marr | A THEORY OF CEREBELLAR CORTEX[END_REF][START_REF] Ito | Cerebellar circuitry as a neuronal machine[END_REF]. o Cortico-cerebellar-thalamo-cortical loops connecting the cerebral cortex, the cerebellum and the thalamus;

RECURRENT LOOPS: UPPER MOTOR CIRCUITS

o Cerebello-thalamo-basal ganglia loops are reciprocal connections between the cerebellum and the basal ganglia system through the thalamus. These loops are the most recently discovered and are of particular interest in this thesis.

One of the most important features of these loops is that they are all topographically-organized, even though the precision of this somatotopy can be variable. Only the cortico-cerebellarthalamo-cortical loops and the cerebello-thalamo-basal ganglia loops will be detailed here below as they constitute the foundations of the working hypothesis of this thesis.

Cortico-cerebello-thalamo-cortical loops

The output station of the cerebellum, the deep cerebellar nuclei, projects to different areas of the cerebral cortex through excitatory projections that target several nuclei in the thalamus [START_REF] Middleton | Cerebellar Projections to the Prefrontal Cortex of the Primate[END_REF]. Initially, cerebello-thalamic projections were thought to mainly arise from the dentate nucleus [START_REF] Chan-Palay | The cerebellar dentate nucleus[END_REF], however, all cerebellar nuclei innervate the thalamus. Cerebello-thalamic projections predominantly target the contralateral thalamus, and to a lesser extent the ipsilateral thalamus, and a small subset of thalamic nuclei concentrates most of the cerebellar efferences: the ventroanterior-ventrolateral (VAL) and posterior medial thalamic nuclei, the intralaminar nuclei, including the centrolateral (CL), the centromedial, and the parafascicular (PF) thalamic nuclei, the zona incerta, and the ventromedial nuclei [START_REF] Angaut | Topographic organization of the cerebellothalamic projections in the rat. An autoradiographic study[END_REF][START_REF] Aumann | Projections from the lateral and interposed cerebellar nuclei to the thalamus of the rat: a light and electron microscopic study using single and double anterograde labelling[END_REF][START_REF] Teune | Topography of cerebellar nuclear projections to the brain stem in the rat[END_REF][START_REF] Xiao | Local and long-range circuit elements for cerebellar function[END_REF][START_REF] Fujita | Modular output circuits of the fastigial nucleus for diverse motor and nonmotor functions of the cerebellar vermis[END_REF]. Each DCN contributes differentially to these cerebello-thalamic projections with very little overlapping [START_REF] Aumann | Projections from the lateral and interposed cerebellar nuclei to the thalamus of the rat: a light and electron microscopic study using single and double anterograde labelling[END_REF] but all cerebellar terminals exhibit similar ultrastructural features: they form large boutons with round synaptic vesicles onto dendritic shafts and dendritic spines of thalamic proximal dendrites [START_REF] Aumann | Projections from the lateral and interposed cerebellar nuclei to the thalamus of the rat: a light and electron microscopic study using single and double anterograde labelling[END_REF][START_REF] Aumann | Ramification and termination of single axons in the cerebellothalamic pathway of the rat[END_REF], suggesting that they share the same functional properties. However, a recent study showed differential impact of DCN projections onto different thalamic nuclei [START_REF] Gornati | Differentiating Cerebellar Impact on Thalamic Nuclei[END_REF]. All cerebellar-recipient thalamic nuclei, including PF and VAL, further project to cortical cortices, including M1, with thalamic projections from VAL targeting almost all layers of M1 [START_REF] Herkenham | Laminar organization of thalamic projections to the rat neocortex[END_REF][START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF] and intralaminar nuclei of the thalamus mostly targeting deeper layers [START_REF] Herkenham | Laminar organization of thalamic projections to the rat neocortex[END_REF][START_REF] Yamawaki | Synaptic circuit organization of motor corticothalamic neurons[END_REF]. Single-axon tracing studies from VAL revealed wide projection patterns: each axon targets multiple motor and sensory cortical regions [START_REF] Aumann | Arborisation and termination of single motor thalamocortical axons in the rat[END_REF][START_REF] Kuramoto | Two Types of Thalamocortical Projections from the Motor Thalamic Nuclei of the Rat: A Single Neuron-Tracing Study Using Viral Vectors[END_REF], suggesting a broad divergence of this pathway. A very recent tracing study even suggest similar associative and motor loops from the cerebellum to the cortex [START_REF] Pisano | Parallel organization of cerebellar pathways to sensorimotor , associative , and modulatory forebrain[END_REF] as the ones described in the cortico-basal ganglia-cortical loops [START_REF] Alexander | Parallel Organization of Functionally Segregated Circuits Linking Basal Ganglia and Cortex[END_REF].

Reciprocally, the cerebral cortex sends massive projections to the cerebellum through both mossy and climbing fibers. Cerebellar mossy fibers carrying cortical information mainly stem from the pontine nuclei and to a lesser extent, from a set of nuclei associated with the reticular formation. Corticopontine projections arise from glutamatergic pyramidal neurons in L5B [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF] and are highly topographically-organized [START_REF] Legg | Corticopontine projection in the rat: the distribution of labelled cortical cells after large injections of horseradish peroxidase in the pontine nuclei[END_REF][START_REF] Panto | The projection from the primary motor and somatic sensory cortex to the basilar pontine nuclei. A detailed electrophysiological and anatomical study in the rat[END_REF]Leergaard and Bjaalie, 2007). Sensory and motor cortices generally project to different areas in the pontine nuclei, even when they are related to the same body part [START_REF] Mihailoff | Projections to the basilar pontine nuclei from face sensory and motor regions of the cerebral cortex in the rat[END_REF][START_REF] Schwarz | Spatial arrangement of cerebro-pontine terminals[END_REF][START_REF] Leergaard | Three-Dimensional Topography of Corticopontine Projections from Rat Sensorimotor Cortex : Comparisons with Corticostriatal Projections Reveal Diverse Integrative Organization[END_REF]Proville et al., 2014). Retrograde tracing experiments showed that M1 injections were characterized by inputs from Purkinje cells in the vermal, medial paravermis, and lateral hemisphere [START_REF] Aoki | Multizonal Cerebellar Influence Over Sensorimotor Areas of the Rat Cerebral Cortex[END_REF] and that regions of the cerebellar cortex that receive inputs from M1 are the same as those projecting to M1 (Kelly and Strick, 2003). Of particular interest, stimulation of the oral zone of M1 induced a metabolic response in Crus II (Proville et al., 2014), which receives many mossy fibers responding to orofacial stimulations (Apps and Hawkes, 2009) (Figure 10), suggesting that Crus II might specifically project back to oral M1 and play a very important role in the control of orofacial movements.

Current theories during normal movement stipulate that the cerebellum receives a copy of the activity state from the motor cortex through mossy fibers and compares this message with the one derived from peripheral afferents about the actual progress of the movement and then sends these information back to the cortex (reviewed in [START_REF] Ito | Cerebellar circuitry as a neuronal machine[END_REF])) (Figure 11). It is thought that cerebellar Purkinje cells function as pattern recognition, to select and execute actions through training supervised by climbing fibers, which signal discoordination, when cortical pyramidal cells perform collective computations learned through a local training mechanism and also function as information storages for other modular operations [START_REF] Houk | Distributed modular architectures linking basal ganglia, cerebellum, and cerebral cortex: Their role in planning and controlling action[END_REF].

In addition, functional synchronization [START_REF] Ros | Neocortical Networks Entrain Neuronal Circuits in Cerebellar Cortex[END_REF] and coherent activities [START_REF] Rowland | Cortico-cerebellar coherence and causal connectivity during slow-wave activity[END_REF] were described between the cerebral cortex and the cerebellum, which suggest a role of the cerebellum in the coordination of neuronal activity between distant cortical sites (Popa et al., 2013).

Cerebello-thalamo-basal ganglia loop(s)

According to the traditional view, the cerebellum and the basal ganglia were thought to only interact at the level of the cerebral cortex, through their respective loops and were involved in distinct behavioral functions (reviewed in [START_REF] Middleton | Basal ganglia and cerebellar loops: motor and cognitive circuits[END_REF]). However, in the last decades, increasing evidence shows a direct communication between the cerebellum and the basal ganglia, through notably the thalamus: the cerebello-thalamo-basal ganglia loop, but not only. These new pathways suggest a direct interaction between these two subcortical structures and a potential coordinated function in motor control.

Viral tracing studies have revealed that the dentate nucleus (DN) sends direct projections to the centrolateral thalamic nucleus, which in turn innervates the dorsolateral striatum (DLS) [START_REF] Ichinohe | A di-synaptic projection from the lateral cerebellar nucleus to the laterodorsal part of the striatum via the central lateral nucleus of the thalamus in the rat[END_REF]. Similarly, in primates, a disynaptic connection to the striatum originates from both the motor and non-motor domain of the dentate nucleus [START_REF] Hoshi | The cerebellum communicates with the basal ganglia[END_REF] (Figure 11A). In the same study, projections from the interposed nucleus (IN) and the fastigial nucleus (FN) were also described, even though less substantial than the ones observed from DN [START_REF] Hoshi | The cerebellum communicates with the basal ganglia[END_REF]. Moreover, in mice, the stimulations of cerebellothalamic projections in the intralaminar nuclei, especially CL, induced short-latency modulations of neurons in DLS and simultaneous stimulations of the cortex and the cerebellum were able to reverse the sign of plasticity at cortico-striatal synapses [START_REF] Chen | Short latency cerebellar modulation of the basal ganglia[END_REF].

Another set of experiments showed that DCN send dense projections to the striatum via both CL and PF, and target both striatal MSNs but also striatal cholinergic interneurons [START_REF] Xiao | Regulation of striatal cells and goal-directed behavior by cerebellar outputs[END_REF]. Moreover, silencing the cerebello-thalamo-striatal pathway led to an impairment in striatal-dependent goal-directed behaviors [START_REF] Xiao | Regulation of striatal cells and goal-directed behavior by cerebellar outputs[END_REF]. More direct pathways between the cerebellum and the basal ganglia were also observed.

Monosynaptic projections from DCN and Purkinje cells to the ventral tegmental area (VTA) has been demonstrated in cats [START_REF] Snider | Cerebellar pathways to ventral midbrain and nigra[END_REF]. These DCN-VTA projections have been confirmed in mice and implicated in social behavior [START_REF] Carta | Cerebellar Modulation of the Reward Circuitry and social behavior[END_REF]. In humans, direct projections from DN to the globus pallidus pars internus and to the substantia nigra have been described [START_REF] Milardi | Extensive Direct Subcortical Cerebellum-Basal Ganglia Connections in Human Brain as Revealed by Constrained Spherical Deconvolution Tractography[END_REF]. Although this dento-nigral pathway still remains to be demonstrated in experimental animals and its physiological meaning yet to be determined, this is in line with experiments done in cats showing that stimulations of DCN induced dopamine release in both caudate nuclei and both parts of substantia nigra [START_REF] Nieoullon | Release of dopamine in both caudate nuclei and both substantia nigrae in response to unilateral stimulation of cerebellar nuclei in the cat[END_REF][START_REF] Nieoullon | Changes in dopamine release in caudate nuclei and substantia nigrae after electrical stimulation of the posterior interposate nucleus of cat cerebellum[END_REF].

Projections from the basal ganglia to the cerebellum have also been demonstrated. Retrograde injections in Crus II of the cerebellar cortex showed a topographically-organized disynaptic pathway from the subthalamic nucleus (STN) through the pontine nuclei to the cerebellar cortex [START_REF] Bostan | The basal ganglia communicate with the cerebellum[END_REF] (Figure 11A). Moreover, STN projections through the pedunculopontine tegmental nucleus to the vermis of lobule VII of the cerebellar cortex has also been demonstrated [START_REF] Jwair | Disynaptic Subthalamic Input to the Posterior Cerebellum in Rat[END_REF]. These observations are in line with other experiments showing that stimulations of STN induced an increased activity in DCN [START_REF] Moers-Hornikx | Cerebellar nuclei are activated by high-frequency stimulation of the subthalamic nucleus[END_REF]. Moreover, deep brain stimulation of STN in parkinsonian rats led to a modulation of the neuronal activity in the pedunculopontine tegmental nucleus, Purkinje cells and DCN [START_REF] Sutton | Stimulation of the subthalamic nucleus engages the cerebellum for motor function in parkinsonian rats[END_REF]. Connections from VTA to the cerebellum have also been demonstrated in rats with VTA projecting to both the cerebellar cortex and DCN [START_REF] Ikai | Single neurons in the ventral tegmental area that project to both the cerebral and cerebellar cortical areas by way of axon collaterals[END_REF].

Even though complementary roles of the basal ganglia and the cerebellum in learning and motor control were already extensively suggested [START_REF] Houk | Distributed modular architectures linking basal ganglia, cerebellum, and cerebral cortex: Their role in planning and controlling action[END_REF]K. Doya, 2000) (Figure 11B), these newly-discovered reciprocal pathways lead to new perspectives on more cooperative interactions. Indeed, as several reciprocal connections exist between the cerebellum and the basal ganglia, they might form several loops involved in both motor and non-motor functions. This accumulating evidence strongly suggests that these two subcortical structures are likely to cooperate in the generation of normal and abnormal behaviors and pave the way for further researches to view the cerebellum and the basal ganglia as nodes of an integrated network (reviewed in [START_REF] Bostan | The basal ganglia and the cerebellum: Nodes in an integrated network[END_REF][START_REF] Milardi | The Cortico-Basal Ganglia-Cerebellar Network: Past, Present and Future Perspectives[END_REF]) (Figure 11B).

In addition, this hypothesis opens new perspectives over a compensatory or an exacerbating role of these structures in both 'basal ganglia disorders' and 'cerebellar disorders' as readers will discover it for the particular cases of Parkinson's disease and levodopa-induced dyskinesia in Chapter II.

Considering the anatomical and topographical organization of the cerebello-thalamo-cortical and cerebello-thalamo-striatal loops, we determined precise locations in the motor circuits to record the activity of neurons for our working hypotheses, especially those associated with the sensorimotor activity of the orofacial zone:

o In the cerebellum: Purkinje cells of the orolingual zone in the cerebellar cortex were stimulated, therefore, as Crus II project to the three DCN, all nuclei were recorded in order to determine the effects of PC opto-stimulations.

o In the thalamus: the three DCN project to both VAL (cerebellar-territory) and PF, which in turn massively project to M1 and the striatum, respectively. These thalamic nuclei were therefore chosen as ideal thalamic targets in the identification of the motor pathways involved in levodopa-induced dyskinesia (See Chapter II and related article).

o In M1: Deep layer neurons that project to the striatum and to the pontine nuclei were recorded in the oral zone of the motor cortex.

o In the striatum: the lateral striatum was the target of choice in the study of molecular marker as it receives extensive projection for the motor domain of PF and has been associated with the control of jaw movements, tongue protrusion, and feeding behavior.

WHAT HAPPENS WHEN MOTOR CIRCUITS HAVE A NERVOUS

BREAKDOWN

One of the most iconic motor diseases is Parkinson's disease. Even though the focus of this thesis will not be made on a full symptomatologic and pathophysiological description of Parkinson's disease (PD), the essential information will be detailed here below and much can be learned on Parkinson's disease from the second chapter of this thesis.

First description and prevalence of Parkinson's disease

Parkinson's disease is a motor disorder that takes its name from James Parkinson (1755Parkinson ( -1828) ) who was the first medical doctor to described it in "Essay on the shaking palsy" in 1817, over 200 years ago. He termed it "Shaking Palsy" (Paralysis Agitans) based on the symptoms that he described as "Involuntary tremulous motion, with lessened muscular power, in parts not in action and even when supported; with a propensity to bend the trunk forwards, […], the senses and intellects being uninjured" [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] 

Motor symptoms

The classical motor symptoms of PD include bradykinesia (slowness of movements), muscular rigidity, resting tremor, and postural and gait impairments. However, postural instability is not an early PD symptom and might suggests atypical parkinsonism [START_REF] Williams | Parkinsonian syndromes[END_REF].

The good response to levodopa (See Chapter II) often allows to distinguish between PD and other forms of parkinsonism. In addition, motor symptoms are heterogeneous in patients with PD, which led to the classification of three main distinct subtypes of the disease: tremordominant PD patients, with a relative absence of other motor symptoms, non-tremor-dominant PD patients also called akinesia (loss of the ability to perform voluntary movements)/rigidity PD patients, which includes akinesia, rigidity and postural instability, and an intermediate phenotype with several motor symptoms of comparable severity (reviewed in [START_REF] Marras | Parkinson's disease subtypes: lost in translation?[END_REF]). Interestingly, PET scans of tremor-dominant PD patients revealed a specific metabolic pattern associated with tremor compared to non-tremor dominant PD patients [START_REF] Mure | Parkinson ' s disease tremor-related metabolic network : Characterization , progression , and treatment effects[END_REF], which strongly suggest that different brain circuits are involved in tremor-dominant and non-tremor/akinesia/rigidity-dominant PD patients. Moreover, PD patients with early-onset PD are associated with a slower rate of disease progression [START_REF] Jankovic | Variable expression of Parkinson ' s disease : A base-line analysis of the DATATOP cohort[END_REF] and slower onset of treatment side effects [START_REF] Giovannini | Early-onset Parkinson's disease[END_REF], further suggesting that different neural mechanisms may underly the different clinical subtypes of PD.

Non-motor symptoms

Besides motor symptoms, non-motor symptoms, including olfactory dysfunction, cognitive impairment, psychiatric symptoms such as hallucinations, sleep disorders, autonomic dysfunction, pain, and fatigue are also associated with PD. These non-motor symptoms were first associated with late-stages of PD, however, they are also frequently present in PD patients before the onset of the classical motor symptoms, especially impaired olfaction, constipation, depression, and excessive daytime sleepiness [START_REF] Postuma | Identifying Prodromal Parkinson ' s Disease : Pre-Motor Disorders in Parkinson ' s Disease Pathophysiologic Basis for Clinical Markers of Prodromal PD Olfaction[END_REF]. In fact, depression and constipation have both been shown to nearly double an individual's risk of subsequently developing Parkinson's disease [START_REF] Noyce | Meta-analysis of early nonmotor features and risk factors for Parkinson disease[END_REF]. They are also commonly observed in early-onset Parkinson's disease [START_REF] Duncan | Health-Related Quality of Life in Early Parkinson ' s Disease : The Impact of Nonmotor Symptoms[END_REF] and greatly reduced the quality of life of PD patients [START_REF] Martinez-Martin | The impact of non-motor symptoms on health-related quality of life of patients with Parkinson's disease[END_REF][START_REF] Duncan | Health-Related Quality of Life in Early Parkinson ' s Disease : The Impact of Nonmotor Symptoms[END_REF]. The pathogenic processes leading to Parkinson's disease are presumed to be underway during the pre-motor symptom phase (Figure 12), involving regions of the peripheral and central nervous system in addition to the dopaminergic neurons of SNc.

Pathophysiology

In Chapter II, readers will discover in details the risk factors, non-motor symptoms as well as some of the pathological mechanisms associated with both PD and its gold-standard treatment, levodopa, even though the accent will be made on the dyskinetic state (see below).

The main hallmarks of PD will be quickly mentioned here below.

Parkinson's disease is characterized by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta. The cause of this cell death remains unknown and this nigraldopaminergic view determined most of the researches' focus of Parkinson's disease. However, dopaminergic medications, yet very efficient, are not able to alleviate all motor and non-motor PD symptoms and do not prevent the progression of the disease, suggesting that other mechanisms outside the dopamine framework might play an important role in PD pathology.

Indeed, another pathological hallmark of PD is the Lewy bodies which are neuronal inclusions present in the soma neurites of neurons, including in the brainstem, the olfactory bulb and SNc, and largely composed of synuclein protein aggregations. How α-synuclein protein aggregates in neurons remains to be determined but several hypotheses have been proposed such as viral infection, inflammatory processes, and prion-like propagation mechanisms. Lewy bodies appear progressively through the course of the disease, affecting progressively an increasing number of structures within the brain but also in the enteric nervous system [START_REF] Braak | Staging of brain pathology related to sporadic Parkinson's disease[END_REF][START_REF] Braak | Stages in the development of Parkinson's disease-related pathology[END_REF]. These observations led to the Braak hypothesis, the most widely cited model to explain the neuropathological progression of Parkinson disease. In this model, the pathological mechanisms in the early phases of PD (stages 1 and 2) begin in the medulla and the olfactory bulb and are associated with symptoms, including rapid eye movement sleep disorder and olfactory impairments, occurring before the development of motor symptoms (Figure 12). In mid-stages (stages 3 and 4), the pathology progresses to the substantia nigra pars compacta and other midbrain and forebrain structures and is associated with the classical motor symptoms of Parkinson's disease, such as rigidity, bradykinesia, and resting tremor (Figure 12). Patients with PD are usually diagnosed at this stage. Finally, the advanced stages of PD (stages 5 and 6) are characterized by a progression of the disease to the cerebral cortices and are associated with the onset of cognitive impairments and psychiatric symptoms such as hallucinations [START_REF] Braak | Staging of brain pathology related to sporadic Parkinson's disease[END_REF][START_REF] Braak | Stages in the development of Parkinson's disease-related pathology[END_REF]) (Figure 12).

The aggregations of α-synuclein protein in Parkinson's disease are associated with the death of the dopaminergic neurons. Most of the treatments in PD focus on the compensation of this dopaminergic loss and therefore consist of dopaminergic medications. As readers will extensively discover in Chapter II, chronic treatment with levodopa remains nowadays the most efficient and gold-standard treatment for patients with PD. However, levodopa induces over time disabling side effects called levodopa-induced dyskinesia (LID) that greatly impair the quality of life of PD patients (Figure 12). Therefore LID remain a topic of great matter in the researches on Parkinson's disease [START_REF] Cenci | Dyskinesia matters[END_REF]. A full description of the symptomology and of the pathological mechanisms underlying LID expression and maintenance will be provided in Chapter II as well as the involvement of the major brain structures involved in motor control, detailed here above, in the pathology of LID. Indeed, the characterization of the alterations occurring in these major nodes of the motor circuits in LID and the identification of a new brain region as a target in the prevention and alleviation of LID in a mouse model characterized the four years of research of my Ph.D. and its related scientific article. [START_REF] Torquati | Sulla presenza di una sostanza azotata nei germogli del semi di "vicia faba[END_REF] and its chemical structure established the same year, by

Markus Guggenheim (1885Guggenheim ( -1970)). In a self-experiment, M. Guggenheim ingested 2.5g of L-DOPA, and besides an emetic effect, he described this molecule "without any pharmacological activity" [START_REF] Fahn | The history of dopamine and levodopa in the treatment of Parkinson's disease[END_REF]. At about the same time, in 1910, another compound, going by the name dopamine (DA), suggested by Henri Dale (1875-1968) in 1952, was first synthetized by George Barger (1878Barger ( -1939) ) and James Ewens. However, neither L-DOPA nor DA gathered much interest in the scientific community at that time.

A century of milestones

Little work was done on dopamine for the next 30 years, until the discovery of Peter Holtz (1902[START_REF] Andén | ORAL L-DOPA TREATMENT OF PARKINSONISM[END_REF], in 1938, of the enzyme aromatic-L-amino-acid decarboxylase, or dopa decarboxylase, in kidney extracts of mammalian tissues, which decarboxylated L-DOPA into a DA [START_REF] Holtz | Fermentativer Abbau yon 1-Dioxyphenylalanin (Dopa) dutch Niere[END_REF]. This discovery led to the hypothesis that L-DOPA and DA were intermediate metabolites in the biosynthetic pathway of other catecholamines (L-tyrosine → L-DOPA → DA → noradrenaline → adrenaline). In the early 1940's, different research groups showed that L-DOPA and DA are biologically active compounds, causing acute hypertension in ischemic kidney of cats [START_REF] Bing | Renal hypertension produced by an amino acid[END_REF] and having a vasodepressor effect in rabbits, guinea pigs, and humans [START_REF] Holtz | Die enzymatische Entstehung von Oxytyramin im Organismus und die physiologische Bedeutung der Dopadecarboxylase[END_REF][START_REF] Hornykiewicz | The action of dopamine on the arterial blood pressure of the guinea-pig[END_REF].

In 1957, L-DOPA and DA research took a major turn with the publication in August of Kathleen Montagu (1907Montagu ( -1966) ) unraveling the presence of dopamine in mammalian brains, including humans [START_REF] Montagu | Catechol compounds in rat tissues and in brains of different animals[END_REF]. Arvid Carlsson (1923Carlsson ( -2018;;2000 Nobel Price) believed to be the first scientist to discover the presence of DA in the human brain but his researches were not published until November 1957. However, he did have a crucial impact on dopamine research as he showed in both reserpine-treated mice and rabbits, the rapid antagonizing action of L-DOPA, reversing the "tranquilizing" effect of reserpine [START_REF] Carlsson | 3,4-Dihydroxyphenylalanine and 5-Hydroxytryptophan as Reserpine Antagonists[END_REF]. Actually, one can consider reserpine-treated animals as the first animal model of Parkinson's disease (PD). Indeed, the central action of reserpine induced a sharp decrease in locomotor activity with resultant hypokinesia, akinesia, muscle rigidity and flexed posture, all symptoms similar to those observed in PD patients (See Chapter I, Section 1.7 What happens when motor circuits have a nervous breakdown). This experiment will later lead to the goldstandard L-DOPA therapy still used today in PD patients.

Connecting the dots

At that moment, two major findings still need to be discovered for all the dots to connect themselves. First, in 1959, Bertler and Rosengren, two medical students working in Carlsson's lab, mapped the distribution of DA demonstrating that it is predominantly localized in the striatum and that its distribution greatly differs from that of noradrenaline [START_REF] Bertler | Occurrence and distribution of dopamine in brain and other tissues[END_REF]. This last observation allowed DA to be finally viewed as an independent player in the brain, that might have a function of its own and no more as just a metabolite leading to the synthesis of other catecholamines. Second, was the discovery by Erhinger andHornykeiwicz (1927-2000) in 1960 of a DA deficit specifically in the striatum of PD patients.

They measured DA and noradrenaline concentrations in 17 human control brains, 2

Huntington's disease brains, 6 brains of patients with extrapyramidal disorders, and 6 PD brains and they showed that only PD patients had a severe DA loss in the caudate and putamen [START_REF] Ehringer | Verteilung Von Noradrenalin Und Dopamin (3-Hydroxytyramin) Im Gehirn Des Menschen Und Ihr Verhalten Bei Erkrankungen Des Extrapyramidalen Systems[END_REF]. These studies linked for the first time the striatum, dopamine and Parkinson's disease, suggesting an important role of DA in PD and in the function of the striatum and subsequently in motor control. Together with Carlsson's experiment on reserpine-treated animals [START_REF] Carlsson | 3,4-Dihydroxyphenylalanine and 5-Hydroxytryptophan as Reserpine Antagonists[END_REF], these observations paved the way for L-DOPA as the gold standard therapy for PD.

Finally, Poirier et Sourkes showed in 1965 that striatal dopamine levels fell when cell loss was observed in the substantia nigra pars compacta in monkeys [START_REF] Sourkes | Influence of the substantia nigra on the concentration of 5hydroxytryptamine and dopamine of the striatum[END_REF], a structure which was already known to project to the striatum [START_REF] Anden | DEMONSTRATION AND MAPPING OUT OF NIGRO-NEOSTRIATAL DOPAMINE NEURONS[END_REF]. The striatum DA levels observed in monkeys with severed SNc were similar to those observed in PD patients, therefore tying anatomically and pathophysiologically together the nigrostriatal pathway and PD (history of levodopa reviewed in [START_REF] Hornykiewicz | A brief history of levodopa[END_REF]).

The era of levodopa therapy begins

After his discovery in 1960 that DA was deficient in the striatum of PD patients, Hornykeiwicz quite rapidly started to consider L-DOPA as a potential therapy for PD. Alongside with Birkmayer, they did the first human trial with intravenous (I.V) L-DOPA as an anti-parkinsonian treatment and they observed a transient, but dramatic, beneficial effect in these patients [START_REF] Birkmayer | Der L-Dioxyphenylalanin (=L-DOPA)-Effekt beim Parkinson-Syndrom des Menschen: Zur Pathogenese und Behandlung der Parkinson-Akinese[END_REF]. However, high doses of levodopa induced gastrointestinal side effects such as anorexia, nausea, and vomiting. [START_REF] Heimburger | Dentatectomy in the treatment of dyskinetic disorders[END_REF], George Cotzias (1918-1977) made a major breakthrough by developing a new approach still used nowadays.

He started by giving oral low doses of D,L-DOPA to PD patients to avoid gastrointestinal side effects and then, gradually increased the dosage [START_REF] Cotzias | Aromatic Amino Acids and Modification of Parkinsonism[END_REF]. This gradual build-up dosage allowed PD patients to tolerate the treatment and achieved dramatic and revolutionary beneficial effects. Because of hematologic problems caused by ingesting D-DOPA, Cotzias et al. subsequently used L-DOPA and hematologic problems were circumvented [START_REF] Cotzias | Modification of Parkinsonism -Chronic Treatment with L-Dopa[END_REF]. This experiment opened up the way for the "miraculous" effects of L-DOPA as the most successful therapy for PD patients [START_REF] Zhuo | Comparison for Efficacy and Tolerability among Ten Drugs for Treatment of Parkinson ' s Disease : A Network Meta-Analysis[END_REF]. Indeed, many following reports showed significant improvements in ~75% of PD patients, and even though, complete remission was rarely seen, akinesia and rigidity were greatly improved [START_REF] Yahr | L-Dopa (L-3,4-dihydroxyphenylanine)--its clinical effects in parkinsonism[END_REF][START_REF] Yahr | Treatment of parkinsonism with levodopa[END_REF][START_REF] Andén | ORAL L-DOPA TREATMENT OF PARKINSONISM[END_REF][START_REF] Lee | Treatment of parkinsonism with levodopa. Followup after 2 years of treatment[END_REF][START_REF] Klawans | Individual manifestations of Parkinson's disease after ten or more years of levodopa[END_REF][START_REF] Hughes | Motor response to levodopa in patients with parkinsonian motor fluctuations : a follow-up study over three years[END_REF].

The revolutionary treatment of PD with L-DOPA contains some limitations: the antiparkinsonian effects are not immediate and can take up several days to weeks; tremors might be eliminated but might worsen as well in some case; other symptoms, including postural instability and speech problems showed variable responses to L-DOPA treatment, suggesting that these symptoms may not solely due to striatal DA deficit [START_REF] Yahr | L-Dopa (L-3,4-dihydroxyphenylanine)--its clinical effects in parkinsonism[END_REF][START_REF] Klawans | Individual manifestations of Parkinson's disease after ten or more years of levodopa[END_REF][START_REF] Hughes | Motor response to levodopa in patients with parkinsonian motor fluctuations : a follow-up study over three years[END_REF].

Most common motor adverse effect: Levodopa-induced dyskinesia

With the substitution by Cotzias et al. of D,L-DOPA by L-DOPA alone to overcome hematologic side effects and the prevention of gastrointestinal adverse effects by a gradual build-up uptake of L-DOPA [START_REF] Cotzias | Aromatic Amino Acids and Modification of Parkinsonism[END_REF], general enthusiasm surrounded L-DOPA therapy in PD. In addition, the use of peripheral dopa decarboxylase inhibitors allowed the reduction of both the required L-DOPA dosage and gastrointestinal side effects [START_REF] Cotzias | Modification of Parkinsonism -Chronic Treatment with L-Dopa[END_REF]. Peripheral dopa decarboxylase inhibits the conversion of L-DOPA into dopamine in the peripheral system, notably the intestinal tract, rendering L-DOPA even more potent.

However, long-term L-DOPA treatment soon gave way to the recognition that complications arise with the development of adverse effects related to motor fluctuations [START_REF] Barbeau | Long-Term Side-Effects of Levodopa[END_REF].

Cotzias et al. are credited to be the first to describe levodopa-induced dyskinesia as well as cognitive symptoms such as irritability, hostility, paranoia, insomnia, and awakening effect.

Motor side effects included involuntary movements such as chorea, myoclonus, gnawing or grimacing, hemiballism, and dystonia. These dyskinesia were reported to occur later after the initiation of the levodopa therapy, in all parts of the body, usually on the most "parkinsonian" side, and to become more prominent with continuing treatment [START_REF] Cotzias | Modification of Parkinsonism -Chronic Treatment with L-Dopa[END_REF]. Dyskinesia were very soon characterized as the most common and most important dose-limiting side effects of L-DOPA treatment [START_REF] Yahr | Treatment of parkinsonism with levodopa[END_REF][START_REF] Fahn | Adverse Effects of Levodopa in Parkinson's Disease BT -Drugs for the Treatment of Parkinson's Disease[END_REF].

Other types of levodopa-induced complications

In the 1970's, besides levodopa-induced dyskinesia, other motor fluctuations started to get the attention of treating physicians such as the "on-off" phenomenon, defined as a sudden return of the parkinsonian state ("off") with a loss of L-DOPA beneficial effects, and the "wearing-off"

or "end-of-dose" phenomenon.

The "on-off" phenomenon, also named "oscillations" or "swings", are random fluctuations in either motor performances or non-motor symptoms [START_REF] Riley | The spectrum of levodopa-related fluctuations in Parkinson ' s disease[END_REF]. This phenomenon is related to rapid alternation between periods of mobility, when patients receive beneficial effects from L-DOPA ("on") and immobility, when L-DOPA is not working anymore ("off"). This complication occurs during long-term levodopa therapy. The relation of these fluctuations to plasma-levodopa concentrations and the exact mechanisms underlying this phenomenon are still unclear [START_REF] Marsden | on-Off" Effects in Patients With Parkinson'S Disease on Chronic Levodopa Therapy[END_REF][START_REF] Eriksson | On-off" phenomenon in Parkinson's disease: correlation to the concentration of dopa in plasma[END_REF][START_REF] Nutt | The "On-Off" Phenomenon in Parkinson's Disease[END_REF], however, some authors suggested that alterations in intestinal absorption (i.e. ingestion of high protein meal before L-DOPA intake) underlie many of these seemingly random fluctuations [START_REF] Nutt | The "On-Off" Phenomenon in Parkinson's Disease[END_REF].

The "wearing-off" or "end-of-dose" phenomenon is the most common and predictable fluctuation, that appears after long-term L-DOPA therapy, as the plasma concentration of L-DOPA had fallen. Typically, this complication occurs after 1-3 years of treatment in about 50% of patients and those patients experience L-DOPA benefits for a shorter time between two levodopa doses [START_REF] Marsden | on-Off" Effects in Patients With Parkinson'S Disease on Chronic Levodopa Therapy[END_REF]. Even though different mechanisms have been proposed to be responsible for this "wearing-off" effect, it is thought to be due to the progression of DA cells death in PD patients which renders the formation of active DA increasingly difficult as the disease progresses.

LEVODOPA-INDUCED DYSKINESIA IN HUMANS: A RATHER COMPLEX PICTURE OF A SPECTRUM

Clinical features

After the first description of levodopa-induced dyskinesia (LID) by Cotzias et al. in 1967, all dyskinesia were thought to appear at the peak effect of levodopa concentration and were Figure13: Spectrum and risk factors of levodopa-induced dyskinesia A. Schematic representing the three main clinical subtypes of levodopa-induced dyskinesia (LID) and their relationship to the plasma concentration of levodopa (L-DOPA). Diphasic dyskinesia appear at the beginning or at the end of L-DOPA beneficial effects, before or after the full clinical benefit on parkinsonian motor symptoms is reached. Peak-dose dyskinesia coincide with the most antiparkinsonian effects of L-DOPA ("on" period), whereas "off"-period dyskinesia appear during "off" periods when levodopa is no longer effective. termed as "peak-dose" dyskinesia (Figure 13A). In 1977, Muenter et al. described two new dyskinetic states occurring at the beginning and at the end of the L-DOPA beneficial effects.

They observed parkinsonian patients presenting a single phase of dystonia during or shortly after the peak of levodopa plasma-levels when the beneficial effects are usually maximized.

They termed this response "I-D-I" for "Parkinsonism-Improvement-Dystonia-Improvement-Parkinsonism" [START_REF] Muenter | Patterns of dystonia ("I-D-I" and "D-I-D-") in response to l-dopa therapy for Parkinson's disease[END_REF]. They observed another response pattern including a first dystonic phase followed by the expected improvement phase without dystonia and a last dystonic phase before the return of parkinsonian symptoms, that they called "D-I-D" response, standing for "Parkinsonism-Dystonia-Improvement-Dystonia-Parkinsonism" [START_REF] Muenter | Patterns of dystonia ("I-D-I" and "D-I-D-") in response to l-dopa therapy for Parkinson's disease[END_REF]. These dyskinesia will later be termed as "diphasic dyskinesia" and arise when plasma levodopa concentration is rising or falling (Figure 13A). The same year, Lees et al. described painful involuntary dystonic movements in PD patients during the "off" periods [START_REF] Lees | Off period" dystonia and "on period" choreoathetosis in levodopa-treated patients with Parkinson's disease[END_REF]. This type of dyskinesia, called "off"-state or "off"-period dyskinesia, appears most commonly as dystonic cramps of the foot, neck, jaw and shoulder in early morning, when the plasma-L-DOPA concentration is the lowest (Figure 13A).

Altogether, the clinical presentation of LID is classified into 3 main categories, based on their relationship to plasma-levels of levodopa [START_REF] Thanvi | Levodopa-induced dyskinesia in Parkinson's disease: clinical features, pathogenesis, prevention and treatment[END_REF] (Figure 13A):

• Peak-dose dyskinesia

• Diphasic dyskinesia

• "Off"-period dyskinesia

Diphasic and "off"-period dyskinesia are beyond the scope of this thesis, even though considered-animal equivalent of "off"-period dyskinesia will be described in the related paper.

Peak-dose dyskinesia will constitute the main focus of interest. The abnormal movements mostly associated with peak-dose dyskinesia are chorea, including ballism and myoclonus, and dystonia.

Chorea is defined as involuntary, abrupt, rapid, irregular, and purposeless movements that appear to flow from one body part to the next. The amplitude of these abnormal movements can vary from mild, absent at rest and provoked during active movements, to violent and large involuntary movements of the limbsthe ballism. Choreic abnormal movements are the most common form of peak-dose LID. Some particular body parts, such as the head, neck, orolingual zone, limbs and torso, are predominantly affected.

Dystonia is characterized as sustained or repetitive co-contraction of two antagonist muscles, resulting in twisting movements or extremely painful fixed postures. It is the second most predominant form of LID, occurring either "alone" or in combination with choreic abnormal movements. Dystonia is comprised in the three types of dyskinesia: peak-dose, diphasic, and "off"-period LID.

Respiratory dyskinesia are rarely reported and are characterized by an irregular breathing pattern and dyspnea [START_REF] Rich | Respiratory dyskinesia. An underrecognized phenomenon[END_REF][START_REF] Xie | Respiratory dyskinesia in a patient with Parkinson disease successfully treated with STN DBS[END_REF].

The diversity of clinical manifestations of LID indicate that these abnormal involuntary movements are a heterogeneous phenomenon that might have different pathophysiological mechanisms and emphasize a rather complex picture of LID [START_REF] Luquin | Levodopa-induced dyskinesias in Parkinson's disease: Clinical and pharmacological classification[END_REF].

Risk factors of LID

Even though L-DOPA is still nowadays the best treatment for PD, the majority of PD patients experience LID over the time course of their therapy, with up to ~50% within 5 years of treatment and up to ~90% within 10 years (Ahlskog and Muenter, 2001). Previous studies described LID even earlier during L-DOPA treatment in PD patients but is thought to be dependent on the progression of the disease and other risk factors (Ahlskog and Muenter, 2001).

Many risk factors, some manageable, some not, might help to predict the prevalence of LID development, such as the age of onset of the disease, the progression of the disease, including both its severity and its duration, and the duration of levodopa therapy (for recent review [START_REF] Tran | Levodopa-induced dyskinesia: clinical features, incidence, and risk factors[END_REF]).

Age at the onset of the disease

The age of the patient at the onset of the disease is a critical factor in the prevalence of LID.

Younger PD patients at the onset of the disease tend to develop more motor complications. A 5-years study, assessing the prevalence of LID by age of PD patients, showed that after the age of 70 years, the incidence of LID is 16% whereas with an onset between 40 and 60 years, the risk to develop dyskinesia is 50% [START_REF] Kumar | Levodopa-dyskinesia incidence by age of Parkinson's disease onset[END_REF]. Moreover, 100% of patients suffering from early-onset parkinsonism, defined as an onset of the disease before the age of 40 years, will eventually develop LID [START_REF] Quinn | Young Onset Parkinson ' s Disease[END_REF].

Severity of damages

As Parkinson's disease is a progressive neurodegenerative disorder, longer disease duration, meaning greater cell death and therefore greater DA deficiency, plays a critical role in the development of LID (Figure 13B-C). In a study examining seven patients developing rapid and severe parkinsonism following repeated intravenous injections of 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP) (See below in Section 2.3.1 Non-human primate models of LID), levodopa treatment induced motor complications in five of these patients within 5 months [START_REF] Langston | Parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP): implications for treatment and the pathogenesis of Parkinson's disease[END_REF][START_REF] Ballard | Permanent human parkinsonism due to 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP): seven cases[END_REF]. These results suggest that neither prolonged L-DOPA treatment nor progression of the disease but highly severe neurodegeneration is necessary for the development of LID.

Chronic exposure to L-DOPA

During the early course of L-DOPA treatment, the risk of developing dyskinesia is low but increases with the duration of chronic levodopa exposure (Figure 13B-C). After one year of L-DOPA treatment, only 7% of PD patients experienced LID when about 90% suffered from LID after 9-15 years (Ahlskog and Muenter, 2001).

Dosage of treatment

As mentioned earlier, the dosage of levodopa used for treatment is an important risk factor in LID occurrence (Figure 13B). The Parkinson Study Group designed a placebo-controlled, randomized clinical trial, the Earlier vs Later L-DOPA (ELLDOPA) study, to assess if the dosage of levodopa constituted a risk factor in the development of LID. They showed that only 2.3% of PD patients receiving 300 mg of levodopa 3 times a day for 6 months developed dyskinesia while LID occurred in 16.5% of PD patients receiving 600 mg of levodopa 3 times a day for 6 months [START_REF] Fahn | Parkinson disease, the effect of levodopa, and the ELLDOPA trial[END_REF][START_REF] Morgan | Levodopa and the progression of Parkinson's disease[END_REF].

Gender

Gender also seems to affect the occurrence of LID. Indeed, women are more at risk to develop LID [START_REF] Zappia | Sex differences in clinical and genetic determinants of levodopa peak-dose dyskinesias in Parkinson disease: An exploratory study[END_REF] and tend to show a higher probability to develop dyskinesia more rapidly than men (4 years for females and 6 years for males) [START_REF] Hassin-Baer | Gender effect on time to levodopa-induced dyskinesias[END_REF]. The mechanism underlying this gender effect remains unclear, although it has been suggested that levodopa sensitivity might be modified by hormones [START_REF] Zappia | Sex differences in clinical and genetic determinants of levodopa peak-dose dyskinesias in Parkinson disease: An exploratory study[END_REF] and that lower body weight might be involved to greater LID prevalence as a result of a greater levodopa exposure.

Body weight

Lower body weight is indeed a risk factor of LID, independent of the gender. Dyskinetic patients receive higher levodopa dose per kilogram of body weight [START_REF] Sharma | Relationship between weight, levodopa and dyskinesia: The significance of levodopa dose per kilogram body weight[END_REF].

Parkinson's disease subtypes

Clinical classifications of Parkinson's disease also represent a risk factor for LID development.

PD patients can be further categorized into four different subtypes: early-onset parkinsonism, rapid disease progression parkinsonism, non-tremor dominant with major cognitive symptoms, and tremor dominant subtypes [START_REF] Lewis | Heterogeneity of Parkinson's disease in the early clinical stages using a data driven approach[END_REF][START_REF] Reijnders | The association between motor subtypes and psychopathology in Parkinson's disease[END_REF]. Tremor dominant PD patients present significantly lower risk to develop dyskinesia than other subtypes (Y.-H. Zhang et al., 2013).

Genetics

The development of the field of genetics allowed the identification of several genetic risk factors in the occurrence of LID, some seem to increase the risks of developing LID whereas others might decrease them. As the link between dopamine and PD has now been extensively demonstrated, genetic factors related to DA receptors, DA transporters, and enzymes involved in DA metabolism have been investigated.

Polymorphisms in the gene DRD2, encoding for the dopamine receptor subtype 2 (D2R) and its downstream gene, ANKK1, have been showed to increase the risks of developing LID [START_REF] Rieck | DRD2 haplotype is associated with dyskinesia induced by levodopa therapy in Parkinson's disease patients[END_REF]. Another study implicated polymorphisms in the gene encoding for dopamine transporter (DAT), SLC6A3, in delay of LID development [START_REF] Kaplan | Sequence variants in SLC6A3, DRD2, and BDNF genes and time to levodopainduced dyskinesias in Parkinson's disease[END_REF].

Interestingly, a study showed the implication of a variation of DRD3, the gene encoding for the dopamine receptor subtype 3 (D3R) in diphasic dyskinesia, but not in peak-dose LID, further suggesting that their underlying pathological mechanisms might be different [START_REF] Lee | Differential genetic susceptibility in diphasic and peak-dose dyskinesias in Parkinson's disease[END_REF]. [START_REF] De Lau | Catechol-O-methyltransferase Val158Met and the risk of dyskinesias in Parkinson's disease[END_REF].

Brain derived neurotrophic factor (BNDF) has also been investigated and its variant Val(66)Met has been implicated in increased probability to develop LID earlier in the course of L-DOPA therapy [START_REF] Foltynie | BDNF val66met influences time to onset of levodopa induced dyskinesia in Parkinson's disease[END_REF]. In addition, cerebellar stimulations can reduce LID (detailed below in Section 2.2.1 A relatively unexpected benchwarmer: the cerebellum) and decrease BNDF levels in Val(66)Val group but not in Val(66)Met subjects (Sanna et al., 2020).

Leucine-rich repeat kinase 2 (LRRK2) (PARK8) mutations account for up to 13% of familial cases of PD and 1-5% of sporadic PD (reviewed in [START_REF] Kumari | LRRK2 in Parkinson ' s disease : genetic and clinical studies from patients[END_REF]), and its level of phosphorylation at serine 935 has been shown to correlate LID appearance in dyskinetic rats compared to non-dyskinetic animals (See below Section 2.3 Animal models of levodopainduced dyskinesia) [START_REF] Stanic | LRRK2 phosphorylation level correlates with abnormal motor behaviour in an experimental model of levodopa-induced dyskinesias[END_REF]. Moreover, inhibition of LRRK2 induced a significant increase in LID severity in 6-OHDA-lesioned animals chronically treated with L-DOPA [START_REF] Stanic | LRRK2 phosphorylation level correlates with abnormal motor behaviour in an experimental model of levodopa-induced dyskinesias[END_REF].

All these genetic polymorphisms may help to identify patients which are most at risk of developing LID, however, most of these studies are in need for further investigations to replicate their observations.

Assessment of LID

The is no universal tool available to assess the severity of dyskinesia accurately and reliably.

This statement may explain the discrepancies in results in various studies performed to determine the prevalence of LID. Moreover, dyskinesia are intermittent and may not occur 2003) and do not overcome the fact that the accurate assessment of dyskinesia remains subjective, rendering it very variable among patients.

Beyond LID: other non-motor adverse effects

In addition to the wide spectrum of motor complications following L-DOPA therapy, several non-motor symptoms can also arise from chronic L-DOPA treatment. Levodopa-induced nonmotor complications can be divided into three main categories: neuropsychiatric, autonomic, and "sensory"/pain (for reviews (Aquino and Fox, 2015;[START_REF] Beaulieu-Boire | Behavioral effects of levodopa[END_REF]).

Many of these symptoms seem to follow a similar pattern as the one observed for levodopainduced motor complications with worsening during the wearing-off and "off"-periods and improvements during "on"-periods. However, some other non-motor symptoms follow the opposite pattern by worsening during high plasma-levels of levodopa (Aquino and Fox, 2015).

Neuropsychiatric adverse effects

Cognitive complications have been described since the early days of levodopa therapy [START_REF] Cotzias | Modification of Parkinsonism -Chronic Treatment with L-Dopa[END_REF][START_REF] Marsden | on-Off" Effects in Patients With Parkinson'S Disease on Chronic Levodopa Therapy[END_REF]. These non-motor fluctuations have a large impact on patients' quality of life and include depressed mood, anxiety, anger, irritability during the "off" state and euphoria, hyperactivity, and hypomania, mostly observed during the "on" state [START_REF] Fox | Motor and non-motor fluctuations. 1st edn[END_REF]. Psychotic symptoms such as hallucinations can also occur, unrelated to the "on"/"off" state. The risk factors are similar to those involved in motor complications. The fluctuations of non-motor symptoms related to the "on" and "off" states and the fact that non-motor symptoms occurring during the "off" state respond well to dopamine replacement therapy suggest an involvement of the dopaminergic system in their pathophysiology.

Neuropsychiatric adverse effects mainly include dopamine dysregulation symptoms (DDS), impulse control disorders (ICS), and punding. 

Impulse Compulsive disorder

Impulse compulsive disorder (ICD) is a condition where patients failed to resist impulses, urges, and temptations despite negative consequences. ICD includes pathological gambling, compulsive eating and shopping, and hypersexuality. Even though the prevalence of ICD is greater in patients receiving dopamine agonist treatments, 7% of patients taking levodopa develop ICD, especially hypersexuality and "aberrant sexual behaviors". Higher dosage of levodopa has also been associated to higher risk to develop ICD [START_REF] Weintraub | Impulse control disorders in Parkinson disease: a cross-sectional study of 3090 patients[END_REF].

Psychosis and hallucinations

Psychosis in Parkinson's disease mainly comprises visual hallucinations which are the most common. There are often stereotyped, recurrent, and become familiar to the patient. Unlike schizophrenic patients, PD patients usually experience visual hallucinations without any emotional component. Even though levodopa has been involved in psychosis and hallucinations, its exact role remains hard to identify as these symptoms occur often later in the disease when most patients are already treated with levodopa, rendering the separation between disease and treatment components really difficult [START_REF] Beaulieu-Boire | Behavioral effects of levodopa[END_REF].

Punding

Punding was first associated to stereotyped behaviors observed in drug addicts. It refers to a complex stereotyped and excessive behavior where patients develop intense fascination for simple repetitive tasks such as sorting, touching, or gathering objects, or more complex behavior such as pointless driving or walkabouts, and extended monologues. Punding is observed in 14% of PD patients [START_REF] Evans | Punding in Parkinson's disease: Its relation to the dopamine dysregulation syndrome[END_REF] and is tightly linked to high doses of levodopa [START_REF] Friedman | Punding on levodopa[END_REF]. It has been acknowledged as very debilitating and disruptive for PD patients and often results in isolation [START_REF] Evans | Punding in Parkinson's disease: Its relation to the dopamine dysregulation syndrome[END_REF]. As punding is not driven by fear or an internal sense of tension, it is distinct from obsessive-compulsive disorder. Chronic L-DOPA treatment overstimulating DA receptors in the ventral striatum is thought to be part its underlying mechanism [START_REF] Evans | Compulsive Drug Use Linked to Sensitized Ventral Striatal Dopamine Transmission[END_REF].

Autonomic complications

In addition to motor and cognitive complications, autonomic adverse effects have been extensively reported, such as nausea, abdominal bloating, hypotension, thermoregulatory dysfunction, sweating, and excessive daytime sleepiness (Aquino and Fox, 2015). These symptoms most often occur during "off"-period and their response to levodopa or DA replacement therapy is very variable. As for psychosis and hallucinations, these symptoms are inherent to PD and therefore, the exact involvement of L-DOPA is not easy to determine.

Early L-DOPA treatment induced many gastrointestinal side effects such as nausea and vomiting which have been overcome since daily L-DOPA dosage has been reduced [START_REF] Cotzias | Aromatic Amino Acids and Modification of Parkinsonism[END_REF] and peripheral aromatic L-amino acid decarboxylase (AADC)

inhibitors have been used in combination [START_REF] Cotzias | Modification of Parkinsonism -Chronic Treatment with L-Dopa[END_REF]. These adverse effects were thought to be due to the stimulation of DA receptors in the area postrema, a brain area which is not protected by the blood brain barrier [START_REF] Stefanini | Detection of dopamine receptors in the area postrema[END_REF]).

Sensory/pain symptoms

Pain, numbness, akathisia, and restless leg are symptoms often experienced by PD patients that worsen in "off"-periods of levodopa therapy. These symptoms respond quite well to dopaminergic drugs. Pain is often associated to painful dystonic cramps but some pain sensations, including burning, or stabbing sensations, are described without any evidence of dystonia [START_REF] Quinn | Painful Parkinson'S Disease[END_REF].

Akathisia is a common feature described by 21% of PD patients and is defined as a feeling of restlessness accompanied by restless, purposeless movements [START_REF] Comella | Akathisia in idiopathic Parkinson ' s disease[END_REF].

Earlier age at the onset of the disease is a risk factor of akathisia and alterations in the mesocortical pathway (DA projections from VTA to prefrontal cortex) has been suggested as a potential cause of this phenomenon [START_REF] Comella | Akathisia in idiopathic Parkinson ' s disease[END_REF].

ANIMAL MODELS OF LEVODOPA-INDUCED DYSKINESIA

The search for a better understanding of neural mechanisms underlying levodopa-induced dyskinesia and for new therapeutic solutions have fueled researches for the development of accurate and valid translational experimental models of levodopa-induced dyskinesia side effects in animals.

Non-human primate models of LID

Modelling LID in primates, and in animals in general, became first possible because of the serendipitous discovery of MPTP-induced parkinsonism.

Once upon a time, a group of drug addicts took a new "synthetic heroin" that had just hit the streets in California. Overnight, they developed textbook symptoms of advanced Parkinson's disease. Closer examination of this "synthetic heroin" allowed the discovery of the neurotoxin MPTP which contaminated the drug and has been shown to be responsible of this permanent parkinsonism. Patients with MPTP induced-parkinsonism exhibited all motor symptoms of PD, including tremor, as well as some cognitive features of PD and they responded instantly and dramatically well to L-DOPA [START_REF] Langston | The MPTP story[END_REF]. MPTP selectively destroys DA neurons in the substantia nigra pars compacta [START_REF] Przedborski | The parkinsonian toxin MPTP : action and mechanism[END_REF]. This unfortunate story actually paved the way for the development of MPTP-treated non-human primate models. Almost immediately after the publication of these cases [START_REF] Langston | Parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP): implications for treatment and the pathogenesis of Parkinson's disease[END_REF][START_REF] Ballard | Permanent human parkinsonism due to 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP): seven cases[END_REF], MPTP was administrated to non-human primates allowing the reproduction in animals of almost all the clinical and pathophysiological hallmarks of PD [START_REF] Doudet | MPTP primate model of Parkinson's disease: a mechanographic and electromyographic study[END_REF].

Nowadays, MPTP-treated non-human primates still constitute one of the best phenomenological models of PD. Four different species are commonly used: the macaque monkeys (Macaca mulatta and Macaca fascicularis), the squirrel monkey (Saimiri sciureus), and the common marmoset (Callithrix jacchus) [START_REF] Bezard | Models of hyperkinetic disorders in primates[END_REF]. Animals display loss of facial expression, flexed posture, rigidity, bradykinesia, and akinesia [START_REF] Doudet | MPTP primate model of Parkinson's disease: a mechanographic and electromyographic study[END_REF][START_REF] Schultz | Deficits in behavioral initiation and execution processes in monkeys with 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism[END_REF][START_REF] Benazzouz | MPTP induced hemiparkinsonism in monkeys: behavioral, mechanographic, electromyographic and immunohistochemical studies[END_REF], and sometimes tremor, depending on individuals and species [START_REF] Schultz | Deficits in behavioral initiation and execution processes in monkeys with 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism[END_REF][START_REF] Bergman | Physiology of MPTP tremor[END_REF].

One of the major findings using this model was the identification of the subthalamic nucleus (STN), as a central structure in the pathophysiology of PD and LID [START_REF] Mitchell | Neural mechanisms underlying parkinsonian symptoms based upon regional uptake of 2-deoxyglucose in monkeys exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF][START_REF] Bergman | The primate subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism[END_REF], leading to the development of surgical therapies [START_REF] Bergman | Reversal of experimental parkinsonism by lesions of the subthalamic nucleus[END_REF][START_REF] Aziz | Lesion of the Subthalamic Nucleus for the Alleviation of ( MPTP ) -Induced Parkinsonism in the Primate[END_REF][START_REF] Benazzouz | Reversal of Rigidity and Improvement in Motor Performance by Subthalamic High-frequency Stimulation in MPTP-treated Monkeys[END_REF] that have been subsequently successfully transferred into clinical practice (See below in Section 2.5

Treatment and prevention of levodopa-induced dyskinesia).

Most of the PD symptoms experienced by MPTP-treated animals are alleviated by dopaminergic medications, including L-DOPA [START_REF] Clarke | Timing of levodopa therapy: evidence from MPTP-treated primates[END_REF][START_REF] Clarke | Levodopa-induced dyskinesia and response fluctuations in primates rendered parkinsonian with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)[END_REF]. Chronic levodopa treatment induced motor complications, including LID, in MPTP-treated non-human primates, that are remarkably similar to those observed in PD patients. Animals develop LID within 2-12 weeks of L-DOPA therapy, depending on the dosage, the species, and the severity of the DA lesion. Choreiform movements and sustained dystonic postures of the limb, the neck, the trunk, and the orofacial zone are observed [START_REF] Clarke | Timing of levodopa therapy: evidence from MPTP-treated primates[END_REF][START_REF] Clarke | Levodopa-induced dyskinesia and response fluctuations in primates rendered parkinsonian with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)[END_REF][START_REF] Fox | The MPTP-lesioned non-human primate models of Parkinson's disease. Past, present, and future[END_REF][START_REF] Johnston | Symptomatic Models of Parkinson's Disease and L-DOPA-Induced Dyskinesia in Non-human Primates[END_REF]. However, symptomatic differences are present among primates: the so-called New World Primates, including marmosets and squirrel monkeys, present a undistinguishable mixture of dyskinetic features, while Old World Primates, including macaques, exhibit easily distinguishable abnormal movements, as either chorea or dystonia (reviewed in [START_REF] Johnston | Symptomatic Models of Parkinson's Disease and L-DOPA-Induced Dyskinesia in Non-human Primates[END_REF]). MPTP-treated non-human primates exhibit peakdose dyskinesia when plasma-levels of L-DOPA are high, similar to PD patients. Diphasic and "off"-period dyskinesia occur as well in these animals [START_REF] Boyce | Characterisation of dyskinesias induced by L-dopa in MPTP-treated squirrel monkeys[END_REF] but are rarely described. Other motor fluctuations, such as the "wearing-off" and "on-off" phenomena [START_REF] Kuoppamäki | Beginning-of-dose and rebound worsening in MPTP-treated common marmosets treated with levopoda[END_REF][START_REF] Fox | The MPTP-lesioned non-human primate models of Parkinson's disease. Past, present, and future[END_REF] are also successfully reproduced in this model (for review [START_REF] Fox | The MPTP-lesioned non-human primate models of Parkinson's disease. Past, present, and future[END_REF]). Finally, MPTP-treated non-human primates also display abnormal and repetitive behaviors [START_REF] Fox | The MPTP-lesioned non-human primate models of Parkinson's disease. Past, present, and future[END_REF], including hallucinatory-like behavior [START_REF] Blanchet | Amantadine reduces levodopa-induced dyskinesias in parkinsonian monkeys[END_REF], "psychosis-trance" [START_REF] Boyce | Characterisation of dyskinesias induced by L-dopa in MPTP-treated squirrel monkeys[END_REF], irritability and hyperactivity [START_REF] Akai | Combination treatment of the partial D2 agonist terguride with the D1 agonist SKF 82958 in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned Parkinsonian cynomolgus monkeys[END_REF], thought to be related to cognitive symptoms exhibited by PD patients.

Rodent models of LID

The rat

In the 1968, Urban Ungerstedt injected for the first time 6-hydroxydopamine (6-OHDA) into a rat's brain in order to selectively induce monoaminergic degeneration and observed marked motor disturbances, therefore creating, without knowing it, the very first rodent model of PD [START_REF] Ungerstedt | 6-Hydroxy-dopamine induced degeneration of central monoamine neurons[END_REF]. A couple of years later, he injected 6-OHDA-lesioned rats with L-DOPA and noticed a very strong contralateral-to-the-lesion rotational behavior in these animals which he called "rotometer". He suggested that this rotational behavior was due to a hypersensitivity of DA receptors in the lesioned striatum (Ungerstedt, 1971b). However, it was not until the mid-1990's that unilateral 6-OHDA-lesioned rats started to get attention for the study of PD and LID (for review [START_REF] Cenci | Animal models of neurological deficits: How relevant is the rat?[END_REF].

In the late 1990's, in addition to the contralateral rotational behavior, unilaterally-lesioned rats chronically treated with L-DOPA were associated with contralateral-to-the-lesion abnormal involuntary movements, resembling LID [START_REF] Cenci | L-DOPA-induced dyskinesia in the rat is associated with striatal overexpression of prodynorphin-and glutamic acid decarboxylase mRNA[END_REF]. Cenci and coworkers were pioneers in the description of abnormal involuntary movements (AIMs) in rodents and they developed the first scale for rating the presence and severity of AIMs. These abnormal involuntary movements were considered dyskinetic, and therefore the equivalent of LID in PD patients, based on three criteria: they are induced by chronic L-DOPA treatment, they only affect the contralateral-to-the-lesion side of the body, and they are repetitive, purposeless movements, distinct from normal behavior such as grooming, sniffing, rearing, gnawing, and licking [START_REF] Cenci | L-DOPA-induced dyskinesia in the rat is associated with striatal overexpression of prodynorphin-and glutamic acid decarboxylase mRNA[END_REF][START_REF] Lee | Embryonic ventral mesencephalic grafts improve levodopa-induced dyskinesia in a rat model of Parkinson's disease[END_REF]. AIMs were classified into four categories based on their topographic distribution: locomotive AIMs, referring to contralateral rotations, axial AIMs, defined as abnormal twisting of the neck and upper body, limb AIMs, characterized by jerky, repetitive movements of the forelimb, and orolingual/oral AIMs, defined as stereotyped jaw movements with or without tong protrusion. Each of these categories are given a score between 0 and 4; 0 being the absence of AIMs, and 4 being severe, repetitive AIMs (See Methods of the related article).

Since then, AIMs in rats have been proven to be a valid model of peak dose LID as they are debilitating if severe [START_REF] Lundblad | Pharmacological validation of behavioural measures of akinesia and dyskinesia in a rat model of Parkinson's disease[END_REF], they exhibit the same dose-response pattern [START_REF] Winkler | L-DOPA-induced dyskinesia in the intrastriatal 6-hydroxydopamine model of parkinson's disease: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Lindgren | The "motor complication syndrome" in rats with 6-OHDA lesions treated chronically with l-DOPA: Relation to dose and route of administration[END_REF], they increase in severity over the time course of the treatment [START_REF] Lee | Embryonic ventral mesencephalic grafts improve levodopa-induced dyskinesia in a rat model of Parkinson's disease[END_REF][START_REF] Winkler | L-DOPA-induced dyskinesia in the intrastriatal 6-hydroxydopamine model of parkinson's disease: relation to motor and cellular parameters of nigrostriatal function[END_REF], they respond to well-known anti-dyskinetic treatments such as clozapine and amantadine [START_REF] Lundblad | Pharmacological validation of behavioural measures of akinesia and dyskinesia in a rat model of Parkinson's disease[END_REF][START_REF] Monville | Validation of the L-dopa-induced dyskinesia in the 6-OHDA model and evaluation of the effects of selective dopamine receptor agonists and antagonists[END_REF][START_REF] Dekundy | Modulation of l-DOPA-induced abnormal involuntary movements by clinically tested compounds: Further validation of the rat dyskinesia model[END_REF] (See below in Section 2.5 Treatment and prevention of levodopa-induced dyskinesia), and they are not induced by anti-parkinsonian therapies that have a low probability of inducing LID [START_REF] Lundblad | Pharmacological validation of behavioural measures of akinesia and dyskinesia in a rat model of Parkinson's disease[END_REF][START_REF] Lindgren | The "motor complication syndrome" in rats with 6-OHDA lesions treated chronically with l-DOPA: Relation to dose and route of administration[END_REF]. However, this model excludes contralateral rotational behavior, or locomotive AIMs, as a reliable analogous of LID, because of the impossibility to discriminate between dyskinetic and antiakinetic effects of anti-parkinsonian drugs [START_REF] Lundblad | Pharmacological validation of behavioural measures of akinesia and dyskinesia in a rat model of Parkinson's disease[END_REF][START_REF] Sgroi | Spontaneous locomotor activity and L-DOPAinduced dyskinesia are not linked in 6-OHDA parkinsonian rats[END_REF] and because they are unaffected by treatments that attenuate LID in PD patients and/or in non-human primates when the scores of the other subtypes of AIMs are decreased [START_REF] Dekundy | Modulation of l-DOPA-induced abnormal involuntary movements by clinically tested compounds: Further validation of the rat dyskinesia model[END_REF][START_REF] Dupre | Effects of coincident 5-HT1A receptor stimulation and NMDA receptor antagonism on L-DOPA-induced dyskinesia and rotational behaviors in the hemi-parkinsonian rat[END_REF].

Since the initial description of the rating scale for rat's AIMs based on the proportion of observation time [START_REF] Cenci | L-DOPA-induced dyskinesia in the rat is associated with striatal overexpression of prodynorphin-and glutamic acid decarboxylase mRNA[END_REF], several variants of rating scales have been proposed. One of them combined time-based scores with the amplitude of the dyskinetic movements [START_REF] Winkler | L-DOPA-induced dyskinesia in the intrastriatal 6-hydroxydopamine model of parkinson's disease: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Mela | Antagonism of metabotropic glutamate receptor type 5 attenuates L-DOPAinduced dyskinesia and its molecular and neurochemical correlates in a rat model of Parkinson's disease[END_REF]. Another variant further classified AIMs by first adding dystonic hindpaw [START_REF] Steece-Collier | Embryonic mesencephalic grafts increase levodopa-induced forelimb hyperkinesia in Parkinsonian rats[END_REF] and ended up with 7 AIMs subtypes, including neck, trunk, hindlimb, forepaw, orolingual, head bobbing, and forelimb-facial stereotypy [START_REF] Maries | Focal not widespread grafts induce novel dyskinetic behavior in parkinsonian rats[END_REF]. A comparative study showed that the addition of the hindlimb does improve the sensibility of AIMs rating scales [START_REF] Breger | Comparison of rating scales used to evaluate l-DOPAinduced dyskinesia in the 6-OHDA lesioned rat[END_REF].

The mouse

Toxic models

Although MPTP-treated mice were a commonly used PD model in the past, the discrepancy in sensitivity to MPTP of the different mouse strains rendered this model unreliable for the study of LID [START_REF] Meredith | MPTP mouse models of Parkinson's disease: An update[END_REF]. The unilateral 6-OHDA mouse model produces stable parkinsonism symptoms, including akinesia, decreased locomotor initiations, asymmetrical use of the forepaw, and ipsilateral rotational behavior, depending on lesion site and injected volume [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF][START_REF] Thiele | Development of a unilaterally-lesioned 6-OHDA mouse model of Parkinson's disease[END_REF]. Similarly to rats, mice with 6-OHDA dopaminergic lesion can be quite reliably used as a model of LID and the same criteria, including localization, frequency, and duration, can be used to asses AIMs severity (for review (Cenci and Crossman, 2018)).

Cenci and co-workers were the first to describe the impacts of lesion procedures on motor impairments of both 6-OHDA and L-DOPA treated mice. Both intrastriatal lesion and lesion of the medial forebrain bundle (MFB) induced forelimb akinesia, on the side contralateral to the lesion, although spontaneous asymmetric rotations only occurred in MFP-lesioned mice [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF]. Forelimb akinesia is relieved by L-DOPA (6mg/kg) in both types of lesions, however, levodopa threshold for the induction of severe AIMs differs between the two lesion procedures: almost all MFB-lesioned mice develop severe axial, limb, and orolingual AIMs with daily dose of 6mg/kg of levodopa while only 36% of the intrastriatally-lesioned mice exhibited AIMs with 18mg/kg daily doses [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF]. Even though lower L-DOPA doses (10mg/kg) have been used in other studies [START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF], more than half of the intrastriatally-lesioned mice failed to develop AIMs [START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF]. The lesion of the substantia nigra pars compacta results in a depletion of striatal tyrosine hydroxylase (TH)-positive fibers not exceeding 30% and is therefore not suitable for LID studies [START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF] as AIMs appear with chronic L-DOPA treatment only when > 80% of striatal DA terminals or DA neurons are lost and reach their maximum severity when the depletion is greater than 90% [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF]. The high probability to develop LID is, however, at the expense of an associated intense care protocol, including sugar-enriched food and daily subcutaneous glucose-saline injections, to decrease the high mortality rate of mice presenting rapid loss of body weight and thermoregulation dysfunctions [START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF] (See also Methods of the related article). AIMs in mice are significantly reduced by acute administration of compounds, such as amantadine (See below in Section 2.5 Treatment and prevention of levodopa-induced dyskinesia), that have already been proven to alleviate LID both in PD patients and in rat and monkey models of LID [START_REF] Lundblad | Pharmacological validation of a mouse model of l-DOPA-induced dyskinesia[END_REF]. AIMs mouse model provides therefore a functional equivalent of LID observed in PD patients.

Although bilateral lesions with 6-OHDA also exist [START_REF] Masini | A Guide to the Generation of a 6-Hydroxydopamine Mouse Model of Parkinson ' s Disease for the Study of Non-Motor Symptoms[END_REF], it is accompanied by a dramatic akinetic state with severe aphagia and adipsia (absent feelings of thirst) leading to a high mortality rate (Ungerstedt, 1971a;[START_REF] Tronci | Animal models of l-DOPA-induced dyskinesia: the 6-OHDA-lesioned rat and mouse[END_REF]. Unilateral lesions have several advantageous such as i) they are better supported by the animals, ii) they allow easier identification of AIMs on the contralateral side of the body, iii) they allow the use of the other hemisphere as an internal control, and iv) they reflect the fact that PD patients usually have one hemisphere more affected than the other.

Even though mice do not present an AIMs phenomenology as complex as the rats, unilaterallesioned mice are a powerful tool to study the molecular and cellular mechanisms underlying the development of LID, especially because of its wide range of genetically modified mouse line allowing the study of specific pathways, cell types, and molecules involved in LID and led to substantial discoveries in this field [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Lundblad | Pharmacological validation of a mouse model of l-DOPA-induced dyskinesia[END_REF][START_REF] Lindgren | The "motor complication syndrome" in rats with 6-OHDA lesions treated chronically with l-DOPA: Relation to dose and route of administration[END_REF][START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF][START_REF] Santini | L-DOPA activates ERK signaling and phosphorylates histone H3 in the striatonigral medium spiny neurons of hemiparkinsonian mice[END_REF][START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF][START_REF] Fieblinger | Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia[END_REF][START_REF] Parker | Pathway-Specific Remodeling of Thalamostriatal Synapses in Parkinsonian Mice[END_REF]Parker et al., 2018;[START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF].

Genetic models

Dyskinesia have also been described in genetic mouse model of PD chronically treated with L-DOPA, such as the aphakia mouse. Aphakia mice exhibit pronounced and selective loss of dopamine neurons in the midbrain, including in the substantia nigra pars compacta (SNc), as a consequence of a naturally occurring depletion of the promotor region and the non-coding exon 1 of the Pitx3 gene, which encodes a transcription factor required for DA neuron differentiation [START_REF] Hwang | S elective loss of dopaminergic neurons in the substantia nigra of Pitx3deficient aphakia mice[END_REF]. Aphakia mice chronically treated with L-DOPA exhibit abnormal paw movements, including a novel dyskinetic behavior called "three paw dyskinesia", defined as fluttering movements of both forepaws and one hindpaw when the mouse is rearing.

AIMs in aphakia mice can be induced by administration of dopaminergic receptor agonists, are alleviated by well-known anti-dyskinetic compounds, such as amantadine (See below in Section 2.5 Treatment and prevention of levodopa-induced dyskinesia), and are associated with many molecular signatures of LID [START_REF] Ding | Chronic 3,4-dihydroxyphenylalanine treatment induces dyskinesia in aphakia mice, a novel genetic model of Parkinson's disease[END_REF]. The aphakia mouse constitutes a unique model of PD and LID as i) DA denervation is bilateral, ii) the loss of DA neurons in SNc occurs early in the development, and iii) they present a consistent degree of nigrostriatal system degeneration without the variability and mortality associated with toxic lesions.

Bilateral DA deficient dopamine transporter (DAT)-knock-out mouse (DDD) has also been proposed as a model for LID. These mice lack DA transporter which leads to increased DA release and extracellular content and exhibit hyperlocomotion. Administration of α-methyl-ptyrosine induces acute DA depletion and parkinsonian symptoms such as akinesia, which are reversed by L-DOPA [START_REF] Urs | Targeting β-arrestin2 in the treatment of L-DOPA-induced dyskinesia in Parkinson's disease[END_REF]. DDD mice also develop "three paw dyskinesia" which is thought to be the result of bilateral DA depletion.

A number of α-synuclein transgenic mice have been developed using various promotors, leading to α-synuclein overexpression, one of the major features of Parkinson's disease (See Section 1.7 What happens when motor circuits have a nervous breakdown). Despite overt degeneration of DA neurons, these mice present several functional abnormalities in the nigrostriatal system, some of which are DA responsive [START_REF] Dawson | Genetic Animal Models of Parkinson's Disease[END_REF]. This Mitochondrial dysfunction has been implicated in PD and these mice present a dysfunctional respiratory chain in DA neurons, leading in turn to a parkinsonian phenotype with adult onset due to progressive neuronal death and motor impairments [START_REF] Ekstrand | Progressive parkinsonism in mice with respiratory-chain-deficient dopamine neurons[END_REF]. Unlike the other models described above, this mouse model progressively, and not acutely, develops a parkinsonian phenotype, as in PD patients, and responds differently to L-DOPA depending on the stage of the disease [START_REF] Ekstrand | Progressive parkinsonism in mice with respiratory-chain-deficient dopamine neurons[END_REF]. This model can be very powerful to understand the molecular mechanisms leading to progressive cell death in PD. However, further investigations need to be done on these models to describe and analyze their responses to chronic L-DOPA treatment (for review [START_REF] Dawson | Genetic Animal Models of Parkinson's Disease[END_REF][START_REF] Bezard | A tale on animal models of Parkinson's Disease[END_REF]).

Another interesting model is LRRK2 rodents. As already mentioned above, LRRK2 mutations account for up to 13% of familial cases of PD and 1-5% of sporadic PD (reviewed in [START_REF] Kumari | LRRK2 in Parkinson ' s disease : genetic and clinical studies from patients[END_REF]). Therefore, several mouse models such as knock-out and transgenic mouse models are currently in development, especially in the study of the involvement of LRRK2 mutations in DA denervation (reviewed in [START_REF] Xiong | Models of LRRK2-Associated Parkinson's Disease[END_REF]). Even though LRRK2 mouse models might represent a powerful tool to understand how LRRK2 mutations are associated with PD, further investigations are required to clarify contradictory current results [START_REF] Xiong | Models of LRRK2-Associated Parkinson's Disease[END_REF]. To the best of my knowledge, none of these studies addressed the role of LRRK2 mutations in LID yet.

NEURAL BASIS OF LEVODOPA-INDUCED DYSKINESIA

This part of the chapter will focus on gathering and describing all the findings about the neural basis of peak dose dyskinesia only. First, because the main results of this thesis are associated to peak dose dyskinesia, even though some are associated to the "off" state but will be identified as so, and second, because many reports in the literature are mixing dyskinetic states which is, in my personal opinion, a mistake as these different states might not have the same neuronal and molecular basis.

Pharmacokinetics and pharmacodynamics

Since its first introduction in the 1960's, levodopa, a precursor of dopamine, has remained the gold-standard therapy of PD. However, L-DOPA faces several challenges arising from complex interactions between the kinetic characteristics of L-DOPA intake and the pathological changes induced by the progression of the disease. In the early course of the treatment, L-DOPA remains manageable but as the disease progresses, L-DOPA induces motor and nonmotor fluctuations. Understanding the pharmacokinetics and pharmacodynamics of L-DOPA (reviewed in (Nutt, 2008)) will help optimizing drug prescription in PD patients.

One of the most important pharmacokinetic features of L-DOPA is its short plasma half-life of ~90 minutes, leading to its transient beneficial effects (Nutt, 2008). Moreover, L-DOPA is metabolized into DA in the peripheral system by the enzyme AADC allowing only ~30% of the dose to reach the systemic circulation [START_REF] Contin | Pharmacokinetics of levodopa[END_REF]. To overcome this issue, L-DOPA is co-administrated with AADC inhibitors, such as carbidopa or benserazide, allowing L-DOPA oral bioavailability to triple, which in turn allows the reduction of the therapeutic dosage and the diminution of gastrointestinal side effects [START_REF] Cotzias | Modification of Parkinsonism -Chronic Treatment with L-Dopa[END_REF]. As L-DOPA is a large neutral amino acid (LNAA), it may compete with other LNAA for the carrier system in the intestinal tube during their absorption. In addition, the passage of L-DOPA from the plasma to the brain relies on the same carrier [START_REF] Contin | Pharmacokinetics of levodopa[END_REF] and the degree to which an individual can transport L-DOPA from blood to brain has been suggested as potential main difference between dyskinetic and non-dyskinetic beings, at least in experimental animals [START_REF] Carta | Role of striatal L -DOPA in the production of dyskinesia in 6-hydroxydopamine lesioned rats[END_REF]. Moreover, plasmatic concentrations of LNAA doubles with high protein meals, which then compete with L-DOPA, which in turn reduce its therapeutic effects [START_REF] Nutt | The "On-Off" Phenomenon in Parkinson's Disease[END_REF]. Therefore, the timing of L-DOPA intake and meals must be adapted accordingly in PD patients.

Central hub of levodopa-induced dyskinesia: Basal ganglia

As described earlier in Chapter I, Section 1.4 Basal Ganglia, DA differentially modulates the activity of the direct and the indirect pathways within the basal ganglia and the progressive loss of dopaminergic inputs to the striatum, caused by the neurodegeneration of SNc, is classically thought to result in an imbalance in the activity of these two pathways, leading to the main features of PD. By contrast, the classical explanation for the development of LID is that chronic L-DOPA treatment leads to the opposite imbalance than the one hypothesized in PD. D1R and D2R are thought to be overstimulated by L-DOPA, resulting in overactivity of the direct pathway and underactivity of the indirect pathway, leading to an increased activity of the thalamus that in turn, increase the activity in the motor cortex, resulting in abnormal involuntary movements (Roger L [START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF]. This dual pathway description and the resulting "Rate Model" hypothesis proposed by Albin et al. in Today, three major hypotheses are trying to explain the pathogenesis and pathophysiology underlying PD and the development of levodopa-induced dyskinesia (for review [START_REF] Nambu | Cause of parkinsonian symptoms: Firing rate, firing pattern or dynamic activity changes?[END_REF][START_REF] Yang | Circuit Mechanisms of L-DOPA-Induced Dyskinesia (LID)[END_REF]): the "Rate Model" (reviewed in [START_REF] Nelson | Reassessing Models of Basal Ganglia Function and Dysfunction[END_REF], the "Firing Pattern Model" (reviewed in [START_REF] Ellens | Electrophysiology of basal ganglia and cortex in models of parkinson disease[END_REF], and the "Ensemble Model" (reviewed in [START_REF] Cenci | On the neuronal circuitry mediating l-DOPAinduced dyskinesia[END_REF]).

The Rate Model

The rate model is based on the believe that brain information is encoded in the firing rate of individual neurons. It predicts that chronic L-DOPA treatment overstimulates D1-MSNs, leading to an over-inhibition of the output nuclei of the basal ganglia (BG), GPi and SNr whereas it suppresses the activity of D2-MSNs, leading to an increased activity of GPe, which in turn inhibits STN, resulting in less glutamatergic excitation of the output nuclei GPi and SNr. The global decreased activity of GPi/SNr output nuclei releases inhibition on the thalamus, in particular VAL complex of the thalamus, which in turn leads to excessive activity in the cortex, and especially in M1, which is thought to cause abnormal involuntary movements (Figure 14).

Many evidence found in PD patients, non-human primates and rodent models support this hypothesis.

In PD patients, surgical treatment, including deep brain stimulation (DBS), has allowed the recordings of activity of several structures within the BG. The firing rate of neurons in STN and GPi has been found to increase in PD [START_REF] Hutchison | Neurophysiological identification of the subthalamic nucleus in surgery for Parkinson's disease[END_REF] and decrease in LID (Marcelo [START_REF] Merello | Effect of memantine (NMDA antagonist) on Parkinson's disease: a doubleblind crossover randomized study[END_REF][START_REF] Stefani | Electrophysiological and clinical desensitization to apomorphine administration in parkinsonian patients undergoing stereotaxic neurosurgery[END_REF][START_REF] Levy | Effects of Apomorphine on Subthalamic Nucleus and Globus Pallidus Internus Neurons in Patients With Parkinson's Disease[END_REF][START_REF] Lee | Internal pallidal neuronal activity during mild drug-related dyskinesias in Parkinson's disease: Decreased firing rates and altered firing patterns[END_REF].

Accordingly, these observations have also been described in non-human primates. Neurons in the striatum present an increased firing rate in non-human MPTP-treated primates as well Abbreviations: DMS: dorsomedial striatum; DLS: dorsolateral striatum; D1: D1-expressing striatal projection neurons; D2: D2-expressing striatal projection neurons; GPe: globus pallidus pars externus; GPi: globus pallidus pars internus; SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; STN: subthalamic nucleus; VAL: ventroanterior-ventrolateral complex of the thalamus; PF: parafascicular nucleus of the thalamus; M1: primary motor cortex as in PD patients [START_REF] Singh | Human striatal recordings reveal abnormal discharge of projection neurons in Parkinson's disease[END_REF]. The mean firing rate of STN increases following dopaminergic denervation with MPTP [START_REF] Bergman | The primate subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism[END_REF] whereas lesions of STN relieve parkinsonian symptoms such as akinesia, rigidity, and tremor [START_REF] Bergman | Reversal of experimental parkinsonism by lesions of the subthalamic nucleus[END_REF][START_REF] Aziz | Lesion of the Subthalamic Nucleus for the Alleviation of ( MPTP ) -Induced Parkinsonism in the Primate[END_REF][START_REF] Benazzouz | Reversal of Rigidity and Improvement in Motor Performance by Subthalamic High-frequency Stimulation in MPTP-treated Monkeys[END_REF][START_REF] Wichmann | The primate subthalamic nucleus. III. Changes in motor behavior and neuronal activity in the internal pallidum induced by subthalamic inactivation in the MPTP model of parkinsonism[END_REF] and pharmacological inactivation of STN is followed by the emergence of LID [START_REF] Bergman | Reversal of experimental parkinsonism by lesions of the subthalamic nucleus[END_REF], suggesting that STN play a critical role in the induction of dyskinesia. As observed in PD patients, MPTP lesions induce an increase in the mean firing rate of GPi and a decrease in GPe (Filion and Tremblay, 1991;[START_REF] Boraud | Dopamine agonist-induced dyskinesias are correlated to both firing pattern and frequency alterations of pallidal neurones in the MPTP-treated monkey[END_REF][START_REF] Heimer | Dopamine replacement therapy reverses abnormal synchronization of pallidal neurons in the 1-methyl-4-phenyll-1,2,3,6-tetrahydropyridine primate model of parkinsonism[END_REF], both reversed by chronic dopaminergic medications [START_REF] Filion | Effects of dopamine agonists on the spontaneous activity of globus pallidus neurons in monkeys with MPTP-induced parkinsonism[END_REF][START_REF] Papa | Internal globus pallidus discharge is nearly suppressed during levodopainduced dyskinesias[END_REF][START_REF] Boraud | Dopamine agonist-induced dyskinesias are correlated to both firing pattern and frequency alterations of pallidal neurones in the MPTP-treated monkey[END_REF][START_REF] Heimer | Dopamine replacement therapy reverses abnormal synchronization of pallidal neurons in the 1-methyl-4-phenyll-1,2,3,6-tetrahydropyridine primate model of parkinsonism[END_REF][START_REF] Heimer | Dopamine replacement therapy does not restore the full spectrum of normal pallidal activity in the 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine primate model of Parkinsonism[END_REF].

Studies on 6-OHDA lesioned rodents further confirmed these observations: STN is overactive in lesioned animals while both apomorphine, a non-selective DA agonist, and L-DOPA treatments decrease its global firing rate [START_REF] Kreiss | The response of subthalamic nucleus neurons to dopamine receptor stimulation in a rodent model of parkinson's disease[END_REF]. Interestingly, apomorphine increases firing rate of STN in normal rats [START_REF] Kreiss | The response of subthalamic nucleus neurons to dopamine receptor stimulation in a rodent model of parkinson's disease[END_REF]. However, these observations are contradicted by other reports [START_REF] Aristieta | The role of the subthalamic nucleus in L-DOPA induced dyskinesia in 6hydroxydopamine lesioned rats[END_REF], even though the authors did find a role of STN in both PD and LID. Genetically-modified mouse lines and viral strategies in both mice and rats allowed further investigations of the changes occurring in BG during PD and LID. A seminal study showed that excitation of the indirect pathway elicits a parkinsonian state whereas activation of the direct pathway restores locomotion and reduces freezing in a mouse model of PD [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. Optogenetic activation of striatal MSNs from both pathways has been shown to induced abnormal involuntary movements, similar to LID and labelled "optodyskinesia", in L-DOPA naïve animals (F. [START_REF] Hernández | Striatal activation by optogenetics induces dyskinesias in the 6hydroxydopamine rat model of Parkinson disease[END_REF]. More specifically, another study showed that the optical stimulation of D1-MSNs induced the development of LID in L-DOPA naïve mice [START_REF] Perez | Striatal D1 medium spiny neuron activation induces dyskinesias in parkinsonian mice[END_REF]. In dyskinetic mice, chemogenetic stimulation of dMSNs exacerbated LID while chemogenetic stimulation of iMSNs reduced LID severity [START_REF] Alcacer | Chemogenetic stimulation of striatal projection neurons modulates responses to Parkinson's disease therapy[END_REF]. Further implicating striatal MSNs in LID, Ryan et al. demonstrated that dopaminergic depletion in mice caused a reduction in the firing rate of dMSNs, while the activity of iMSNs was not increased significantly, leading to an imbalance between the direct and indirect pathways. Chronic L-DOPA treatment abnormally increased dMSNs activity in dyskinetic mice, whereas iMSNs activity was reduced below baseline levels [START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF]. Hypoactivity of iMSNs and hyperactivity of dMSNs in LID have been confirmed by a neuroimaging study monitoring thousands of MSNs in behaving mice (Parker et al., 2018). Moreover, optogenetic activation of a specific subpopulation, mainly comprised of dMSNs, induced dyskinesia in the absence of L-DOPA, whereas its optogenetic inhibition alleviated LID (Girasole et al., 2018).

All of the studies cited above support the rate model of dyskinesia (Figure 14), however, other puzzling observations cannot be explained by this model, including the fact that both lesions and stimulations of STN and GPi are therapeutic for both hypokinetic and hyperkinetic disorders [START_REF] Limousin | Abnormal involuntary movements induced by subthalamic nucleus stimulation in parkinsonian patients[END_REF]. A related observation is that the transient inactivation of GPi that should induce LID in this modelfailed to cause the development of dyskinesia in normal monkeys [START_REF] Desmurget | Testing basal ganglia motor functions through reversible inactivations in the posterior internal globus pallidus[END_REF]. Several studies showed no global changes in firing rate of the output nuclei of BG, GPi/SNr, but rather more salient changes in pattern of activity [START_REF] Wichmann | Comparison of MPTP-induced changes in spontaneous neuronal discharge in the internal pallidal segment and in the substantia nigra pars reticulata in primates[END_REF]. These puzzling observations led to the development of "The Firing Pattern Model".

The Firing Pattern Model

Two main parameters account for the firing pattern model: burst firing and oscillatory activity.

A neuron is described as "bursting" when it repeatedly fires discrete groups of spikes with periods of quiescence in-between. Burst discharge is thought to improve information processing and to play a crucial role in synaptic plasticity [START_REF] Lisman | Bursts as a unit of neural information: Making unreliable synapses reliable[END_REF]. In patients with PD, STN neurons exhibited more irregular and bursting firing discharge [START_REF] Benazzouz | Intraoperative microrecordings of the subthalamic nucleus in Parkinson's disease[END_REF] and dopaminergic treatment increased the overall proportion of spikes in burst discharges of STN [START_REF] Levy | Effects of Apomorphine on Subthalamic Nucleus and Globus Pallidus Internus Neurons in Patients With Parkinson's Disease[END_REF] as observed in non-human primates [START_REF] Bergman | The primate subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism[END_REF]. Changes

in pattern of activity have also been described in GPi and GPe. As for STN, GPi burst firing increased following administration of apomorphine in PD patients [START_REF] Levy | Effects of Apomorphine on Subthalamic Nucleus and Globus Pallidus Internus Neurons in Patients With Parkinson's Disease[END_REF].

Dopaminergic treatments induced changes in pattern discharge of both GPi and GPe in MPTPtreated monkeys [START_REF] Boraud | Dopamine agonist-induced dyskinesias are correlated to both firing pattern and frequency alterations of pallidal neurones in the MPTP-treated monkey[END_REF][START_REF] Heimer | Dopamine replacement therapy does not restore the full spectrum of normal pallidal activity in the 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine primate model of Parkinsonism[END_REF]) that were concomitant with the onset of dyskinesia [START_REF] Boraud | Dopamine agonist-induced dyskinesias are correlated to both firing pattern and frequency alterations of pallidal neurones in the MPTP-treated monkey[END_REF]. In rodent models, acute L-DOPA administration increased the number of bursting cells in SNr (Meissner et al., 2006), however other reports contradicted this observation [START_REF] Aristieta | Chronic L-DOPA administration increases the firing rate but does not reverse enhanced slow frequency oscillatory activity and synchronization in substantia nigra pars reticulata neurons from 6-hydroxydopamine-lesioned rats[END_REF]. Moreover, increasing the burst discharge of STN via hyperpolarizing current injection has been shown to alleviate LID both in monkeys and humans [START_REF] Tai | Hyperpolarization of the subthalamic nucleus alleviates hyperkinetic movement disorders[END_REF]. Even though linking specifically the burst discharge to LID remains difficult, it is now clear that changes in burst activity may underly some aspects of dyskinesia. Further investigations still need to be done to explore the specific links. In PD patients, β oscillations [START_REF] Girasole | A Subpopulation of Striatal Neurons Mediates Levodopa-Induced Dyskinesia[END_REF][START_REF] Meissner | Increased slow oscillatory activity in substantia nigra pars reticulata triggers abnormal involuntary movements in the 6-OHDA-lesioned rat in the presence of excessive extracellular striatal dopamine[END_REF][START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF][START_REF] Picconi | Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia[END_REF][START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF](16)[START_REF] Brusa | Metabolic changes induced by theta burst stimulation of the cerebellum in dyskinetic Parkinson's disease patients[END_REF][START_REF] Kishore | Cerebellar influence on motor cortex plasticity: behavioral implications for Parkinson's disease[END_REF][START_REF] Koch | Cerebellar magnetic stimulation decreases levodopa-induced dyskinesias in Parkinson disease[END_REF][START_REF] Sanna | Cerebellar continuous theta burst stimulation reduces levodopa-induced dyskinesias and decreases serum BDNF levels[END_REF][START_REF] Rascol | Cortical motor overactivation in parkinsonian patients with L-dopainduced peak-dose dyskinesia[END_REF][START_REF] Morgante | Motor cortex plasticity in Parkinson's disease and levodopa-induced dyskinesias[END_REF][START_REF] Lindenbach | Alterations in primary motor cortex neurotransmission and gene expression in hemi-parkinsonian rats with druginduced dyskinesia[END_REF][START_REF] Halje | Levodopainduced dyskinesia is strongly associated with resonant cortical oscillations[END_REF][START_REF] Gradinaru | Optical deconstruction of parkinsonian neural circuitry[END_REF][START_REF] Valverde | Deep brain stimulation-guided optogenetic rescue of parkinsonian symptoms[END_REF][START_REF] Popa | Cerebellar processing of sensory inputs primes motor cortex plasticity[END_REF][START_REF] Picazio | Is motor inhibition mediated by cerebello-cortical interactions?[END_REF][START_REF] Ferrucci | Cerebellar and Motor Cortical Transcranial Stimulation Decrease Levodopa-Induced Dyskinesias in Parkinson's Disease[END_REF][START_REF] Spigolon | Signal transduction in L-DOPA-induced dyskinesia: from receptor sensitization to abnormal gene expression[END_REF] in GPe, STN and GPi have been extensively associated to slowness of movements [START_REF] Brown | Congruence of mossy fiber and climbing fiber tactile projections in the lateral hemispheres of the rat cerebellum[END_REF][START_REF] Levy | Synchronized Neuronal Discharge in the Basal Ganglia of Parkinsonian Patients Is Limited to Oscillatory Activity[END_REF][START_REF] Brown | Oscillatory nature of human basal ganglia activity: Relationship to the pathophysiology of parkinson's disease[END_REF][START_REF] Weinberger | Pathological subthalamic nucleus oscillations in PD: Can they be the cause of bradykinesia and akinesia?[END_REF]. Some speculate that β oscillations reflect a stability in BG network, installed after decision-making and that the enhanced pathological β oscillations observed in PD reflect a non-modifiable, persistent stability keeping the network in the current motor state [START_REF] Leventhal | Basal ganglia beta oscillations accompany cue utilization[END_REF]. In addition, the occurrence of rhythmic discharge patterns has been linked to parkinsonian tremor. Several reports indeed showed that neurons in GPi, SNr, and STN exhibit oscillatory discharge patterns, following DA denervation by MPTP, often at the same rate at which monkeys develop tremor (3-8 Hz) (Filion and Tremblay, 1991;[START_REF] Bergman | The primate subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism[END_REF][START_REF] Wichmann | Comparison of MPTP-induced changes in spontaneous neuronal discharge in the internal pallidal segment and in the substantia nigra pars reticulata in primates[END_REF]. GPe and GPi also display oscillatory synchronization in the frequency range of the ongoing limb tremor [START_REF] Alonso-Frech | Slow oscillatory activity and levodopa-induced dyskinesias in Parkinson's disease[END_REF][START_REF] Guerra | Abnormal cortical facilitation and L-dopa-induced dyskinesia in Parkinson's disease[END_REF][START_REF] Kishore | Cerebellar sensory processing alterations impact motor cortical plasticity in Parkinson's disease: clues from dyskinetic patients[END_REF](6) in PD patients [START_REF] Levy | Synchronized Neuronal Discharge in the Basal Ganglia of Parkinsonian Patients Is Limited to Oscillatory Activity[END_REF]. Tremor was reduced after STN lesion but persistent oscillatory activity was still observed in GPi of MPTP-treated monkeys [START_REF] Wichmann | The primate subthalamic nucleus. III. Changes in motor behavior and neuronal activity in the internal pallidum induced by subthalamic inactivation in the MPTP model of parkinsonism[END_REF].

Increased neuronal synchronization has been observed in both pallidal segments, GPi and GPe, following DA depletion in monkeys. This effect was reversed by dopaminergic therapy and suggest that abnormal synchrony plays a key role in the pathophysiology of PD [START_REF] Heimer | Dopamine replacement therapy reverses abnormal synchronization of pallidal neurons in the 1-methyl-4-phenyll-1,2,3,6-tetrahydropyridine primate model of parkinsonism[END_REF][START_REF] Heimer | Dopamine replacement therapy does not restore the full spectrum of normal pallidal activity in the 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine primate model of Parkinsonism[END_REF]. Moreover, most bursting neurons in STN exhibited slow frequency oscillatory activity in 6-OHDA-lesioned rats [START_REF] Aristieta | Chronic L-DOPA administration increases the firing rate but does not reverse enhanced slow frequency oscillatory activity and synchronization in substantia nigra pars reticulata neurons from 6-hydroxydopamine-lesioned rats[END_REF]. Theta-oscillations have been described in the striatum, SNr and M1 of 6-OHDA-lesioned rats chronically treated with L-DOPA [START_REF] Wang | Eltoprazine prevents levodopa-induced dyskinesias by reducing causal interactions for theta oscillations in the dorsolateral striatum and substantia nigra pars reticulate[END_REF][START_REF] Chen | Dyskinesia is Closely Associated with Synchronization of Theta Oscillatory Activity Between the Substantia Nigra Pars Reticulata and Motor Cortex in the Off L-dopa State in Rats[END_REF]. Similarly, peak-dose LID has been tightly and specifically associated with an important increase (77.6%) in the power of the theta-alpha bands (4-10 Hz) in STN of PD patients. The transition from "off" to "on" states was characterized by two distinctive peaks: one in the gamma band, the other in the theta-alpha bands (Alonso-Frech et al., 2006). Importantly, in patients that did not develop dyskinesia, no increment in the 4-10 Hz bands was observed (Alonso-Frech et al., 2006). Moreover, patients with diphasic dyskinesia exhibit the same increment in the 4-10 Hz band during involuntary movements [START_REF] Alegre | Subthalamic activity during diphasic dyskinesias in Parkinson's disease[END_REF]. Finally, in patients with unilateral LID first, that will spread to the other side of the body, an increase in the 4-10 Hz band was first recorded in contralateral STN and slowly appeared in ipsilateral STN as dyskinesia spread to the other side (Alonso-Frech et al., 2006). Very much in line with this tight association, 6-OHDA-lesioned rats treated with L-DOPA presented an increased in the theta-alpha bands at the single-cell level in SNr (Meissner et al., 2006). Thus, it appears that the 4-10 Hz peak is a specific neuronal pattern of LID whereas peak in the gamma band (~30-100 Hz) is related to the movement itself, at least in BG network [START_REF] Brown | Oscillatory local field potentials recorded from the subthalamic nucleus of the alert rat[END_REF][START_REF] Brown | Oscillatory nature of human basal ganglia activity: Relationship to the pathophysiology of parkinson's disease[END_REF].

The Ensemble Model

Increasing evidence suggests that LID should be seen and studied as a system-level disorder, rather than simply linked to BG dysfunction (reviewed in [START_REF] Cenci | On the neuronal circuitry mediating l-DOPAinduced dyskinesia[END_REF]).

Even though there is a general consensus about the causal relationship between aberrant activity in the striatum and dyskinesia, following L-DOPA treatment, other brain structures, including the thalamus, the primary motor cortex (M1), the cerebellum, and other "unconventional nuclei" have also been involved in the pathophysiology of LID (See below in Section 2.4.6 Beyond basal ganglia: Involvement of other important players). Therefore, it is more likely that dyskinesia arise from alterations and interactions of large populations of neurons across the brain even if abnormalities in the striatum correlate more strongly with LID severity.

However, even within the striatum, the link with LID is not always simple. D1-MSNs have been extensively linked to the generation of LID [START_REF] Taylor | Dopamine D1 and D2 receptor contributions to L-DOPA-induced dyskinesia in the dopamine-depleted rat[END_REF][START_REF] Darmopil | Genetic Inactivation of Dopamine D1 but Not D2 Receptors Inhibits L-DOPA-Induced Dyskinesia and Histone Activation[END_REF][START_REF] Perez | Striatal D1 medium spiny neuron activation induces dyskinesias in parkinsonian mice[END_REF]Fieblinger et al., 2018;[START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF]) (for review [START_REF] Murer | Striatal signaling in L-DOPA-induced dyskinesia: Common mechanisms with drug abuse and long term memory involving D1 dopamine receptor stimulation[END_REF]), however, optical inhibition of D1-MSNs is not sufficient to alleviate LID whereas the stimulation of a specific subpopulation, comprising D1-MSNs, D2-MSNs, and NPY and PV interneurons, is sufficient to reduced LID (Girasole et al., 2018). Other reports have involved striatal interneurons in the pathophysiology of LID [START_REF] Bordia | Optogenetic activation of striatal cholinergic interneurons regulates L-dopainduced dyskinesias[END_REF][START_REF] Alberico | Axial levodopa-induced dyskinesias and neuronal activity in the dorsal striatum[END_REF].

In addition, as already mentioned earlier, LID constitute a vast spectrum and different as well as shared mechanisms most probably underlie the different subtypes of dyskinesia, further suggesting the involvement of multiple brain areas in their expression. The involvement of other brain structures, other types of neurons, and other types of receptors will be detailed later in this thesis.

Priming: the first step towards LID?

The phenomenon of "priming" is often considered as the first step leading to LID and underlying their establishment and persistence. Priming is usually defined as neurochemical and functional abnormal changes and compensatory mechanisms within the brain leading to the development of dyskinesia following subsequent dopaminergic responses which are triggered by modifications induced by previous dopaminergic treatments ("sensitization"). In other words, once the priming phenomenon is established, the probability to develop LID increases with repeated exposure to dopaminergic drugs leading to alterations causing the priming phenomenon (for reviews (Jenner, 2008;[START_REF] Nadjar | Priming for l-dopa-induced dyskinesia in Parkinson's disease: A feature inherent to the treatment or the disease?[END_REF]).

In 6-OHDA-lesioned rodents, the expression phase of priming is behavioral, with the rapid occurrence of vigorous, contralateral rotations induced by the administration of one dose of dopaminergic agonists, otherwise ineffective on unprimed rats [START_REF] Morelli | Time and dose dependence of the "priming" of the expression of dopamine receptor supersensitivity[END_REF]. Rotational behavior constitutes a model of behavioral sensitization and suggests that a first-ever dose of dopaminergic treatment is necessary to induce priming, though depending also on the type of dopaminergic medication used as "primer", the dose and the time between the first and following administration of DA drugs [START_REF] Morelli | Time and dose dependence of the "priming" of the expression of dopamine receptor supersensitivity[END_REF]. The rotational behavior of drug-naïve rats responds well to all DA drugs whereas once the animals have been previously exposed to DA drugs, the rotational behavior response is more complicated [START_REF] Morelli | Positive and negative interactions in the behavioural expression of d1 and D2 receptor stimulation in a model of parkinsonism: Role of priming[END_REF] and depends on the actual motor behavior [START_REF] Simola | Priming of rotational behavior by a dopamine receptor agonist in hemiparkinsonian rats: Movement-dependent induction[END_REF], suggesting that priming leads to a sensitized abnormal motor response in denervated animals.

However, this assumption has been challenged in several ways. First, some consider this rotational behavior both as anti-parkinsonian and prokinetic responses while PD patients present clearly distinguishable anti-parkinsonian and prokinetic responses to therapy.

Therefore, the investigations using this model might study the motor improvements following treatment but not the development of LID [START_REF] Cenci | Animal models of neurological deficits: How relevant is the rat?[END_REF][START_REF] Lundblad | Pharmacological validation of behavioural measures of akinesia and dyskinesia in a rat model of Parkinson's disease[END_REF]. Second, others argue that DA denervation alone, if large and established long enough to allow receptor sensitization, is sufficient to induce "priming". LID can indeed be elicited with the very first L-DOPA injection [START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF], even at a dose as low as 3mg/kg when the DA lesion exceeds a certain threshold [START_REF] Putterman | Evaluation of levodopa dose and magnitude of dopamine depletion as risk factors for levodopainduced dyskinesia in a rat model of Parkinson's disease[END_REF]. However, not all rats developed LID despite adequate L-DOPA doses and severe DA depletion, suggesting that DA denervation is sufficient to induce priming but not sufficient for the manifestation of LID. Similarly, mild dyskinesia appear on the first day of L-DOPA treatment in drug-naïve MPTP-treated common marmosets [START_REF] Pearce | De novo administration of ropinirole and bromocriptine induces less dyskinesia than L-Dopa in the MPTP-treated marmoset[END_REF], even though dosage, frequency, and pulsatile brain exposure remain important factors in the development of LID [START_REF] Smith | Effect of pulsatile administration of levodopa on dyskinesia induction in drugnaïve MPTP-treated common marmosets: Effect of dose, frequency of administration, and brain exposure[END_REF].

Priming is a phenomenon associated with neurochemical and functional modifications following DA depletion, similar to those observed in dyskinetic animals chronically treated with L-DOPA. Neurochemical alterations include increased expression of mRNAs encoding for glutamate acid decarboxylase 67kDa (GAD67) [START_REF] Consolo | Increased striatal expression of glutamate decarboxylase 67 after priming of 6-hydroxydopamine-lesioned rats[END_REF][START_REF] Carta | Selective modifications in GAD67 mRNA levels in striatonigral and striatopallidal pathways correlate to dopamine agonist priming in 6-hydroxydopamine-lesioned rats[END_REF], adenosine A2A receptors [START_REF] Pinna | Modification of adenosine extracellular levels and adenosine A2A receptor mRNA by dopamine denervation[END_REF], and the immediate early gene dynorphin [START_REF] Carta | Selective modifications in GAD67 mRNA levels in striatonigral and striatopallidal pathways correlate to dopamine agonist priming in 6-hydroxydopamine-lesioned rats[END_REF], as well as a decrease in dephosphorylated dopamine-and cAMP-regulated phosphoprotein of 32kDa (DARPP-32) levels [START_REF] Barone | Behavioural sensitization in 6-hydroxydopamine lesioned rats involves the dopamine signal transduction: Changes in DARPP-32 phosphorylation[END_REF], which all regulate the activity of striatal neurons. The features of priming mimic the maladaptive events taking place after chronic DA treatment as they might take some time to settle and further influence motor responses. Furthermore, maladaptive synaptic plasticity has been suggested to play an important role in the expression of dyskinesia. Cortical glutamatergic neurons form synapses onto striatal MSNs of the direct and indirect pathways, which are modulated by DA and exhibit functional long term changes, with the occurrence of LTP and LTD [START_REF] Calabresi | Long-term synaptic depression in the striatum: Physiological and pharmacological characterization[END_REF]) (for review [START_REF] Calabresi | Neuronal networks and synaptic plasticity in Parkinson ' s disease : beyond motor deficits[END_REF][START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF][START_REF] Kreitzer | Striatal plasticity and basal ganglia circuit function[END_REF]). Aberrant alterations in corticostriatal synapses take place following DA denervation [START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF]Thiele et al., 2014) and are not restored by acute DA administration [START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF].

Memory traces are widely assumed to be encoded and stored in the strength of synaptic inputs between neurons and abnormal synaptic plasticity in striatal neurons is therefore thought to store abnormal motor patterns that are linked to the development of LID (Picconi et al., 2003) (reviewed in [START_REF] Pisani | Striatal synaptic plasticity: Implications for motor learning and Parkinson's disease[END_REF]).

Pre-synaptic alterations associated to LID

As already mentioned above, progressive denervation of the presynaptic DA terminals represents the first and most important factor leading to the development of dyskinesia.

Parkinson's disease is a progressive neurodegenerative disease, however, the motor symptoms only appear above a threshold >50% of nigral DA neurons degeneration, both in PD patients [START_REF] Scherman | Striatal dopamine deficiency in parkinson's disease: Role of aging[END_REF][START_REF] Fearnley | Ageing and parkinson's disease: Substantia nigra regional selectivity[END_REF] and in animal models [START_REF] Lee | Sprouting of dopamine terminals and altered dopamine release and uptake in Parkinsonian dyskinaesia[END_REF], suggesting that compensatory mechanisms take place in the spared striatal DA terminals to prevent the expression of the motor symptoms. Accordingly, L-DOPA administration does not induce complications the first few years of treatment in PD patients, further suggesting that the capacity of the DA system to handle exogenous L-DOPA dramatically decreases as disease progresses and the less DA terminals remain, the less L-DOPA can be converted into DA and its release controlled. As expected intuitively, spared DA neurons were shown to increase DA synthesis and release, in order to compensate for the diminishing striatal DA concentrations [START_REF] Zigmond | Compensations after lesions of central dopaminergic neurons: some clinical and basic implications[END_REF]. Vigorous sprouting of axon terminals and increase in varicosity size have been observed in both 6-OHDA-lesioned rats [START_REF] Finkelstein | Axonal sprouting following lesions of the rat substantia nigra[END_REF] and MPTP-treated primates [START_REF] Lee | Sprouting of dopamine terminals and altered dopamine release and uptake in Parkinsonian dyskinaesia[END_REF].

A growing body of evidence suggests that serotonin (5-HT) neurons are responsible for this compensatory DA release, and further for the conversion of L-DOPA into DA, under the supervision of spared DA terminals that buffer and regulate serotonin neuron-derived DA (reviewed in [START_REF] Cenci | Post-versus presynaptic plasticity in L-DOPA-induced dyskinesia[END_REF][START_REF] Carta | Contribution of pre-synaptic mechanisms to l-DOPA-induced dyskinesia[END_REF]). Serotoninergic neurons are indeed able to take up exogenous L-DOPA, convert it into DA, and store it in synaptic vesicles [START_REF] Arai | l-DOPA is converted to dopamine in serotonergic fibers of the striatum of the rat: a double-labeling immunofluorescence study[END_REF] as they share the same enzymatic machinery, including aromatic amino acid decarboxylase (AADC) and vesicular monoamine transporter (VMAT). However, as serotoninergic neurons lack D2 auto-receptor and DA transporter allowing a feedback control over DA release and as DA denervation exacerbates with time, removing their surveillance over serotonin neurons, serotonin neurons-derived DA release becomes uncontrollable and pulsatile (Figure 15). Accordingly, the removal of serotoninergic afferents blocks the development of LID in DA-depleted rats, suggesting that the unregulated DA release from 5-HT fibers is an important trigger of LID [START_REF] Carta | Dopamine released from 5-HT terminals is the cause of L-DOPA-induced dyskinesia in parkinsonian rats[END_REF]. Moreover, pharmacologic inhibition of the serotoninergic terminals, using agonists of the serotoninergic auto-receptors 5-HT1A and 5-HT1B, was shown to induce a dose-dependent reduction in LID, both in dyskinetic rats [START_REF] Carta | Dopamine released from 5-HT terminals is the cause of L-DOPA-induced dyskinesia in parkinsonian rats[END_REF][START_REF] Muñoz | Combined 5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPAinduced dyskinesia[END_REF] and primates [START_REF] Muñoz | Combined 5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPAinduced dyskinesia[END_REF].

Interestingly, as 5-HT1 receptors are not only auto-receptors expressed pre-synaptically but also post-synaptic receptors, their activation by 5-HT1A agonist has been shown to decrease striatal levels of glutamate and GABA, leading to an attenuation of LID [START_REF] Dupre | Local modulation of striatal glutamate efflux by serotonin 1A receptor stimulation in dyskinetic, hemiparkinsonian rats[END_REF]. This is in line with a very recent study showing that serotonin is involved in the control of LTD at the thalamostriatal synapses of the direct pathway that might in turn regulate the release of glutamate from the thalamic inputs and the release GABA from striatal projections neurons [START_REF] Cavaccini | Serotonergic Signaling Controls Input-Specific Synaptic Plasticity at Striatal Circuits[END_REF]. This control of thalamostriatal plasticity by serotonin, together with the control of corticostriatal plasticity by dopamine, might play a role in maladaptive plasticity's observed in PD and LID. Besides the reduction of LID by the inactivation of serotoninergic neurons, 5-HT1 receptor agonist has been shown to prevent several post-synaptic modifications at striatal neurons, including altered NMDA receptor subunits distribution, the up-regulation of the well-known dyskinetic marker FosB [START_REF] Muñoz | Combined 5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPAinduced dyskinesia[END_REF], and the increase in preprodynorphin mRNA levels [START_REF] Bishop | Contribution of the striatum to the effects of 5-HT1A receptor stimulation in L-DOPA-treated hemiparkinsonian rats[END_REF].

Altogether, these findings suggest that serotonin-neuron derived DA release might play a major role in the induction of post-synaptic alterations (detailed here below) associated with the development and maintenance of LID (Figure 15).

Post-synaptic alterations associated with LID

The last two decades have witnessed a rapidly growing literature describing, quantifying, and comparing functional and molecular alterations following DA depletion and further due to chronic DA replacement therapy in PD between dyskinetic and non-dyskinetic beings.

Altered expression, intracellular trafficking, and signalization of DA receptors

Based on the classical model of BG, considerable attention has been devoted to identify the alterations occurring at D1R and D2R levels following DA depletion and the subsequent emergence of LID (for review (Spigolon and Fisone, 2018)). As already mentioned earlier, one of the potential main features leading to the development and maintenance of LID is the strong sensitization of striatal DARs, especially D1R on dMSNs, following DA denervation. It was indeed intuitively thought that a homeostatic response will take place due to the lack of DA stimulations onto striatal projection neurons. Indeed, spared DA neurons were shown to increase DA synthesis and release, in order to compensate for the diminishing striatal DA concentrations [START_REF] Zigmond | Compensations after lesions of central dopaminergic neurons: some clinical and basic implications[END_REF]. However, no DA-depletion induced modifications in the number and affinity of striatal D1R was detected [START_REF] Savasta | Different plasticity changes in D l and D 2 receptors in rat striatal subregions following impairment of dopaminergic transmission[END_REF][START_REF] Marshall | Decreased striatal D1 binding density following mesotelencephalic 6-hydroxydopamine injections : an autoradiographic analysis[END_REF][START_REF] Aubert | Increased D 1 Dopamine Receptor Signaling in Levodopa-Induced Dyskinesia[END_REF]. Surprisingly, D2R mRNA levels increased after the loss of DA neurons but not the number of receptors [START_REF] Aubert | Increased D 1 Dopamine Receptor Signaling in Levodopa-Induced Dyskinesia[END_REF]. Conversely, LID expression has been associated with several modifications at the level of D1R, including accumulation of D1R at the cell membrane resulting from a dysfunction in receptor internalization and trafficking rather than an increase in expression whereas D2R cellular localization was not affected by either DA depletion nor L-DOPA treatment [START_REF] Guigoni | Altered D(1) dopamine receptor trafficking in parkinsonian and dyskinetic non-human primates[END_REF][START_REF] Berthet | Pharmacological Analysis Demonstrates Dramatic Alteration of D 1 Dopamine Receptor Neuronal Distribution in the Rat Analog of L -DOPA-Induced Dyskinesia[END_REF].

Therefore, most researches have focused on D1R signaling pathway. As described in Chapter I, Section 1.4.1.1 The basal ganglia microcircuitry: Direct and indirect pathways, signal transduction mediated by D1R is associated with the activation of adenylyl cyclase (AC) (Figure 15) activated by the olfactory isoform of the GTP-binding protein alpha subunit Gαolf. Gαolf protein has been found to be overexpressed both in 6-OHDA-lesioned rats [START_REF] Herve | Golf and G , in Rat Basal Ganglia : Possible Involvement of Golf in the Coupling of Dopamine D , Receptor with Adenylyl Cyclase[END_REF][START_REF] Corvol | Persistent Increase in Olfactory Type G-Protein ␣ Subunit Levels May Underlie D 1 Receptor Functional Hypersensitivity in[END_REF][START_REF] Alcacer | Neurobiology of Disease G ␣ olf Mutation Allows Parsing the Role of cAMP-Dependent and Extracellular Signal-Regulated Kinase-Dependent Signaling in L -3 , 4-Dihydroxyphenylalanine-Induced Dyskinesia[END_REF] and in post-mortem samples from PD patients [START_REF] Corvol | Persistent Increase in Olfactory Type G-Protein ␣ Subunit Levels May Underlie D 1 Receptor Functional Hypersensitivity in[END_REF]. Interestingly, in 6-OHDA-lesioned rats, the observed upregulation of Gαolf protein was reversed by chronic L-DOPA treatment which was neither the case in PD patients [START_REF] Corvol | Persistent Increase in Olfactory Type G-Protein ␣ Subunit Levels May Underlie D 1 Receptor Functional Hypersensitivity in[END_REF] nor in 6-OHDA-lesioned mice [START_REF] Alcacer | Neurobiology of Disease G ␣ olf Mutation Allows Parsing the Role of cAMP-Dependent and Extracellular Signal-Regulated Kinase-Dependent Signaling in L -3 , 4-Dihydroxyphenylalanine-Induced Dyskinesia[END_REF]. In mice model of LID, the expression of Gαolf protein was different in non-dyskinetic mice than in dyskinetic mice, and correlated LID severity [START_REF] Alcacer | Neurobiology of Disease G ␣ olf Mutation Allows Parsing the Role of cAMP-Dependent and Extracellular Signal-Regulated Kinase-Dependent Signaling in L -3 , 4-Dihydroxyphenylalanine-Induced Dyskinesia[END_REF]. Moreover, another study showed that, even if the levels of Gαolf protein were downregulated by chronic L-DOPA treatment, they remained upregulated compared to untreated mice [START_REF] Morigaki | Dopamine-Induced Changes in Gαolf Protein Levels in Striatonigral and Striatopallidal Medium Spiny Neurons Underlie the Genesis of l-DOPA-Induced Dyskinesia in Parkinsonian Mice[END_REF]. In addition, they showed that the levels of Gαolf protein in D2-MSNs, in which Gαolf is coupled to adenosine A2A receptor, were not impacted by DA depletion but L-DOPA treatment significantly reduced Gαolf protein levels in D2-MSNs of dyskinetic mice, suggesting that Gαolf protein dysregulation might play a role in the genesis of LID [START_REF] Morigaki | Dopamine-Induced Changes in Gαolf Protein Levels in Striatonigral and Striatopallidal Medium Spiny Neurons Underlie the Genesis of l-DOPA-Induced Dyskinesia in Parkinsonian Mice[END_REF]. The overall effect of this cell-specific regulation of Gαolf protein is to promote transmission, both in D1R and D2R, the latter being antagonized by A2A receptor activation [START_REF] Schiffmann | Adenosine A2A receptors and basal ganglia physiology[END_REF].

Another component of this signaling pathway, suspected to have a major role in the occurrence of LID, is adenylyl cyclase type 5 (AC5), which is highly expressed in the striatum [START_REF] Matsuoka | Differential Expression of Type I , II , and V Adenylyl Cyclase Gene in the Postnatal Developing Rat Brain[END_REF], activated in response to D1R stimulation [START_REF] Herve | Golf and G , in Rat Basal Ganglia : Possible Involvement of Golf in the Coupling of Dopamine D , Receptor with Adenylyl Cyclase[END_REF], and suggested to be partly responsible for D1R sensitization following DA depletion. Dopamine denervation induced an aberrant increase in AC5 levels in the striatum, which persisted and was further enhanced following chronic L-DOPA treatment in severe dyskinetic animals [START_REF] Rangel-Barajas | Neurobiology of Disease L -DOPA-induced dyskinesia in hemiparkinsonian rats is associated with up-regulation of adenylyl cyclase type V / VI and increased GABA release in the substantia nigra reticulata[END_REF]. In line with this observation, another study showed that 6-OHDA-lesioned AC5knock-out mice chronically treated with L-DOPA only developed mild dyskinesia, demonstrating a causal link between AC5 overexpression and severe LID [START_REF] Park | Inhibition of Adenylyl Cyclase Type 5 Prevents L -DOPA-Induced Dyskinesia in an Animal Model of Parkinson[END_REF].

Moreover, the reduction of LID in AC5-knock-out mice was preceded by a decrease in several molecular factors tightly linked to LID, including protein kinase A (PKA), extracellular signalregulated kinases (ERK1/2) (Figure 15), histone H3, and FosB/ΔFosB (described below) which further suggest that AC5-regulated signaling cascade in the striatum mediates the severity of LID [START_REF] Park | Inhibition of Adenylyl Cyclase Type 5 Prevents L -DOPA-Induced Dyskinesia in an Animal Model of Parkinson[END_REF]. Taken together, sensitization of DA receptors and subsequent alterations in DA signaling transmission are likely to influence the aberrant responses observed following L-DOPA treatment.

In striatal MSNs, cAMP signaling depends on the dopamine-and cAMP-regulated phosphoprotein of 32kDa (DARPP-32), also known as protein phosphatase1 regulatory subunit 1B (PPP1R1B), which enhances responses produced by stimulation of PKA (Figure 15). PKA phosphorylates a specific threonyl residue (T34) of DARPP-32 which is thus converted into a selective inhibitor of protein phosphatase-1 (PP-1), which in turn acts on many downstream targets of PKA [START_REF] Beaulieu | The physiology, signaling, and pharmacology of dopamine receptors[END_REF]. Inhibition of PP-1 shifts the equilibrium towards a phosphorylated state and therefore enhances the response induced by PKA-mediated signaling [START_REF] Beaulieu | The physiology, signaling, and pharmacology of dopamine receptors[END_REF]. Abnormal levels of DARPP-32 phosphorylated at T34 by PKA have been implicated in LID in both primates [START_REF] Santini | Distinct Changes in cAMP and Extracellular Signal-Regulated Protein Kinase Signalling in L-DOPA-Induced Dyskinesia[END_REF] and rodents (Picconi et al., 2003;[START_REF] Santini | Critical Involvement of cAMP / DARPP-32 and Extracellular Signal-Regulated Protein Kinase Signaling in L -DOPA-Induced Dyskinesia[END_REF][START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF]. LID severity was reduced in a mouse model in which DARPP-32 was deleted specifically in D1-MSNs as well as when the phosphorylation site of DARPP-32 by PKA, T34, was mutated [START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF]. In MPTP-treated non-human primates, the first ever dose of L-DOPA increased levels of DARPP-32 which further increased only in dyskinetic animals during repeated administration of L-DOPA, suggesting that DARPP-32 is involved both in the emergence and the maintenance of dyskinesia [START_REF] Santini | Distinct Changes in cAMP and Extracellular Signal-Regulated Protein Kinase Signalling in L-DOPA-Induced Dyskinesia[END_REF]. Moreover, the dysfunctional signaling pathway of PKA/DARPP-32 observed in LID has been associated with abnormal plasticity. In animal model of LID, corticostriatal synapses lack the ability to depotentiate (i.e. to return to basal level) after LTP in dyskinetic rats compared to non-dyskinetic rats (Picconi et al., 2003[START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF] (See Section 2.4.5.3 Altered plasticity of corticostriatal synapses associated with LID). As dyskinetic rats showed high levels of DARPP-32 and depotentiation can be prevented by mechanism involving D1R, AC5, and inhibition of PP-1, the authors suggested that the loss of depotentiation is associated with alterations in D1R signaling pathway, leading to upregulation of DARPP-32 and subsequent abnormal inhibition of PP-1 (Picconi et al., 2003). Another potential mechanism by which PKA/DARPP-32 aberrant signaling might prevent depotentiation is associated with modifications at the level of GluA1 subunit of the α-amino-3hydroxy-5-methylisoxazole-4-propionic acid (AMPA) glutamate receptor. Increased PKAdependent phosphorylation of GluA1 at Ser845, which is strictly concomitant to phosphorylation of DARPP-32, has been implicated in LID [START_REF] Santini | Critical Involvement of cAMP / DARPP-32 and Extracellular Signal-Regulated Protein Kinase Signaling in L -DOPA-Induced Dyskinesia[END_REF]. The absence of bidirectional synaptic plasticity in striatal projection neurons of both the direct and indirect pathways is a major feature of LID (Picconi et al., 2003[START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF]Thiele et al., 2014;[START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF]. Altogether, these observations suggest that the sensitized D1R cAMP-dependent signaling pathway is required for both the emergence and manifestation of LID. Downstream targets of PKA represent therefore promising targets for the development of new antidyskinetic therapies.

As the hyperactivation of cAMP/PKA/DARPP-32, implicated in LID, probably results in the dysregulation of other associated pathways, it was not surprising to observe large increases in extracellular signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation levels in striatonigral neurons (Figure 15), following DA treatment, in both primates [START_REF] Santini | Distinct Changes in cAMP and Extracellular Signal-Regulated Protein Kinase Signalling in L-DOPA-Induced Dyskinesia[END_REF] and rodents [START_REF] Pavón | ERK phosphorylation and FosB expression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice[END_REF][START_REF] Santini | Critical Involvement of cAMP / DARPP-32 and Extracellular Signal-Regulated Protein Kinase Signaling in L -DOPA-Induced Dyskinesia[END_REF][START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF][START_REF] Santini | L-DOPA activates ERK signaling and phosphorylates histone H3 in the striatonigral medium spiny neurons of hemiparkinsonian mice[END_REF]. This upregulation was reduced in the absence of DARPP-32, specifically in D1-MSNs, but not in D2-MSNs, suggesting that the increase phosphorylation of ERK1/2 requires intact PKA activity and phosphorylation of DARPP-32 at T34 [START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF]. The neuronal signaling pathway leading to the phosphorylation of ERK1/2 is modulated by exchange factors such as the Ras-specific guanine nucleotide-releasing factor 1 (Ras-GRF1) (Figure 15) and the calcium and diacylglycerol-regulated guanine nucleotide exchange factor 2 (CalDAG-GEF2). Their activation depends on calcium which allows them to exchange GDP for GTP onto the small Gprotein Ras [START_REF] Farnsworth | Calcium activation of Ras mediated by neuronal exchange factor Ras-GRF[END_REF], which in turn stimulates the protein kinase Raf. Raf phosphorylates the mitogen-activated protein kinase/ERK kinase (MEK), ultimately leading to phosphorylation and therefore activation of ERK1/2 (Figure 15). In line with an involvement of ERK1/2 in LID, the upregulation of the gene encoding for CalDAG-GEF2, which strongly activates ERK1/2, has been demonstrated to highly correlate with LID severity [START_REF] Crittenden | Dysregulation of CalDAG-GEFI and CalDAG-GEFII predicts the severity of motor side-effects induced by anti-parkinsonian therapy[END_REF]).

An early study from Cenci's team confirmed the link between ERK1/2 and LID [START_REF] Westin | Phosphorylation in a Rat Model of L-DOPA -Induced Dyskinesia and the Role of Dopamine D1 Receptors[END_REF]. In 6-OHDA-lesioned rats, both acute and chronic L-DOPA treatment rapidly caused an increase phosphorylation of ERK1/2 in the medial and lateral striatum and in both striosomes and matrix, as quickly as 20 minutes after administration, which persisted up to 120 minutes, a time window very similar to the time course displayed by AIMs. Strikingly, levels of activated ERK1/2 were back to baseline levels after 24h [START_REF] Westin | Phosphorylation in a Rat Model of L-DOPA -Induced Dyskinesia and the Role of Dopamine D1 Receptors[END_REF]. This surprising kinetic has been confirmed in other studies using other animal models of LID, in which the abnormal upregulation of phosphorylated ERK1/2 is caused by acute exposure to L-DOPA while it subsides during the course of chronic treatment, in both MPTP-treated primate [START_REF] Santini | Distinct Changes in cAMP and Extracellular Signal-Regulated Protein Kinase Signalling in L-DOPA-Induced Dyskinesia[END_REF]) and 6-OHDA-lesioned and genetic rodent [START_REF] Ding | Enhanced striatal cholinergic neuronal activity mediates L-DOPA-induced dyskinesia in parkinsonian mice[END_REF]) models of LID. Striatal levels of ERK1/2 phosphorylation strongly and positively correlated with AIMs scores recorded whereas chronically-treated non-dyskinetic animals displayed levels of ERK1/2 activation that did not differ from baseline [START_REF] Westin | Phosphorylation in a Rat Model of L-DOPA -Induced Dyskinesia and the Role of Dopamine D1 Receptors[END_REF]. The authors suggested that an inability to desensitize the activation of ERK1/2 with chronic L-DOPA treatment constitutes the core signaling alteration leading to the induction of LID [START_REF] Westin | Phosphorylation in a Rat Model of L-DOPA -Induced Dyskinesia and the Role of Dopamine D1 Receptors[END_REF]. Altogether, these observations suggest a primary role of ERK1/2 in priming and therefore in the emergence of LID, rather than in their maintenance. Furthermore, the downregulation of ERK1/2 in D1-MSNs following chronic L-DOPA treatment was accompanied by an increase phosphorylation of ERK1/2 in striatal cholinergic interneurons (ChI) in a genetic model of PD, the aphakia mouse [START_REF] Ding | Enhanced striatal cholinergic neuronal activity mediates L-DOPA-induced dyskinesia in parkinsonian mice[END_REF]. Cholinergic interneurons have been indeed involved in LID and will be further detailed below. Rapidly, the deletion of striatal cholinergic neurons using a Credependent diphteria toxin A subunit has been shown to decrease LID severity, without altering the anti-parkinsonian effects of L-DOPA [START_REF] Won | Striatal cholinergic cell ablation attenuates L-DOPA induced dyskinesia in parkinsonian mice[END_REF]. As increased activity of ERK1/2 is indicative of an increased excitability, its upregulation in ChI fits the observation that optogenetic stimulations of ChI worsen LID. This effect is prevented by general muscarinic acetylcholine receptor (mAChR) antagonist [START_REF] Bordia | Optogenetic activation of striatal cholinergic interneurons regulates L-dopainduced dyskinesias[END_REF].

It is common knowledge that ERK1/2 signaling cascade mediates changes in gene expression via phosphorylation of histone kinase proteins, including mitogen-and stress-activated protein kinase 1 (MSK-1) and activation of nuclear transcription factors, such as ELK1 and cAMP response element binding protein (CREB) (reviewed in (Lavoie, Gagnon and Therrien, 2020))

(Figure 15). In addition, modulation of protein translation depends on ERK1/2 activation through the phosphorylation of two protein kinases, S6 kinase-1 (S6K1) and MNK1 [START_REF] Lavoie | ERK signalling: a master regulator of cell behaviour, life and fate[END_REF]. Another interesting pathway involved in the regulation of protein synthesis and a downstream effector target of ERK1/2 is the mammalian target of rapamycin complex 1 (mTORC1) signaling cascade. mTORC1 signaling cascade is activated by the small G proteins, Ras homolog enriched in brain (RHEB) and Ras homolog enriched in striatum (RHES), which are inhibited by the GTPase-activating heterodimer, comprising tuberous sclerosis (TSC) 1 and 2 [START_REF] Lavoie | ERK signalling: a master regulator of cell behaviour, life and fate[END_REF]. TSC1/TSC2 heterodimer complex is inhibited by ERK1/2, which promotes mTORC1 activity, which is in turn able to phosphorylate and activate S6K1, leading in turn to increase mRNA translation [START_REF] Lavoie | ERK signalling: a master regulator of cell behaviour, life and fate[END_REF]. mTor kinase, which is part of the mTORC1 complex, has been shown to be hyperactivated, along with several other components of the mTORC1 signaling cascade, in D1-MSNs of 6-OHDA-depleted animals chronically treated with L-DOPA [START_REF] Santini | Inhibition of mTOR Signaling in Parkinson ' s Disease Prevents L -DOPA -Induced Dyskinesia[END_REF]. Moreover, pretreatment with mTORC1 inhibitor has been shown to delay the induction and reduce the expression of LID in 6-OHDA-lesioned rats [START_REF] Decressac | mTOR Inhibition Alleviates L-DOPA-Induced Dyskinesia in Parkinsonian Rats[END_REF]. The importance of abnormal mTORC1 activation in dyskinesia is further substantiated by the observation that LID was reduced in RHES-deficient 6-OHDA-lesioned mice, without altering the anti-parkinsonian effects of L-DOPA [START_REF] Subramaniam | Rhes, a striatal-enriched small G protein, mediates mTOR signaling and L-DOPA-induced dyskinesia[END_REF]. These findings, along with ERK1/2 observations, further suggest that excessive de novo protein translation is part of the pathological mechanisms underlying LID.

In conclusion, several abnormal signaling pathways, linked to D1R sensitization following DA depletion, have been involved in the pathophysiology of LID, allowing the development of many new therapeutic strategies targeting the diverse components of these signaling pathways in the alleviation of LID. Activation of ERK1/2 and mTORC1 signaling cascades, which are linked to the regulation of mRNA translation and gene expression, leads to abnormal gene expression that are associated with the emergence and maintenance of LID.

Altered gene expression associated with LID

Upon activation, phosphorylated ERK1/2 translocates to the nucleus [START_REF] Chen | Nuclear Localization and Regulation of erk-and rsk-Encoded Protein Kinases[END_REF] where it controls several downstream effectors that regulate gene transcription, including immediate-early genes (IEG) [START_REF] Lavoie | ERK signalling: a master regulator of cell behaviour, life and fate[END_REF]. As their name indicates, IEG are a class of genes rapidly transcribed following external stimulus (reviewed in [START_REF] Fowler | Regulation of Primary Response Genes[END_REF]). The IEG fosb encoding for the transcription factor FosB has attracted considerable attention in regards to LID. Chronic treatment with L-DOPA induces indeed an increase in expression of stable isoforms of FosB, mainly dominated by truncated spliced variant ΔFosB, in the dorsolateral striatum of dyskinetic patients (Lindgren et al., 2011), primates (Doucet et al., 1996;Berton et al., 2009) and rodents [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Cenci | Changes in the regional and compartmental distribution of FosB-and JunB-like immunoreactivity induced in the dopamine-denervated rat striatum by acute or chronic L-dopa treatment[END_REF][START_REF] Pavón | ERK phosphorylation and FosB expression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice[END_REF]Bastide et al., 2014;Fieblinger et al., 2018).

Overexpression of FosB/ΔFosB strongly and positively correlated the severity of LID and its overexpression mainly took place in striatonigral neurons [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Cenci | Changes in the regional and compartmental distribution of FosB-and JunB-like immunoreactivity induced in the dopamine-denervated rat striatum by acute or chronic L-dopa treatment[END_REF][START_REF] Darmopil | Genetic Inactivation of Dopamine D1 but Not D2 Receptors Inhibits L-DOPA-Induced Dyskinesia and Histone Activation[END_REF], in which ERK1/2 was also upregulated [START_REF] Gerfen | D1 Dopamine Receptor Supersensitivity in the Dopamine-Depleted Striatum Results from a Switch in the Regulation of ERK1 / 2 / MAP Kinase[END_REF][START_REF] Pavón | ERK phosphorylation and FosB expression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice[END_REF][START_REF] Santini | L-DOPA activates ERK signaling and phosphorylates histone H3 in the striatonigral medium spiny neurons of hemiparkinsonian mice[END_REF][START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF]. ERK1/2 activity has indeed been involved in the upregulation of FosB/ΔFosB expression following dopamine-mimetic drugs such as cocaine [START_REF] Zhang | Cocaine-Induced Intracellular Signaling and Gene Expression Are Oppositely Regulated by the Dopamine D1 and D3 Receptors[END_REF]. Furthermore, the level of FosB/ΔFosB expression has been causally linked to the emergence of LID as reduced and increased expressions, alleviated and induced dyskinesia, respectively. In rodent models of LID, striatal injections of FosB anti-sense oligonucleotide [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Cenci | Transcription factors involved in the pathogenesis of L-DOPA-induced dyskinesia in a rat model of Parkinson ' s disease[END_REF] or rAAV-ΔFosB shRNA [START_REF] Beck | Striatal Δ FosB gene suppression inhibits the development of abnormal involuntary movements induced by L-Dopa in rats[END_REF] indeed decreased the severity of LID and can normalize associated molecular changes. Similarly, viral inhibition of FosB/ΔFosB alleviated dyskinesia both in 6-OHDA-lesioned rodents and MPTP-treated primates (Engeln et al., 2016). Conversely, viral overexpression of FosB/ΔFosB in drug-naïve primates (Beck et al., 2019) and rodents (Cao et al., 2010) Another transcription factor encoded by IEG and implicated in LID is Zif268 (also called NGFI-A, Krox24, Tis8, ZENK or Egr1). Chronic treatment with L-DOPA led to overexpression of Zif268 in the striatum of dyskinetic rats compared to non-dyskinetic rats (Bastide et al., 2014).

This upregulation may be mediated by ERK1/2 signaling cascade as it already mediates the cocaine-induced overexpression of Zif268 in the striatum which generates long-lasting alterations of behavioral responses [START_REF] Valjent | Plasticity-associated gene Krox24/Zif268 is required for long-lasting behavioral effects of cocaine[END_REF]. Interestingly, acute administration of L-DOPA increased levels of Zif268 in all striatal neurons, including striatopallidal and striatonigral MSNs while chronic L-DOPA treatment normalized the levels of zif268 mRNA in neurons of the indirect pathway contrarily to those of the direct pathway which were still upregulated [START_REF] Carta | Different responsiveness of striatonigral and striatopallidal neurons to L-DOPA after a subchronic intermittent L-DOPA treatment[END_REF]. As Zif268 promotes the expression of an immediate early gene encoding an activity-regulated cytoskeletal-associated protein, ARC (also called Arg3.1) [START_REF] Li | The Neuroplasticity-Associated Arc Gene Is a Direct Transcriptional Target of Early Growth Response ( Egr ) Transcription Factors[END_REF], its upregulation might in turn lead to the overexpression of ARC which is involved in synaptic plasticity. This has been confirmed in 6-OHDA-lesioned rodents in which chronic L-DOPA treatment inducing LID was accompanied by an increase in ARC expression within the striatum (Sgambato-Faure et al., 2005;Bastide et al., 2014).

The aberrant levels of expression of FosB/ΔFosB, Zif268, and ARC observed in LID are likely to be involved in alterations in synaptic plasticity associated with LID manifestation as these transcription factors regulate LTP and synaptic morphology in the hippocampus [START_REF] Jones | A requirement for the immediate early gene Zif268 in the expression of late LTP and long-term memories[END_REF][START_REF] Li | The Neuroplasticity-Associated Arc Gene Is a Direct Transcriptional Target of Early Growth Response ( Egr ) Transcription Factors[END_REF][START_REF] Plath | Arc / Arg3 . 1 Is Essential for the Consolidation of Synaptic Plasticity and Memories[END_REF]. The persistent overexpression of these transcription factors could therefore account for the lack of depotentiation in corticostriatal synapses observed in animal models of LID and mediate dyskinetic behavior (Picconi et al., 2003[START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF][START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF].

Altered plasticity of corticostriatal synapses associated with LID

There are two main forms of synaptic plasticity within the striatum, naming long-term potentiation (LTP) and long-term depression (LTD) [START_REF] Calabresi | Long-term synaptic depression in the striatum: Physiological and pharmacological characterization[END_REF][START_REF] Lovinger | Short-and Long-Term Synaptic Depression in Rat Neostriatum[END_REF][START_REF] Kerr | Dopamine D-1 / D-5 Receptor Activation Is Required for Long-Term Potentiation in the Rat Neostriatum In Vitro[END_REF] and both are controlled by dopamine (for reviews [START_REF] Malenka | LTP and LTD : An Embarrassment of Riches[END_REF][START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF]). Two main stimulation protocols are used to study synaptic plasticity: high frequency stimulation (HFS) protocol which consists of trains of stimulations at high frequency (100 Hz) and spike-timing-dependent plasticity (STDP) which consists of pairing pre-synaptic stimulation shortly before or after post-synaptic stimulation by injection of a short current pulse [START_REF] Fino | Bidirectional Activity-Dependent Plasticity at Corticostriatal Synapses[END_REF].

Following the loss of DA tone within the striatum in experimentally lesioned animal models, striatal MSNs exhibit altered synaptic plasticity, including both LTP and LTD [START_REF] Calabresi | Long-term synaptic depression in the striatum: Physiological and pharmacological characterization[END_REF][START_REF] Centonze | Unilateral Dopamine Denervation Blocks Corticostriatal LTP[END_REF] (reviewed in [START_REF] Picconi | Synaptic plasticity and levodopa-induced dyskinesia: electrophysiological and structural abnormalities[END_REF]). Striatal LTP is lost in DA denervated striatum (Picconi et al., 2003). Using positive-and negative-timing STDP protocols, Thiele and coworkers showed that bidirectional plasticity is lost in animal models of PD (Thiele et al., 2014). In 6-OHDA-lesioned mice, positive-timing STDP is expected to induce LTP and while it did induce LTP at corticostriatal synapse of the indirect pathway, the same protocol induced LTD at corticostriatal synapse of the direct pathway. Conversely, negative-timing STDP, which is expected to induce LTD, induced LTD at corticostriatal synapse of the direct pathway but LTP, rather than LTD, at corticostriatal synapse of the indirect pathway (Thiele et al., 2014). The dysregulated control of synaptic plasticity within corticostriatal terminals ultimately leads to several molecular and synaptic alterations (c.f. above) underlying the aberrant movements observed in PD and LID.

Chronic treatment with L-DOPA restored alterations in synaptic plasticity at corticostriatal synapses in animal models of LID, however, LTP in dyskinetic subjects lacked the ability to depotentiate under the application of low frequency stimulation (LFS) compared to nondyskinetic animals (Picconi et al., 2003[START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF][START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF]. Impaired depotentiation in BG output nuclei has also been observed in dyskinetic patients [START_REF] Prescott | Lack of depotentiation at basal ganglia output neurons in PD patients with levodopa-induced dyskinesia[END_REF]. In a previously potentiated synapse, depontentiation is thought to be a physiological mechanism that erase unessential information and bring the synapse back to baseline to be prepared to receive the next inputs (Picconi et al., 2003;[START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF][START_REF] Picconi | Synaptic plasticity and levodopa-induced dyskinesia: electrophysiological and structural abnormalities[END_REF]. An in vivo study on 6-OHDA-lesioned rats using cortical HFS protocol, expected to induce LTD, observed that striatopallidal neurons only exhibited LTP whereas LTD was induced in striatonigral MSNs [START_REF] Belujon | Aberrant Striatal Plasticity is Specifically Associated With Dyskinesia Following Levodopa Treatment[END_REF]. Moreover, LFS reversed LTD in striatonigral neurons of non-dyskinetic rats compared to dyskinetic animals, showing a deficit in LTD-reversal following the expression of abnormal movements [START_REF] Belujon | Aberrant Striatal Plasticity is Specifically Associated With Dyskinesia Following Levodopa Treatment[END_REF]. Another important study using STDP protocols showed that L-DOPA administration restored LTP and depotentation in both D1-and D2-MSNs in non-dyskinetic animals whereas dyskinetic mice exhibit only unidirectional plasticity, opposite to the one observed in PD, meaning that both positive-and negative-timing STDP protocols induced LTD at the corticostriatal synapses of the indirect pathway while only LTP was induced in neurons of the direct pathway (Thiele et al., 2014;[START_REF] Shen | M4 Muscarinic Receptor Signaling Ameliorates Striatal Plasticity Deficits in Models of L-DOPA-Induced Dyskinesia Article M4 Muscarinic Receptor Signaling Ameliorates Striatal Plasticity Deficits in Models of L-DOPA-Induced Dyskinesia[END_REF]. Several parameters including different protocols, in vivo vs ex vivo, the absence/presence of L-DOPA in the recording chamber as well as the discrimination or not between striatonigral and striatopallidal neurons might explain the discrepancies of the results between these studies. Other mechanisms might be responsible for the expression of LID. Activation of muscarinic M4 receptors has been shown to block abnormal LTP observed in neurons of the direct pathway which prevented the development of LID [START_REF] Shen | M4 Muscarinic Receptor Signaling Ameliorates Striatal Plasticity Deficits in Models of L-DOPA-Induced Dyskinesia Article M4 Muscarinic Receptor Signaling Ameliorates Striatal Plasticity Deficits in Models of L-DOPA-Induced Dyskinesia[END_REF].

Even though further investigations using the same conditions and parameters are needed to clarify the exact alterations occurring in neurons of the direct and indirect pathways during LID, these studies clearly show aberrant synaptic properties, with common aberrant LTP, especially in animals exhibiting dyskinesia but also in dyskinetic patients.

Alterations in structural synaptic plasticity associated with LID

Different aspects of dendritic spine morphology differently impact synaptic transmission and plasticity, especially in the striatum where cortical and thalamic glutamatergic projections can converge onto MSNs' dendritic spines in addition to dopaminergic, cholinergic, and other GABAergic afferents (reviewed in [START_REF] Lanciego | Functional neuroanatomy of the basal ganglia[END_REF]).

Morphological adaptations of striatal MSNs and re-wiring of the basal ganglia circuits in dyskinetic animals have also been described in a number of studies. Experimental parkinsonism, following severe DA depletion, has profound effects on the architecture of the striatal primary efferent neurons, MSNs, such as reduced spine density and retraction of dendrites observed in both MPTP-treated monkeys [START_REF] Villalba | Dopaminergic denervation and spine loss in the striatum of MPTP-treated monkeys[END_REF]) and 6-OHDA lesioned rodents [START_REF] Day | Selective elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models[END_REF][START_REF] Suárez | L-DOPA treatment selectively restores spine density in dopamine receptor d2-expressing projection neurons in dyskinetic mice[END_REF][START_REF] Toy | Treadmill exercise reverses dendritic spine loss in direct and indirect striatal medium spiny neurons in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson's disease[END_REF]. With spine retraction, there is a loss of axospinous glutamatergic synapses as glutamatergic afferents preferentially synapse onto the head of MSNs' spines [START_REF] Day | Selective elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models[END_REF]. This reduction in spine density and atrophy confirms observations made in human putamen of PD patients [START_REF] Mcneill | Atrophy of medium spiny I striatal dendrites in advanced Parkinson's disease[END_REF]. However, this reduced spine density has been observed in D1-MSNs in PD patients [START_REF] Mcneill | Atrophy of medium spiny I striatal dendrites in advanced Parkinson's disease[END_REF] when it is observed either only in D2-MSNs [START_REF] Day | Selective elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models[END_REF], or in both striatopallidal and striatonigral neurons in MPTP-and 6-OHDA-depleted animal studies, including both primates and rodents [START_REF] Villalba | Dopaminergic denervation and spine loss in the striatum of MPTP-treated monkeys[END_REF][START_REF] Fieblinger | Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia[END_REF]Fieblinger et al., , 2018;;[START_REF] Suárez | L-DOPA treatment selectively restores spine density in dopamine receptor d2-expressing projection neurons in dyskinetic mice[END_REF][START_REF] Toy | Treadmill exercise reverses dendritic spine loss in direct and indirect striatal medium spiny neurons in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson's disease[END_REF][START_REF] Gagnon | Striatal Neurons Expressing D1 and D2 Receptors are Morphologically Distinct and Differently Affected by Dopamine Denervation in Mice[END_REF]. Interestingly, spine density was also reduced, following DA denervation, in neurons expressing both types of DA receptors, D1/D2 heterodimers (D1/D2-MSNs), which constitute 2% of total MSNs of the striatum [START_REF] Gagnon | Striatal Neurons Expressing D1 and D2 Receptors are Morphologically Distinct and Differently Affected by Dopamine Denervation in Mice[END_REF]. These structural alterations indicate that DA inputs somehow maintain the integrity of MSNs' dendritic spines. It is noteworthy that intense exercise has been shown to increase dendritic spine density and arborization in both striatopallidal and striatonigral neurons [START_REF] Toy | Treadmill exercise reverses dendritic spine loss in direct and indirect striatal medium spiny neurons in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson's disease[END_REF], a phenomenon that might explain why physical activity is associated with lower risk of developing Parkinson's disease [START_REF] Chen | Physical activity and the risk of Parkinson disease[END_REF].

Even though the exact mechanisms underlying the synaptic pruning induced by DA depletion remain unclear, several experimental evidence suggest that chronic L-DOPA treatment, as well as other DA agonists, are able to restore alterations in spine density [START_REF] Fieblinger | Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia[END_REF](Fieblinger et al., , 2018;;[START_REF] Suárez | L-DOPA treatment selectively restores spine density in dopamine receptor d2-expressing projection neurons in dyskinetic mice[END_REF][START_REF] Suarez | L-DOPA Oppositely Regulates Synaptic Strength and Spine Morphology in D1 and D2 Striatal Projection Neurons in Dyskinesia[END_REF]. Interestingly, while spine density in striatopallidal neurons was indeed restored by high doses of L-DOPA to control levels, striatonigral neurons exhibited an increased decline in the total number of synaptic spines [START_REF] Fieblinger | Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia[END_REF][START_REF] Suárez | L-DOPA treatment selectively restores spine density in dopamine receptor d2-expressing projection neurons in dyskinetic mice[END_REF]. Suarez and colleagues showed that the restoration of the number of synaptic spines in D2-MSNs was accompanied by shortened postsynaptic densities and a decrease in synaptic transmission whereas even if D1-MSN's spine density remained reduced, the spared synaptic spines presented enlarged heads and synaptic inputs with a facilitation of action potential firing triggered by synaptic inputs [START_REF] Suarez | L-DOPA Oppositely Regulates Synaptic Strength and Spine Morphology in D1 and D2 Striatal Projection Neurons in Dyskinesia[END_REF]. Moreover, Fieblinger et al. further segregated D1-MSNs in response to L-DOPA treatment into two subgroups: one showed reduced dendritic length but restored excitability and another exhibited increase in dendritic arborization accompanied by a profound reduction in excitability (Fieblinger et al., 2018). These aberrant structural changes linked to LID are suggested to be selectively associated with corticostriatal synapses rather than thalamostriatal inputs (Y. Zhang et al., 2013).

Altogether, this body of evidence clearly indicates large structural alterations, aberrant remodeling, and changes in intrinsic excitability following both DA depletion and chronic L-DOPA treatment, in the two populations of striatal projection neurons in association with the expression of LID, and further highlights the complex heterogeneity of responses in striatal neurons involved in the pathophysiology of LID. , 1996) and have been shown to directly interact, forming constitutive heterodimers [START_REF] Fiorentini | Reciprocal Regulation of Dopamine D1 and D3 Receptor Function and Trafficking by Heterodimerization[END_REF]. Second, D3R can mediate cellular events involved in LID as its activation can enhance D1R-mediated signaling transmission [START_REF] Fiorentini | Reciprocal Regulation of Dopamine D1 and D3 Receptor Function and Trafficking by Heterodimerization[END_REF] in the striatum and can regulate D1R internalization [START_REF] Berthet | Pharmacological Analysis Demonstrates Dramatic Alteration of D 1 Dopamine Receptor Neuronal Distribution in the Rat Analog of L -DOPA-Induced Dyskinesia[END_REF], both phenomena have been shown to exhibit anomalies in LID (See Section 2.4.5.1 Altered expression, intracellular trafficking, and signalization of DA receptors). Such cellular co-localization and cross-talk suggest a very promising importance of this duo in LID pathophysiology. Third, even though D3R is mainly expressed in limbic areas, such as in the nucleus accumbens (NAc) and the olfactory tubercles, and at lower levels in the striatum, D3R is overexpressed in the dorsolateral striatum of L-DOPA treated animals, including primates [START_REF] Bézard | Attenuation of levodopa-induced dyskinesia by normalizing dopamine D 3 receptor function[END_REF]Guigoni et al., 2005) and rodents [START_REF] Bordet | Induction of dopamine D3 receptor expression as a mechanism of behavioral sensitization to levodopa[END_REF][START_REF] Solís | Dopamine D3 receptor Modulates l-DOPA-Induced Dyskinesia by Targeting D1 Receptor-Mediated Striatal Signaling[END_REF]. This striatal upregulation of D3R correlated with the occurrence and severity of dyskinesia (Guigoni et al., 2005) and principally occured in D1R-expressing neurons, although some have been found in D2R-expressing neurons [START_REF] Solís | Dopamine D3 receptor Modulates l-DOPA-Induced Dyskinesia by Targeting D1 Receptor-Mediated Striatal Signaling[END_REF]. Moreover, administration of partial D3R agonists has been shown

to attenuate LID whereas the use of D3R antagonists decreased dyskinesia but with a reappearance of PD-like symptoms in MPTP-treated primates [START_REF] Bézard | Attenuation of levodopa-induced dyskinesia by normalizing dopamine D 3 receptor function[END_REF]Guigoni et al., 2005), suggesting D3R is involved in both the development of dyskinesia and the therapeutic action of L-DOPA. Interestingly, in rodents, the overexpression of D3R in the dorsolateral striatum and in absence of DA depletion led to the occurrence of axial and orolingual LID following L-DOPA administration [START_REF] Cote | Overexpression of the dopamine D3 receptor in the rat dorsal striatum induces dyskinetic behaviors[END_REF]. D3R knock-out mice exhibited a reduction in LID and rotational behavior following chronic L-DOPA treatment, without interfering with the anti-parkinsonian effects of L-DOPA [START_REF] Solís | Dopamine D3 receptor Modulates l-DOPA-Induced Dyskinesia by Targeting D1 Receptor-Mediated Striatal Signaling[END_REF].

Altogether, this evidence suggests an important role of D3R in the modulation of LID, probably by targeting D1R-mediated intracellular signaling and expression as well as in the therapeutic action of L-DOPA, suggesting that D3R could be targeted in order to alleviate dyskinesia without reducing the therapeutic action of L-DOPA. glutamate release in striatopallidal neurons (reviewed in [START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF]). In the last three decades, a large body of evidence has implicated dysfunction in glutamate transmission in PD, LID, and other L-DOPA-induced complications [START_REF] Engber | NMDA receptor blockade reverses motor response alterations induced by levodopa[END_REF][START_REF] Papa | Reversal of levodopa-induced motor fluctuations in experimental parkinsonism by NMDA receptor blockade[END_REF][START_REF] Calabresi | Neuronal networks and synaptic plasticity in Parkinson ' s disease : beyond motor deficits[END_REF][START_REF] Ahmed | Glutamate NMDA receptor dysregulation in Parkinson ' s disease with dyskinesias[END_REF]. Aberrant glutamatergic signaling at corticostriatal synapses, subcellular organization and functional interactions have been described in PD patients [START_REF] Ahmed | Glutamate NMDA receptor dysregulation in Parkinson ' s disease with dyskinesias[END_REF] as well as in animal models of PD and LID (reviewed in [START_REF] Chase | Striatal dopamine-and glutamate-mediated dysregulation in experimental parkinsonism[END_REF][START_REF] Johnson | Glutamate receptors as therapeutic targets for Parkinson's disease[END_REF]; Sgambato-Faure and Cenci, 2012)) (Figure 15). shown to exert beneficial effects by blocking the development of dyskinesia in animal models of LID without altering the anti-parkinsonian beneficial effects of L-DOPA [START_REF] Blanchet | Amantadine reduces levodopa-induced dyskinesias in parkinsonian monkeys[END_REF][START_REF] Tahar | Effect of a selective glutamate antagonist on L-dopa-induced dyskinesias in drug-naive parkinsonian monkeys[END_REF][START_REF] Wessell | NR2B selective NMDA receptor antagonist CP-101 , 606 prevents levodopainduced motor response alterations in hemi-parkinsonian rats[END_REF]. Among these, the well-known amantadine, a low affinity, non-competitive antagonist of NMDAR, improved motor symptoms and LID in MPTP-treated monkeys [START_REF] Blanchet | Amantadine reduces levodopa-induced dyskinesias in parkinsonian monkeys[END_REF], 6-OHDA-lesioned rats [START_REF] Lundblad | Pharmacological validation of behavioural measures of akinesia and dyskinesia in a rat model of Parkinson's disease[END_REF], and PD patients [START_REF] Wolf | Long-Term Antidyskinetic Efficacy of Amantadine in Parkinson[END_REF], which has led to the suggestion that NMDARs are involved in both parkinsonian motor symptoms and the occurrence of LID, even though amantadine is not specific of NMDARs and can bind to other types of receptors.

The successful use of NMDAR antagonists in the alleviation of LID suggests that NMDARs are overactivated in LID. In addition to this overactivation, alterations in trafficking signaling mechanisms and distribution of the receptor regulation subunits at the postsynaptic membrane have been described in LID [START_REF] Hallett | Alterations of striatal NMDA receptor subunits associated with the development of dyskinesia in the MPTP-lesioned primate model of Parkinson[END_REF]. Following DA depletion in rats, the composition of NMDA receptor complex at the striatal synapse was altered [START_REF] Picconi | Abnormal Ca 2 ϩ -Calmodulin-Dependent Protein Kinase II Function Mediates Synaptic and Motor Deficits in Experimental Parkinsonism[END_REF]. Decrease in NR1 and NR2B abundances at the synaptosomal membrane has been observed in MPTP-treated primates, which is restored by L-DOPA treatment, however, subsequent increased levels of NR2A subunits has been reported [START_REF] Hallett | Alterations of striatal NMDA receptor subunits associated with the development of dyskinesia in the MPTP-lesioned primate model of Parkinson[END_REF]. This upregulation of NR2A subunits following chronic L-DOPA treatment at striatal synapses has been confirmed in 6-OHDA-lesioned rats [START_REF] Gardoni | Neurobiology of Disease A Critical Interaction between NR2B and MAGUK in L -DOPA Induced Dyskinesia[END_REF]. Even though the exact regulatory mechanisms underlying NMDA subcellular trafficking and function in animal models of PD and LID remain to be elucidated, the correct synaptic localization of NR2A-containing NMDARs has been demonstrated to influence the occurrence of LID in DA depleted rats [START_REF] Gardoni | Targeting NR2A-containing NMDA receptors reduces L-DOPA-induced dyskinesias[END_REF].

Several observations in experimental animals of PD and LID have also suggested an important role of NR2B subunit. High striatal levels of tyrosine phosphorylation of NR2A and especially NR2B subunits have been described in animals models of LID [START_REF] Oh | Enhanced tyrosine phosphorylation of striatal NMDA receptor subunits : effect of dopaminergic denervation and L -DOPA administration[END_REF]. A causal role of this phenomenon has been suggested. Fyn protein kinase is required for the signaling pathways underlying D1R-dependent trafficking of striatal NMDARs [START_REF] Dunah | Dopamine D1-Dependent Trafficking of Striatal N-Methyl-D -aspartate Glutamate Receptors Requires Fyn Protein Tyrosine Kinase but Not DARPP-32[END_REF]. The phosphorylation of NR2B by Fyn kinase led to the stabilization of NMDARs on the cell surface, increasing synaptic efficiency (reviewed in [START_REF] Trepanier | Regulation of NMDA receptors by the tyrosine kinase Fyn[END_REF]).

Strikingly, 6-OHDA-lesioned Fyn-depleted mice failed to develop behavioral sensitization under chronic L-DOPA treatment and their dopaminergic lesion was only of 20% compared to 90% in 6-OHDA-lesioned control mice, suggesting that NMDAR subcellular distribution might exert a protective effect to the neurotoxic DA lesion [START_REF] Dunah | Dopamine D1-Dependent Trafficking of Striatal N-Methyl-D -aspartate Glutamate Receptors Requires Fyn Protein Tyrosine Kinase but Not DARPP-32[END_REF]. Moreover, shifting the altered extrasynaptic localization of NR2B subunit induced by L-DOPA treatment, to the synaptic membrane, via modifications of the interacting elements, was sufficient to induce LID in non-dyskinetic rats [START_REF] Gardoni | Neurobiology of Disease A Critical Interaction between NR2B and MAGUK in L -DOPA Induced Dyskinesia[END_REF]. This suggests that the redistribution of NR2Bcontaining NMDA receptors is a crucial molecular feature of the altered glutamatergic transmission observed in LID (Picconi et al., 2003[START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF][START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF]. NR2Bselective antagonists were able to alleviate LID in macaque monkeys [START_REF] Blanchet | Amantadine reduces levodopa-induced dyskinesias in parkinsonian monkeys[END_REF][START_REF] Tahar | Effect of a selective glutamate antagonist on L-dopa-induced dyskinesias in drug-naive parkinsonian monkeys[END_REF] but led to controversial observations in marmosets [START_REF] Nash | The NR2B-selective NMDA receptor antagonist CP-101 , 606 exacerbates L-DOPA-induced dyskinesia and provides mild potentiation of anti-parkinsonian effects of L-DOPA in the MPTP-lesioned marmoset model of Parkinson[END_REF]. NR1 may also exhibit altered trafficking signaling mechanisms as radioligand binding studies described an increase in NR1/NR2B-containing NMDARs in the putamen of PD patients presenting motor complications [START_REF] Calon | Levodopa-induced motor complications are associated with alterations of glutamate receptors in Parkinson[END_REF] and D1/NR1-NR2B-containing receptors complexes were associated to LID in 6-OHDA-lesioned rats receiving chronic L-DOPA treatment [START_REF] Fiorentini | Loss of Synaptic D1 Dopamine / N -Methyl-D -aspartate Glutamate Receptor Complexes in L -DOPA-Induced Dyskinesia in the Rat[END_REF]. In hippocampal neuronal cultures, the subcellular localization (synaptic vs extra-synaptic) of NMDARs differently mediates signaling transmission, with opposite effects on gene regulation and neuronal survival [START_REF] Hardingham | Extrasynaptic NMDARs oppose synaptic NMDARs by triggering CREB shut-off and cell death pathways[END_REF]. Interestingly, LTP increases the amount of NMDARs at the neuronal membrane while LTD reduces the number of NMDARs via increased internalization in CA1 hippocampal neurons of adult rats [START_REF] Grosshans | LTP leads to rapid surface expression of NMDA but not AMPA receptors in adult rat CA1[END_REF] (reviewed in [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF]). Less documented, NR2D-containing NMDARs have also been implicated in LID as their expression was upregulated in dyskinetic rats and the administration of NR2D antagonist alleviated LID severity [START_REF] Mellone | NMDA receptor GluN2D subunit participates to levodopa-induced dyskinesia pathophysiology[END_REF].

Overall, these observations shed light onto disturbances in molecular, trafficking, and distribution of the NMDA receptor complex in glutamatergic synapses following DA depletion and chronic L-DOPA treatment, which can create a pathological substrate leading to the development of LID.

AMPA

Indications of alterations in synaptic AMPAR expression in LID have been provided by radioligand binding studies. In both PD patients [START_REF] Calon | Levodopa-induced motor complications are associated with alterations of glutamate receptors in Parkinson[END_REF] and MPTP-treated monkeys [START_REF] Calon | Alteration of glutamate receptors in the striatum of dyskinetic following dopamine agonist treatment[END_REF], increase in AMPAR binding has been reported in the putamen of those expressing motor complications compared to non-dyskinetic subjects. Chronic L-DOPA treatment in 6-OHDA-lesioned mice enhanced AMPAR subunit GluR1 phosphorylation by PKA on the Ser845 residue [START_REF] Ba | Changes in Subcellular Distribution and Phosphorylation of GluR1 in Lesioned Striatum of 6-Hydroxydopamine-Lesioned and L -dopa-Treated Rats[END_REF][START_REF] Santini | Critical Involvement of cAMP / DARPP-32 and Extracellular Signal-Regulated Protein Kinase Signaling in L -DOPA-Induced Dyskinesia[END_REF], which correlated with dyskinesia severity [START_REF] Santini | Critical Involvement of cAMP / DARPP-32 and Extracellular Signal-Regulated Protein Kinase Signaling in L -DOPA-Induced Dyskinesia[END_REF]. This hyper-phosphorylation of GluR1-containing AMPARs has been confirmed in MPTP-treated primates following both acute and chronic L-DOPA treatment [START_REF] Santini | Distinct Changes in cAMP and Extracellular Signal-Regulated Protein Kinase Signalling in L-DOPA-Induced Dyskinesia[END_REF]. The PKA-induced phosphorylation of GluR1 subunit promoted glutamate transmission through AMPARs by increasing the probability of AMPA channel to open [START_REF] Banke | Control of GluR1 AMPA Receptor Function by cAMP-Dependent Protein Kinase[END_REF] and its surface expression following D1R stimulation [START_REF] Mangiavacchi | D1 dopamine receptor stimulation increases the rate of AMPA receptor insertion onto the surface of cultured nucleus accumbens neurons through a pathway dependent on protein kinase A[END_REF].

As observed for NMDARs, modifications in the subunit composition of AMPARs have also been described. Altered ratio between synaptic membrane-associated and vesicular GluR2/3 vs GluR1 subunits of striatal AMPARs has been observed in MTPT-lesioned dyskinetic monkeys compared to controls [START_REF] Silverdale | Synaptic Recruitment of AMPA Glutamate Receptor Subunits in Levodopa-Induced Dyskinesia in the MPTP-Lesioned Nonhuman Primate[END_REF]. However, the absolute striatal levels of GluR2/3 and GluR1 subunits were not modified in monkeys [START_REF] Hallett | Alterations of striatal NMDA receptor subunits associated with the development of dyskinesia in the MPTP-lesioned primate model of Parkinson[END_REF][START_REF] Silverdale | Synaptic Recruitment of AMPA Glutamate Receptor Subunits in Levodopa-Induced Dyskinesia in the MPTP-Lesioned Nonhuman Primate[END_REF]) and 6-OHDA-lesioned rats [START_REF] Ba | Changes in Subcellular Distribution and Phosphorylation of GluR1 in Lesioned Striatum of 6-Hydroxydopamine-Lesioned and L -dopa-Treated Rats[END_REF], suggesting that AMPARs, and especially GluR2/3 subunit, are redistributed from the vesicular fraction to the postsynaptic membrane during LID [START_REF] Silverdale | Synaptic Recruitment of AMPA Glutamate Receptor Subunits in Levodopa-Induced Dyskinesia in the MPTP-Lesioned Nonhuman Primate[END_REF]. Even though, the mechanism underlying this shift is not clear, it could be the result of reduced internalization or increased clearance from the vesicular fraction [START_REF] Silverdale | Synaptic Recruitment of AMPA Glutamate Receptor Subunits in Levodopa-Induced Dyskinesia in the MPTP-Lesioned Nonhuman Primate[END_REF].

As suggested by altered expression and subunit composition in LID, AMPARs antagonists provide symptomatic benefits in experimental animals. In combination with L-DOPA treatment, pharmacological blockade of AMPARs dose-dependently alleviated LID without altering the anti-parkinsonian effects of L-DOPA in both MPTP-treated primates and 6-OHDA-lesioned rats [START_REF] Konitsiotis | AMPA receptor blockade improves levodopa-induced dyskinesia in MPTP monkeys[END_REF][START_REF] Kobylecki | Calcium-permeable AMPARs are involved in the induction and expression of LID in PD[END_REF]. Conversely, the administration of AMPARs agonists alone induced the development of LID and in combination with L-DOPA treatment, worsened LID up to ~50% [START_REF] Konitsiotis | AMPA receptor blockade improves levodopa-induced dyskinesia in MPTP monkeys[END_REF]. Altogether, these findings point towards an altered function of AMPARs in striatal adaptations and a functional role of AMPARs in both the development and the maintenance of LID.

mGluR

Besides ionotropic glutamate receptors, metabotropic glutamate receptors (mGluRs) have also gained interest for the treatment of both PD and LID (for review (Sgambato-Faure and Cenci,

2012)

). mGluRs are coupled to second-messenger systems through G-proteins and have been classified into three distinct groups: group I (mGluR1 and 5), group II (mGluR2 and 3), and group III (mGluR4, 6, 7 and 8). mGluR5 is highly expressed in the striatum and has been implicated in the detection of glutamate by astrocytes in response to sustained neuronal network activity [START_REF] Fellin | Neuronal Synchrony Mediated by Astrocytic Glutamate through Activation of Extrasynaptic NMDA Receptors[END_REF] and astrocyte-mediated basal synaptic transmission [START_REF] Panatier | Astrocytes Are Endogenous Regulators of Basal Transmission at Central Synapses[END_REF] as well as in LID [START_REF] Samadi | mGluR5 metabotropic glutamate receptors and dyskinesias in MPTP monkeys[END_REF][START_REF] Rylander | Pharmacological Modulation of Glutamate Transmission in a Rat Model of L -DOPA-Induced Dyskinesia : Effects on Motor Behavior and Striatal Nuclear Signaling □[END_REF][START_REF] Rylander | Neurobiology of Disease A mGluR5 antagonist under clinical development improves L-DOPA-induced dyskinesia in parkinsonian rats and monkeys[END_REF][START_REF] Ouattara | Metabotropic glutamate receptor type 5 in levodopa-induced motor complications[END_REF]. Radioligand binding studies have described an increase in mGluR5 binding in the caudate and putamen of both PD patients [START_REF] Ouattara | Metabotropic glutamate receptor type 5 in levodopa-induced motor complications[END_REF] and MPTPtreated monkeys [START_REF] Samadi | mGluR5 metabotropic glutamate receptors and dyskinesias in MPTP monkeys[END_REF][START_REF] Ouattara | Metabotropic glutamate receptor type 5 in levodopa-induced motor complications[END_REF], compared to non-dyskinetic beings. Moreover, in rat model of LID, the acute administration or chronic co-administration of mGluR5 antagonists attenuated LID [START_REF] Mela | Antagonism of metabotropic glutamate receptor type 5 attenuates L-DOPAinduced dyskinesia and its molecular and neurochemical correlates in a rat model of Parkinson's disease[END_REF][START_REF] Rylander | Neurobiology of Disease A mGluR5 antagonist under clinical development improves L-DOPA-induced dyskinesia in parkinsonian rats and monkeys[END_REF] and even enhanced motor benefits of L-DOPA without compromising its anti-parkinsonian effects [START_REF] Rylander | Neurobiology of Disease A mGluR5 antagonist under clinical development improves L-DOPA-induced dyskinesia in parkinsonian rats and monkeys[END_REF]. MTEP, a mGluR5 antagonist, was able to alleviate LID and the associated upregulation of striatal gene expression in 6-OHDA-lesioned rats [START_REF] Rylander | Pharmacological Modulation of Glutamate Transmission in a Rat Model of L -DOPA-Induced Dyskinesia : Effects on Motor Behavior and Striatal Nuclear Signaling □[END_REF]. The anti-dyskinetic effects of mGluR5 antagonist have also been confirmed in PD patients without worsening underlying parkinsonian symptoms [START_REF] Stocchi | AFQ056 in Parkinson Patients With Levodopa-Induced Dyskinesia[END_REF].

Overall, many different types of alterations occur in several glutamatergic systems in PD and LID and targeting specific glutamate receptors or subunits represent an interesting therapeutic avenue in the treatment of both PD and LID.

2.4.5.5.3 Acethylcholine (ACh) receptors Many alterations happening in the cholinergic system and treatments targeting acethylcholinergic receptors have been associated to PD and LID and an exhaustive list of these changes is beyond the framework of this thesis. However, a summary of the main findings will be detailed here below (for complete review of this subject see [START_REF] Conti | A new outlook on cholinergic interneurons in Parkinson's disease and L-DOPA-induced dyskinesia[END_REF]).

It presynaptic nicotinic acetylcholine receptors (nAChRs), which are ligand-gated ion channel composed of several subunits, in 6-OHDA-lesioned mice [START_REF] Tanimura | Cholinergic Interneurons Amplify Thalamostriatal Excitation of Striatal Indirect Pathway Neurons in Parkinson's Disease Models[END_REF]. Moreover, the pharmacological blockage of this amplification alleviated parkinsonian symptoms [START_REF] Tanimura | Cholinergic Interneurons Amplify Thalamostriatal Excitation of Striatal Indirect Pathway Neurons in Parkinson's Disease Models[END_REF].

LID expression is associated with complex interactions between several different striatal neurotransmitter systems including DAergic, serotoninergic, glutamatergic and GABAergic

systems. An imbalance between DA and ACh may play a major role in LID, even though the exact contributions of ChIs and ACh remain to be clarified. The viral ablation of striatal ChIs did indeed alleviate LID without altering the beneficial effects of L-DOPA treatment in parkinsonian mice, suggesting an enhanced ChIs activity and striatal ACh transmission associated with LID [START_REF] Won | Striatal cholinergic cell ablation attenuates L-DOPA induced dyskinesia in parkinsonian mice[END_REF]. Conversely, short duration optogenetic activation (1-5ms) of striatal ChIs enhanced LID in 6-OHDA-lesioned mice [START_REF] Bordia | Optogenetic activation of striatal cholinergic interneurons regulates L-dopainduced dyskinesias[END_REF]. The enhancement was blocked by administration of general mAChRs antagonist [START_REF] Bordia | Optogenetic activation of striatal cholinergic interneurons regulates L-dopainduced dyskinesias[END_REF]. Interestingly, in the same model, ChIs optogenetic activation of longer pulse duration (20ms-1s) reduced LID expression [START_REF] Bordia | Optogenetic activation of striatal cholinergic interneurons regulates L-dopainduced dyskinesias[END_REF]. In addition, chronic L-DOPA treatment in mouse models of PD upregulated ERK1/2 activation in striatal ChIs which led to an enhanced basal firing rate and stronger excitatory responses to DA stimulations, suggesting that ChIs are involved both in the development and the maintenance of LID [START_REF] Ding | Enhanced striatal cholinergic neuronal activity mediates L-DOPA-induced dyskinesia in parkinsonian mice[END_REF].

Moreover, a very recent study showed that ChIs exhibited pathological enhanced excitability and oscillatory activity with burst-pause activity in PD mice chronically treated with L-DOPA, which seem to be mediated by persistent activation of D1/D5 receptor signaling [START_REF] Paz | Levodopa Causes Striatal Cholinergic Interneuron Burst-Pause Activity in Parkinsonian Mice SCINs Show Enhanced Excitability and[END_REF].

Therapeutic therapies of PD and LID aiming at normalizing cholinergic transmission constitute a complex but effective option. mAChR antagonists have indeed been used for their antidyskinetic effects in several rodent models of LID [START_REF] Ding | Enhanced striatal cholinergic neuronal activity mediates L-DOPA-induced dyskinesia in parkinsonian mice[END_REF][START_REF] Chambers | Effects of Muscarinic Acetylcholine m1 and m4 Receptor Blockade on Dyskinesia in the Hemi-Parkinsonian Rat[END_REF].

For instance, boosting M4R signaling using positive allosteric modulator blocked aberrant LTP in D1-MSNs and reduced LID [START_REF] Shen | M4 Muscarinic Receptor Signaling Ameliorates Striatal Plasticity Deficits in Models of L-DOPA-Induced Dyskinesia Article M4 Muscarinic Receptor Signaling Ameliorates Striatal Plasticity Deficits in Models of L-DOPA-Induced Dyskinesia[END_REF]. Interestingly, many lines of evidence showed that nicotine is also able to reduce all LID subtypes by up to 60-70% in toxic non-human primate models of LID (D. Zhang et al., 2013;[START_REF] Quik | Nicotine-mediated improvement in L -dopa-induced dyskinesias in MPTP-lesioned monkeys is dependent on dopamine nerve terminal function[END_REF][START_REF] Quik | Nicotine Reduces Established Levodopa-induced Dyskinesias in a Monkey Model of Parkinson[END_REF]. Nicotine generally exerts its effects by acting on nAChRs and L-DOPA treatment has been shown to decrease nAChR expression [START_REF] Quik | L -DOPA Treatment Modulates Nicotinic Receptors in Monkey Striatum[END_REF]. In either drug-naïve and L-DOPA-primed MPTP-treated monkeys, nicotine administration before or during L-DOPA treatment led to a persistent reduction in LID [START_REF] Quik | Nicotine Reduces Established Levodopa-induced Dyskinesias in a Monkey Model of Parkinson[END_REF]. The importance of this reduction depended on the degree of nigrostriatal degeneration with greater reduction in animals only moderately lesioned [START_REF] Quik | Nicotine-mediated improvement in L -dopa-induced dyskinesias in MPTP-lesioned monkeys is dependent on dopamine nerve terminal function[END_REF]. The identification of the nAChR subtypes mediating LID alleviation is important for the development of selective and efficacious therapies. For example, in a knock-out mouse model, nAChR subunit α6β2 has been shown to play a role in the maintenance of LID as its loss resulted in a reduction of LID over time but did not prevent LID appearance [START_REF] Quik | Neuropharmacology Role for a 6 nicotinic receptors in L -dopa-induced dyskinesias in parkinsonian mice[END_REF].

Altogether, this evidence points towards a significant but complex functional role of ChIs and the cholinergic system in general, in the development and expression of LID. Aberrant DA transmission following either DA depletion or L-DOPA treatment, appears to induce alterations in both mAChRs and nAChRs, further involving ACh in the pathophysiology of both PD and LID.

Adenosine receptors

There are antagonistic interactions between dopamine and adenosine receptors in the two major striatal pathways: A1R and D1R oppositely modulate functions in striatonigral neurons whereas A2R and D2R exert antagonistic actions in striatopallidal neurons (for review on the adenosine system of BG [START_REF] Schiffmann | Adenosine A2A receptors and basal ganglia physiology[END_REF]). A2A receptors is considered as D1-like receptors onto D2-MSNs as it enhances activity in striatopallidal neurons. A2A receptors received most of the attention in both PD and LID as adenosine A2A receptor antagonists have emerged a long time ago as a promising treatment for PD patients.

In 6-OHDA-lesioned rats, striatal A2A receptor mRNA levels increased following DA denervation [START_REF] Pinna | Modification of adenosine extracellular levels and adenosine A2A receptor mRNA by dopamine denervation[END_REF] and further increased following L-DOPA treatment [START_REF] Tomiyama | Upregulation of Striatal Adenosine A 2A Receptor mRNA in 6-Hydroxydopamine-Lesioned Rats Intermittently Treated With L-DOPA[END_REF].

Increased levels of A2A receptor mRNA have also been observed in the putamen of dyskinetic patients compared to non-dyskinetic subjects [START_REF] Calon | Increased adenosine A 2A receptors in the brain of Parkinson ' s disease patients with dyskinesias[END_REF]. These observations suggest an enhanced A2A receptor activity and therefore, one can speculate that normalization of this upregulation might have beneficial effects on LID. One major reluctance in studies about the relationship of A2A receptor and LID is that A2A receptors are not expressed in neurons of the direct pathway in which alterations are thought to be one of the major features of LID, therefore questioning the relevance of A2A receptor studies for the management of LID. However, in 6-OHDA-lesioned rats, A2A receptor blockade alone has been shown to relieve PD motor symptoms induced by DA depletion such as deficits in movement initiation, akinesia and bradykinesia, sensory-motor integration [START_REF] Pinna | Adenosine A 2A Receptor Antagonists Improve Deficits in Initiation of Movement and Sensory Motor Integration in the Unilateral 6-Hydroxydopamine Rat Model of Parkinson[END_REF], and improved motor performance on the rotarod test (Lundblad, Vaudano and Cenci, 2003a). The same anti-parkinsonian effect has been observed in MPTP-treated monkeys with a reduced propensity to elicit LID [START_REF] Grondin | Antiparkinsonian effect of a new selective adenosine A 2A receptor antagonist in MPTP-treated monkeys[END_REF].

Besides its promising effects on PD motor symptoms, the use of A2A receptor antagonists shows contrasted results in regards to LID expression. In primed-6-OHDA-lesioned rats, administration of A2A receptor antagonists did not lead to the development of LID but failed to alleviate LID when co-administrated with L-DOPA whereas in drug-naïve animals, coadministration of L-DOPA and A2A receptor antagonists only potentiate L-DOPA beneficial effects without changing the dyskinesiogenic property of L-DOPA or modifying the molecular alterations associated with LID such as FosB/ΔFosB (Lundblad, Vaudano and Cenci, 2003b).

Behavioral sensitization did not worsen during the time course of chronic treatment with A2A

receptor antagonist compared to L-DOPA in 6-OHDA-lesioned mice [START_REF] Pinna | Motor Stimulant Effects of the Adenosine A 2A Receptor Antagonist SCH 58261 Do Not Develop Tolerance After Repeated Treatments in 6-Hydroxydopamine[END_REF]. A similar effect was observed in chronically L-DOPA-treated knock-out mice lacking A2A receptors compared to normal animals [START_REF] Fredduzzi | Persistent Behavioral Sensitization to Chronic L -DOPA Requires A 2A Adenosine Receptors[END_REF]. However, none of these observations clearly established a direct link between A2A receptors and LID. Indeed, in rodent models of LID, A2A receptor antagonists can only delay the expression of LID but cannot prevent their appearance [START_REF] Bibbiani | A2A antagonist prevents dopamine agonist-induced motor complications in animal models of Parkinson[END_REF].

A1A receptors have received even much less attention than A2A receptors and observations are unclear about its potential role to inhibit striatonigral neurons. Supporting this hypothesis, administration of A1A receptor agonists attenuated the development of LID in 6-OHDA-lesion mice, suggesting an effect of A1A receptors to decrease D1-MSNs hyperactivity [START_REF] Mango | Adenosine A1 receptor stimulation reduces D1 receptor-mediated GABAergic transmission from striato-nigral terminals and attenuates L -DOPA-induced dyskinesia in dopaminedenervated mice[END_REF].

Besides the anti-parkinsonian effects of A2A receptor antagonist administration, further investigations are needed to elucidate the exact roles and mechanisms of adenosine receptors in normal and disease states. [START_REF] Hohmann | Localization of Cannabinoid CB 1 Receptor mRNA in Neuronal Subpopulations of Rat Striatum : A Double-Label In Situ[END_REF] and localized both pre-and postsynaptically (for review [START_REF] Brotchie | CB1 cannabinoid receptor signalling in Parkinson's disease[END_REF][START_REF] Laksmidewi | Endocannabinoid and dopaminergic system : the pas de deux underlying human motivation and behaviors[END_REF]). CB1R stimulation, by retrogradely-acting endogenous cannabinoids, reduces neurotransmitter release (Figure 15) and is critical for LTD at corticostriatal synapses [START_REF] Gerdeman | Postsynaptic endocannabinoid release is critical to long-term depression in the striatum[END_REF][START_REF] Adermark | Endocannabinoid-dependent plasticity at GABAergic and glutamatergic synapses in the striatum is regulated by synaptic activity[END_REF], suggesting an important role of this receptor in BG function and dysfunction.

A growing body of evidence suggests that alterations in CB1R transmission are part of the pathophysiology underlying both PD and LID, however, the distinction between compensatory mechanisms and underlying pathological mechanisms remains difficult. Increased levels of both the endogenous cannabinoid anandamide, but not 2AG, [START_REF] Gubellini | Experimental Parkinsonism Alters Endocannabinoid Degradation : Implications for Striatal Glutamatergic Transmission[END_REF]) and CB1R mRNAs have been observed in the striatum of 6-OHDA-lesioned rodents [START_REF] Romero | Unilateral 6-hydroxydopamine lesions of nigrostriatal dopaminergic neurons increased CB1 receptor mRNA levels in the caudate-putamen[END_REF]. Similarly, increase in CB1R binding has been described in the caudate and the putamen of both PD patients and MPTP-lesioned monkeys [START_REF] Lastres-Becker | Increased cannabinoid CB 1 receptor binding and activation of GTPbinding proteins in the basal ganglia of patients with Parkinson ' s syndrome and of MPTP-treated marmosets[END_REF], suggesting an important role of DA in the control of CB1R gene expression. Some have suggested that this upregulation in striatal endocannabinoids and CB1R might represent a compensatory mechanism in order to normalize striatal function following DA depletion as motor symptoms only appear after severe DA degeneration [START_REF] Brotchie | CB1 cannabinoid receptor signalling in Parkinson's disease[END_REF]. This idea suggests that enhancing CB1R signaling might alleviate parkinsonian motor symptoms. Repeated treatment with L-DOPA was associated with a reduction in CB1R [START_REF] Lastres-Becker | Increased cannabinoid CB 1 receptor binding and activation of GTPbinding proteins in the basal ganglia of patients with Parkinson ' s syndrome and of MPTP-treated marmosets[END_REF] and anandamide levels [START_REF] Van Der Stelt | A role for endocannabinoids in the generation of parkinsonism and levodopa-induced dyskinesia in MPTP-lesioned non-human primate models of Parkinson[END_REF] in MPTP-lesioned monkeys. However, these observations contrast with the findings in 6-OHDA-lesioned rats in which DA depletion alone did not induce changes in CB1R mRNA levels but chronic L-DOPA treatment led to a significant increase in CB1R mRNA levels in the depleted striatum [START_REF] Zeng | Chronic L -DOPA treatment increases striatal cannabinoid CB1 receptor mRNA expression in 6-hydroxydopamine-lesioned rats[END_REF]. Similarly, chronically-treated PD patients also exhibited higher CB1R binding levels [START_REF] Lastres-Becker | Increased cannabinoid CB 1 receptor binding and activation of GTPbinding proteins in the basal ganglia of patients with Parkinson ' s syndrome and of MPTP-treated marmosets[END_REF]. Further investigations are therefore required to resolve these contradictory results.

Even though the exact alterations taking place in the endocannabinoid system in PD and LID remain unclear, several reports support the propositions that CB1R antagonists and agonists are likely to have some value in the treatment of both PD and LID. Attenuation of CB1R

signaling by administration of CB1R antagonist had an anti-parkinsonian effect on MPTPlesioned monkeys (van der [START_REF] Van Der Stelt | A role for endocannabinoids in the generation of parkinsonism and levodopa-induced dyskinesia in MPTP-lesioned non-human primate models of Parkinson[END_REF] whereas CB1R agonist dose-dependently decreased general locomotor activity and increased bradykinesia [START_REF] Meschler | Cannabinoid receptor agonist and antagonist effects on motor function[END_REF]. Surprisingly, coadministration of both CB1R antagonist (van der Stelt et al.,

2005

) and CB1R agonist [START_REF] Fox | Stimulation of Cannabinoid Receptors Reduces Levodopa-Induced Dyskinesia in the MPTP-Lesioned Nonhuman Primate Model of Parkinson[END_REF] with L-DOPA treatment induced less LID than L-DOPA alone in MPTP-treated moneys. In reserpine-treated rats, both CB1R antagonists and agonists were indeed able to modulate the behavioral effects of L-DOPA [START_REF] Segovia | Effects of CB1 Cannabinoid Receptor Modulating Compounds on the Hyperkinesia Induced by High-Dose Levodopa in the Reserpine-Treated Rat Model of Parkinson[END_REF].

In a randomized, double-blind, placebo-controlled study, CB1R agonist nabilone has been demonstrated to significantly reduce LID in PD patients [START_REF] Sieradzan | Cannabinoids reduce dyskinesia in Parkinson ' s disease : A[END_REF].

Overall, these findings suggest that the role of the endocannabinoid system in both PD and LID, even though promising, is complex and remains unclear. Therefore, further investigations are needed to unravel the exact mechanisms of CB1R antagonists and agonists as antiparkinsonian and anti-dyskinetic treatments.

Opioid receptors

The idea that enhanced signaling by opioid peptides may exert a role in the expression of LID has drawn some attention (reviewed in [START_REF] Brotchie | Nondopaminergic mechanisms in levodopa-induced dyskinesia[END_REF][START_REF] Pan | Opioid system in L-DOPA-induced dyskinesia[END_REF]). Opioid peptides and opioid receptors form the endogenous opioid system and can be classified into three categories each: endogenous opioid peptides consist of β-endorphin, enkephalins, and dynorphins and opioid receptors can be divided into μ, δ, and κ subtypes, all G protein-coupled receptors [START_REF] Pan | Opioid system in L-DOPA-induced dyskinesia[END_REF]. The endogenous opioid peptide precursor proenkephalin (PENK) is mainly expressed in the striatopallidal neurons, forming the indirect pathway whereas the precursor of prodynorphin (PDYN) is more abundant in the striatonigral neurons, constituting the direct pathway (Charles R Gerfen and Young, 1988).

The involvement of the endogenous opioid system in LID mainly stems from in situ hybridization studies showing a strong correlation between LID severity and the striatal opioidic precursors' expression [START_REF] Cenci | L-DOPA-induced dyskinesia in the rat is associated with striatal overexpression of prodynorphin-and glutamic acid decarboxylase mRNA[END_REF][START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF]. Increased levels of PENK mRNAs in D1-MSNs and decreased levels of PDYN mRNAs in D2-MSNs have been described in both MPTP-lesioned primates [START_REF] Tel | ALTERATIONS IN STRIATAL NEUROPEPTIDE mRNA PRODUCED BY REPEATED ADMINISTRATION OF L-DOPA[END_REF][START_REF] Aubert | Enhanced Preproenkephalin-B -Derived Opioid Transmission in Striatum and Subthalamic Nucleus Converges Upon Globus Pallidus Internalis in[END_REF] and 6-OHDA-lesioned rodents (Charles R Gerfen et al., 1990;[START_REF] Cenci | L-DOPA-induced dyskinesia in the rat is associated with striatal overexpression of prodynorphin-and glutamic acid decarboxylase mRNA[END_REF][START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Westin | Persistent changes in striatal gene expression induced by long-term L -DOPA treatment in a rat model of Parkinson[END_REF][START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF]. Conflicting results are observed following L-DOPA treatment in the different experimental models. Some investigations showed an increase in PENK and PDYN levels in 6-OHDA-lesioned dyskinetic rodents [START_REF] Cenci | L-DOPA-induced dyskinesia in the rat is associated with striatal overexpression of prodynorphin-and glutamic acid decarboxylase mRNA[END_REF][START_REF] Westin | Persistent changes in striatal gene expression induced by long-term L -DOPA treatment in a rat model of Parkinson[END_REF][START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF] and MPTP-lesioned dyskinetic primates [START_REF] Henry | Increased striatal pre-proenkephalin B expression is associated with dyskinesia in Parkinson[END_REF] compared to non-dyskinetic animals.

Dyskinetic PD patients also exhibited an increase in PENK-B levels, especially in the striosomes [START_REF] Henry | Increased striatal pre-proenkephalin B expression is associated with dyskinesia in Parkinson[END_REF]. However, other reports described a normalization of PENK-B following chronic L-DOPA treatment in MPTP-lesioned monkeys whereas PENK-A levels showed a normalization [START_REF] Aubert | Enhanced Preproenkephalin-B -Derived Opioid Transmission in Striatum and Subthalamic Nucleus Converges Upon Globus Pallidus Internalis in[END_REF] or no changes [START_REF] Tel | ALTERATIONS IN STRIATAL NEUROPEPTIDE mRNA PRODUCED BY REPEATED ADMINISTRATION OF L-DOPA[END_REF]. Aubert and colleagues described an increase in PDYN levels associated with peak-dose dyskinesia in non-human primate models of PD [START_REF] Aubert | Enhanced Preproenkephalin-B -Derived Opioid Transmission in Striatum and Subthalamic Nucleus Converges Upon Globus Pallidus Internalis in[END_REF].

In addition to alterations in opioid peptide levels of expression, modifications also occur at the level of opioid receptors associated with PD and LID, with distinct effects on the different receptor subtypes in different brain areas. In 6-OHDA-lesioned rats, striatal levels of κ receptor binding densities were significantly lower in dyskinetic animals [START_REF] Johansson | Alterations in Cortical and Basal Ganglia Levels of Opioid Receptor Binding in a Rat Model of L -DOPA-Induced Dyskinesia[END_REF]. In PD patients, specific reduction of μ receptors has been observed in both the caudate and putamen and the global density of opioid receptors decreased in the posterior putamen [START_REF] Fernandez | SUBSTANCE P , DELTA AND MU OPIOID RECEPTORS ARE DECREASED IN BASAL[END_REF] which further decreased in both the striatum and the thalamus of dyskinetic PD patients, compared to non-dyskinetic subjects [START_REF] Piccini | Alterations in Opioid Receptor Binding in Parkinson ' s Disease Patients with Levodopa-Induced Dyskinesias[END_REF]. Finally, in dyskinetic MPTP-lesioned primates, dyskinesia were associated with specific reductions in μ and κ receptors binding in GPi [START_REF] Aubert | Enhanced Preproenkephalin-B -Derived Opioid Transmission in Striatum and Subthalamic Nucleus Converges Upon Globus Pallidus Internalis in[END_REF]. Taken together, these observations suggest a specific role of μ and κ receptors in LID that might constitutes a homeostatic phenomenon indicating an increased release in opioid peptides.

Even though non-subtype-specific opioid receptor antagonists failed to alleviate LID in PD patients [START_REF] Rascol | Naltrexone , an Opiate Antagonist , Fails to Modify Motor Symptoms in Patients with Parkinson[END_REF][START_REF] Fox | Non-subtype-selective opioid receptor antagonism in treatment of levodopainduced motor complications in Parkinson's disease[END_REF], the administration of μ-opioid receptor antagonist significantly decreased LID in MPTP-lesioned non-human primate model without altering the anti-parkinsonian effects of L-DOPA, suggesting that targeting specific subtypes of opioid receptors may represent an effective anti-dyskinetic treatment [START_REF] Koprich | The Selective Mu-Opioid Receptor Antagonist ADL5510 Reduces Levodopa-Induced Dyskinesia Without Affecting Antiparkinsonian Action in MPTP-Lesioned Macaque Model of Parkinson[END_REF].

However, as for the endocannabinoid system, even though efficiently targeting components of this system is a valid option in the alleviation of LID, its wide and complex interactions with other neurotransmitter systems and its remaining unclear role(s) in the pathological mechanisms of both PD and LID highlight its difficulty and the need for further researches in this field.

Beyond the basal ganglia: Involvement of other important players

At this point of this Chapter, many evidence were provided and point toward LID as a highly complex pathology including a large spectrum of clinical manifestations and a wide interplay between several of the most important neurotransmitter systems within the brain. According to the "Ensemble Model" (See Section 2.4.2.3 The Ensemble Model), the expression and maintenance of LID might result from impairments involving many brain regions. Indeed, besides the consensual complex pathological mechanisms occurring within BG and taking part to LID pathophysiology, other important brain structures have been involved in both PD and LID. A growing body of evidence has demonstrated important implications of major brain areas involved in motor control but also of a wide variety of unconventional nuclei (for review [START_REF] Cenci | On the neuronal circuitry mediating l-DOPAinduced dyskinesia[END_REF][START_REF] Yang | Circuit Mechanisms of L-DOPA-Induced Dyskinesia (LID)[END_REF]). Reflecting the anatomical description of several brain structures, their involvement in motor control, and their interactions described in Chapter I, the same structures will be detailed below with their specific contribution to the pathological mechanisms of PD and LID.

The Primary Motor Cortex

Unsurprisingly, several parts of the cerebral motor cortex, including the primary motor cortex (M1), the premotor cortex, and the supplementary motor area (SMA) have been involved in both PD and LID. Human imaging studies paved the way for animal experiments to determine and dissect the exact molecular and cellular contributions of the motor cortex in these disorders. This thesis will mainly focus on the role of the primary motor cortex. is directly impacted by the imbalance of activities between the direct and indirect pathways within the striatum in PD, leading to overinhibition of the motor cortex via the thalamus, which in turn leads to suppression of movements (Roger L Albin, Young and Penney, 1989; DeLong, 1990) (Figure 14). Moreover, midbrain dopaminergic neurons project directly to M1 [START_REF] Gaspar | Topography and Collateralization of the Dopaminergic Projections to Motor and Lateral Prefrontal Cortex in Owl Monkeys[END_REF], influence the firing rate of M1 neurons (Parr-brownlie and [START_REF] Parr-Brownlie | Bradykinesia Induced by Dopamine D 2 Receptor Blockade Is Associated with Reduced Motor Cortex Activity in the Rat[END_REF][START_REF] Vitrac | Dopamine control of pyramidal neuron activity in the primary motor cortex via D2 receptors[END_REF], and exert a functional role in motor skill learning (Molinaluna et al., 2009). Altogether these observations have provided the basis of M1 involvement in PD pathophysiology, suggesting that M1 is responsible for transferring abnormal activity from BG to muscles (Roger L Albin, Young and Penney, 1989).

Many different lines of evidence in both PD patients and experimental animals demonstrated alterations occurring at the level of M1 in PD. Imaging studies in PD patients showed that during voluntary movements and at rest, alterations occur in M1 in PD patients compared to healthy individual, including anomalies in beta-band synchronization and in dynamics of spontaneous blood oxygen level dependent fluctuations. It is noteworthy that results in PD patients depend on the resting state of patients, the motor tasks analyzed, the parameters used, the advanced of the disease, the presence of treatments, and the wide range of different techniques (for review [START_REF] Burciu | Imaging of Motor Cortex Physiology in Parkinson ' s Disease Primary Motor Cortex and Basal Ganglia Functional Changes in the Motor Cortex of PD[END_REF]). In experimental animals' studies, some variability is observed, with some reports indicating no change in the mean spontaneous firing rate of M1 neurons following MPTP in non-human primates [START_REF] Goldberg | Enhanced Synchrony among Primary Motor Cortex Neurons in the 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Primate Model of Parkinson's Disease[END_REF] whereas decrease in the global activity of M1 has been observed following DA lesion in both MPTPtreated non-human primates [START_REF] Pasquereau | Primary motor cortex of the parkinsonian monkey: Differential effects on the spontaneous activity of pyramidal tract-type neurons[END_REF]) and 6-OHDA-lesioned mice [START_REF] Menardy | Functional Alteration of Cerebello-Cerebral Coupling in an Experimental Mouse Model of Parkinson's Disease[END_REF]. Alterations occurring in M1 following DA depletion might not be as homogeneous as expected and might explain discrepancies between studies. Indeed, evidence from MPTP-treated non-human primates showed that pyramidal tract neurons (PT), but not intratelencephalic neurons (IT), exhibited a reduction in their firing rate [START_REF] Pasquereau | Primary motor cortex of the parkinsonian monkey: Differential effects on the spontaneous activity of pyramidal tract-type neurons[END_REF]. In the same model, PT neurons also presented a more irregular and bursting activity following DA depletion [START_REF] Pasquereau | Primary motor cortex of the parkinsonian monkey: Differential effects on the spontaneous activity of pyramidal tract-type neurons[END_REF]. Conversely, an increase in the spontaneous firing rate of PT neurons has been observed in the deep layers of M1 in 6-OHDA-lesioned rats (Valverde et al., 2020). In this study, the authors showed that optogenetic stimulations of somatostatin interneurons (SST) could reverse the parkinsonian phenotype in 6-OHDA-lesioned rats, further suggesting an important role of the different neuron populations of M1 in PD (Valverde et al., 2020).

As M1 activity is modulated by voluntary movements, it is possible that cardinal features of PD motor symptoms, such as slowness of movements or akinesia, produce alterations in M1 firing around the execution of a movement. Peri-movement analysis has therefore been conducted in experimental animals showing that the movement-related discharge of M1 neurons occurred earlier, ramped more gradually and reached lower peak following MPTP lesion in non-human primates performing forearm movements [START_REF] Doudet | Modifications of precentral cortex discharge and EMG activity in monkeys with MPTP-induced lesions of DA nigral neurons[END_REF][START_REF] Pasquereau | Primary motor cortex of the parkinsonian monkey: Altered encoding of active movement[END_REF], suggesting that command-like signature of movements is modified in PD and that DA depletion alters information encoding in M1. Similar to the effects observed in MPTPlesioned monkeys, in 6-OHDA-lesioned mice performing skilled reaching task, the proportion of M1 neurons exhibiting a reduced firing rate were found to be increased and movement-related discharge of M1 neurons showed more prolonged modulations during grasping and retraction [START_REF] Hyland | Altered recruitment of motor cortex neuronal activity during the grasping phase of skilled reaching in a chronic rat model of unilateral parkinsonism[END_REF]. Interestingly, the loss of DA denervation induces a rearrangement of cortical motor maps. Indeed, using intra-cortical micro-stimulations in 6-OHDA-lesioned mice, the size of the forelimb representation in M1 has been shown to significantly decrease bilaterally, although with stronger changes in the lesioned side [START_REF] Brown | Neocortical movement representations are reduced and reorganized following bilateral intrastriatal 6-hydroxydopamine infusion and dopamine type-2 receptor antagonism[END_REF][START_REF] Plowman | Striatal dopamine depletion induces forelimb motor impairments and disrupts forelimb movement representations within the motor cortex[END_REF][START_REF] Viaro | Progressive motor cortex functional reorganization following 6-hydroxydopamine lesioning in rats[END_REF]. Moreover, the reduction in cortical motor map size correlated with the extent of the lesion [START_REF] Plowman | Striatal dopamine depletion induces forelimb motor impairments and disrupts forelimb movement representations within the motor cortex[END_REF]. It has been suggested that the reorganization observed in cortical motor maps might be underpinned by structural rearrangements in local circuits such as the enhanced spine turnover observed in layer 5 of MPTP-treated mice using in vivo two-photon imaging technique (L. Guo et al., 2015).

Finally, the lack of dopaminergic transmission has been associated with an increased oscillatory activity in the β frequency range within the motor cortex and increased interhemispheric coupling in both resting and active states in rats [START_REF] Degos | Chronic but not acute dopaminergic transmission interruption promotes a progressive increase in cortical beta frequency synchronization: Relationships to vigilance state and akinesia[END_REF][START_REF] Jávor-Duray | Alterations in functional cortical hierarchy in hemiparkinsonian rats[END_REF]. Chronic pharmacological blockade of DA transmission resulted in an progressive and ultimately excessive β synchronization in M1, leading to the appearance of akinesia [START_REF] Degos | Chronic but not acute dopaminergic transmission interruption promotes a progressive increase in cortical beta frequency synchronization: Relationships to vigilance state and akinesia[END_REF]. Similarly, rhythmic spiking in the β frequency range of PT neurons in M1 has been observed following MPTP lesion [START_REF] Pasquereau | Primary motor cortex of the parkinsonian monkey: Differential effects on the spontaneous activity of pyramidal tract-type neurons[END_REF].

Even though excessive β synchrony in the basal ganglia-thalamocortical loop is widely thought to disrupt motor function in PD (for review [START_REF] Hammond | Pathological synchronization in Parkinson's disease: networks, models and treatments[END_REF]), a local increase in β-frequency oscillations occurring in the motor cortex remains to be demonstrated in PD patients.

Overall, these observations suggest profound functional and structural alterations occurring in the motor cortex following DA denervation, although further investigations are required to reach a consensus on the exact cortical modifications underlying PD pathophysiology in both PD patients and experimental animals.

Alterations in M1 associated with LID

In the classical view of LID pathophysiology, the hyperactivity of direct pathway within the striatum ultimately leads to hyperactivity of the motor cortex, generating excessive abnormal movements, including LID (Roger L Albin, Young and Penney, 1989; DeLong, 1990) (Figure 14).

The first study linking cortical hyperactivity and human LID in PD patients was based on an analysis of regional cerebral blood flow with single photon emission tomography showing that dyskinetic patients exhibited an increase cerebral blood flow in M1 and SMA (Rascol et al., 1998). Hyperactivity in motor cortical areas associated with LID has been confirmed in other studies using magnetic resonance imaging (MRI) technology [START_REF] Cerasa | A network centred on the inferior frontal cortex is critically involved in levodopa-induced dyskinesias[END_REF][START_REF] Herz | Abnormal dopaminergic modulation of striato-cortical networks underlies levodopa-induced dyskinesias in humans[END_REF], even though the exact mechanisms underlying this hyperactivity remain to be determined. Moreover, the use of neuroimaging techniques in the investigation of LID pathophysiology is limited as excessive peripheral body movements can disrupt brain scans and/or lead to the misinterpretation of blood flow in M1. Several hypotheses, such as increased functional connectivity between the putamen and M1 in dyskinetic patients [START_REF] Herz | Abnormal dopaminergic modulation of striato-cortical networks underlies levodopa-induced dyskinesias in humans[END_REF], reduced communication and pathological inhibitory control between other cortical areas and M1 [START_REF] Cerasa | A network centred on the inferior frontal cortex is critically involved in levodopa-induced dyskinesias[END_REF], altered cerebello-thalamo-cortical pathway, or direct cortical effect of L-DOPA [START_REF] Jourdain | Flow-metabolism dissociation in the pathogenesis of levodopa-induced dyskinesia[END_REF] have been suggested in order to explain this change in activity.

Using positron emission tomography (PET) with a tracer that binds activated NMDARs, dyskinetic patients exhibit an increase in NMDAR activation in M1 compared to non-dyskinetic patients, suggesting that dyskinesia are associated with abnormal glutamatergic transmission in motor areas [START_REF] Ahmed | Glutamate NMDA receptor dysregulation in Parkinson ' s disease with dyskinesias[END_REF].

Several other cortical alterations have been observed following L-DOPA treatment using experimental models of PD and LID. Upregulation of IEGs such as c-Fos, a marker of neuronal activity, Zif268, ΔFosB, and ARC has been observed in M1 of 6-OHDA-lesioned rats following chronic L-DOPA treatment (Bastide et al., 2014;[START_REF] Lindenbach | Alterations in primary motor cortex neurotransmission and gene expression in hemi-parkinsonian rats with druginduced dyskinesia[END_REF]. Even though few changes were observed in the expression of genes specifically involved in glutamate and GABA signaling [START_REF] Lindenbach | Alterations in primary motor cortex neurotransmission and gene expression in hemi-parkinsonian rats with druginduced dyskinesia[END_REF], chronic L-DOPA treatment has been shown to reduce glutamate efflux and enhance GABA efflux in 6-OHDA-lesioned rats, suggesting that dyskinesia are associated with increased inhibition within M1 [START_REF] Lindenbach | The Role of Primary Motor Cortex (M1) Glutamate and GABA Signaling in L-DOPA-Induced Dyskinesia in Parkinsonian Rats[END_REF].

In a seminal study, Halje and colleagues observed a pronounced high frequency narrow-band 80Hz local field potential (LFP) oscillation in the motor cortex following L-DOPA treatment in 6-OHDA-lesioned rats that are strongly associated with LID [START_REF] Halje | Levodopainduced dyskinesia is strongly associated with resonant cortical oscillations[END_REF]. In addition, they showed that the pharmacological blockade of D1Rs, through application of DA antagonist onto the cortical surface, disrupted this oscillation and relieved dyskinetic symptoms, further suggesting that abnormal cortical oscillations are an important component in LID pathophysiology [START_REF] Halje | Levodopainduced dyskinesia is strongly associated with resonant cortical oscillations[END_REF]. This observation has been confirmed in other studies in 6-OHDA-lesioned rats showing that the development of LID was accompanied by a gradual emergence of high gamma narrow-band LFP oscillations in M1, with a peak around 80Hz [START_REF] Delaville | Subthalamic Nucleus Activity in the Awake Hemiparkinsonian Rat : Relationships with Motor and Cognitive Networks[END_REF][START_REF] Dupre | Effects of L-dopa priming on cortical high beta and high gamma oscillatory activity in a rodent model of Parkinson's disease HHS Public Access[END_REF]. High frequency oscillations in the gamma band have also been described in the motor cortex and STN of PD patients with dyskinesia and these oscillations were not affected by voluntary movements [START_REF] Swann | Gamma Oscillations in the Hyperkinetic State Detected with Chronic Human Brain Recordings in Parkinson[END_REF]. Previous report also demonstrated high frequency oscillations in the gamma band, as well as oscillations in the alpha frequency range , in STN of PD patients in the "on" state (Alonso-Frech et al., 2006). Chronic L-DOPA treatment significantly increased STN-M1 coherence in the gamma band in 6-OHDA-lesioned rats [START_REF] Delaville | Subthalamic Nucleus Activity in the Awake Hemiparkinsonian Rat : Relationships with Motor and Cognitive Networks[END_REF], suggesting a potential important interplay between these two structures. Cortical high frequency oscillations provide a biomarker of LID pathophysiology; however, further investigations are still needed to entail a causal role of cortical high frequency oscillations in LID.

Altered synaptic plasticity has been observed in M1 in parkinsonian and dyskinetic patients [START_REF] Morgante | Motor cortex plasticity in Parkinson's disease and levodopa-induced dyskinesias[END_REF][START_REF] Ueki | Altered Plasticity of the Human Motor Cortex in Parkinson ' s Disease[END_REF][START_REF] Kishore | Acute dopamine boost has a negative effect on plasticity of the primary motor cortex in advanced Parkinson ' s disease[END_REF]Guerra et al., 2019). In humans, motor cortex plasticity can be induced and studied using paired-association stimulation (PAS) protocol, which consists of pairing low frequency peripheral nerve electrical stimulation with transcranial magnetic stimulation (TMS) over a specific M1 cranial site (usually corresponding to a hand muscle) leading to a transient increase in the amplitude of the motor evoked potential (MEP) evoked by a single pulse of M1 TMS [START_REF] Stefan | Induction of plasticity in the human motor cortex by paired associative stimulation[END_REF]. The magnitude of this increase is then used as a marker of M1 plasticity [START_REF] Stefan | Induction of plasticity in the human motor cortex by paired associative stimulation[END_REF]. PD

patients "off" medication did not exhibit any MEP facilitation compared to healthy controls following PAS paradigm, suggesting a loss of LTP-like cortical plasticity [START_REF] Morgante | Motor cortex plasticity in Parkinson's disease and levodopa-induced dyskinesias[END_REF][START_REF] Ueki | Altered Plasticity of the Human Motor Cortex in Parkinson ' s Disease[END_REF]. However, L-DOPA treatment restored the potentiation of MEP amplitudes induced by PAS in non-dyskinetic patients but not in dyskinetic PD patients, further suggesting that persistent aberrant M1 plasticity plays a role in LID genesis [START_REF] Morgante | Motor cortex plasticity in Parkinson's disease and levodopa-induced dyskinesias[END_REF]. Still in humans, high frequency theta burst stimulation (TBS) paradigm, another stimulation protocol, can also be used to measure cortical plasticity. Depending on the pattern of TBS stimulations (Figure 16A-B), M1 stimulation can produce different effects on MEP amplitude which are potentiation or attenuation [START_REF] Huang | Theta burst stimulation of the human motor cortex[END_REF]. Intermittent theta burst stimulation (iTBS) facilitates MEP amplitude, corresponding to LTP-like plasticity, whereas continuous theta burst stimulation (cTBS) suppresses MEP amplitude, corresponding to LTD-like plasticity, with effects lasting for at least 20 minutes in healthy volunteers [START_REF] Huang | Theta burst stimulation of the human motor cortex[END_REF] (for review (Suppa et al., 2016)) (Figure 16A-B). It is noteworthy that muscle contraction during TBS in healthy subjects abolishes both LTP-and LTD-like effects, while contraction immediately after iTBS enhances LTP-like effect while after cTBS, it reverses LTD-like effect to LTP-like effect, highlighting the interactions between voluntary muscle contraction and cortical circuits [START_REF] Huang | Effect of Physiological Activity on an NMDA-Dependent Form of Cortical Plasticity in Human[END_REF]. Drug-naïve PD patients did not exhibit any cortical plasticity following either cTBS or iTBS protocol, compared to healthy subjects, suggesting profound alterations in M1 plasticity, which were not restored by acute L-DOPA administration [START_REF] Kishore | Early , severe and bilateral loss of LTP and LTD-like plasticity in motor cortex ( M1 ) in de novo Parkinson ' s disease[END_REF]. However, the meaning of lack of responsiveness to certain protocols probing plasticity should be carefully considered as priming the cerebello-thalamic drive using cerebellar cTBS in healthy non-responders can restore M1 response to PAS [START_REF] Kishore | Plastic responsiveness of motor cortex to paired associative stimulation depends on cerebellar input[END_REF]. Chronic L-DOPA treatment on the other hand has been shown to restore normal potentiation and depotentiation in M1 of patients without LID whereas PD patients with LID exhibited normal LTP-like effects but not LTD-like effects, suggesting that the inability of M1 to depotentiate might be implicated in LID [START_REF] Huang | Abnormal bidirectional plasticity-like effects in Parkinson ' s disease[END_REF], as suggested in experimental animals at corticostriatal synapses (Picconi et al., 2003). Further corroborating the observations of altered M1 plasticity in dyskinetic patients and experimental animals, plasticity-induction protocols were shown to restore M1 plasticity in PD patients with stable responses to L-DOPA treatment whereas if the motor response was complicated following L-DOPA administration, a complete loss of M1 LTD-like plasticity and even a paradoxical potentiation instead of depression were observed in dyskinetic patients [START_REF] Kishore | Acute dopamine boost has a negative effect on plasticity of the primary motor cortex in advanced Parkinson ' s disease[END_REF].

Altogether, these findings strongly highlight the major role of M1 dysfunction in the development of LID and the importance of treatments restoring normal cortical function in dyskinesia. Furthermore, these observations suggest that M1 could be used as a therapeutical target for dyskinetic patients. In fact, transcranial direct current stimulations (tDCS) of M1, in particular anodal tDCS which is thought to increase neuronal activity, has been demonstrated to improve LID in PD patients (Ferrucci et al., 2016).

The thalamus

As for the motor cortex, the influential classical model of the circuitry mediating movements confers an important role of the thalamus in both health and disease (Roger L Albin, Young and Penney, 1989; DeLong, 1990) (Figure 14). In this view, hypokinesia, characterizing PD, is associated with a reduced activity of the thalamus while hyperkinesia, including LID, leads to increased activity within the thalamus, which is transmitted to the motor cortex.

Paralleling the anatomical description detailed in Chapter I, the main focus of this thesis will be on the involvement of CM/PF nuclear complex of the thalamus (further referred as the PF nucleus of the thalamus) and, to a slight lesser extent, VAL complex of the thalamus in both PD and LID. As mentioned earlier, both of these thalamic complexes receive major projections from the basal ganglia and constitute a massive source of thalamostriatal and thalamocortical inputs. PF and VAL have both been implicated in the pathophysiology of PD and LID, although the clinical observations based on stereotaxic thalamotomies do not fit the classical model of these diseases, therefore blurring their exact roles in these pathologies. Berendse and [START_REF] Berendse | Organization of the thalamostriatal projections in the rat, with special emphasis on the ventral striatum[END_REF]) and has been involved in sensorimotor integration and attentional processes (Matsumoto, Minamimoto, Ann M Graybiel, et al., 2001). 2.4.6.1.1.1 The parafascicular nucleus of the thalamus in Parkinson's disease

The involvement of parafascicular nucleus of the thalamus (CM/PF complex in humans in nonhuman primates) has been demonstrated over two decades ago in the pathophysiology of PD (for reviews [START_REF] Smith | The thalamostriatal systems: Anatomical and functional organization in normal and parkinsonian states[END_REF][START_REF] Smith | The thalamostriatal system in normal and diseased states[END_REF][START_REF] Galvan | Chapter 24 -The Thalamostriatal Systems in Normal and Disease States[END_REF]). The first indication of a specific involvement of CM/PF complex in PD came from studies in PD patients in which CM/PF DBS has been used to manage PD symptoms in PD patients that were resistant to standard STN DBS. Parkinsonian tremor has been reported to decrease upon CM/PF DBS in PD patients, even though it remained less effective than STN DBS in relieving hypokinesia and bradykinesia [START_REF] Krauss | Deep brain stimulation of the centre median-parafascicular complex in patients with movement disorders[END_REF][START_REF] Peppe | Deep brain stimulation of CM / PF of thalamus could be the new elective target for tremor in advanced Parkinson[END_REF][START_REF] Stefani | Multi-target strategy for Parkinsonian patients: The role of deep brain stimulation in the centromedian-parafascicularis complex[END_REF].

In addition, PF degenerates in PD patients, exhibiting ~40% neuronal loss in CM/PF complex, including 50% loss of parvalbumin-positive neurons in PF and 70% loss of non-parvalbuminpositive neurons in CM [START_REF] Henderson | Degeneration of the centré median-parafascicular complex in Parkinson's disease[END_REF]. In contrast, adjacent thalamic nuclei maintained their integrity in PD patients, suggesting an important role of the CM/PF complex in PD [START_REF] Henderson | Degeneration of the centré median-parafascicular complex in Parkinson's disease[END_REF]. This neuronal loss has been confirmed in MPTP-treated nonhuman primates [START_REF] Villalba | Neuronal loss in the caudal intralaminar thalamic nuclei in a primate model of Parkinson ' s disease[END_REF][START_REF] Villalba | Thalamic degeneration in MPTP-treated Parkinsonian monkeys: impact upon glutamatergic innervation of striatal cholinergic interneurons[END_REF]. Interestingly, asymptomatic MPTP-treated animals exhibited ~50% neuronal loss in CM/PF complex whereas symptomatic parkinsonian monkeys showed ~60% neuronal loss, suggesting that this phenomenon occurred early in the disease, before the development of parkinsonian symptoms [START_REF] Villalba | Neuronal loss in the caudal intralaminar thalamic nuclei in a primate model of Parkinson ' s disease[END_REF]. PF neurodegeneration has also been observed in 6-OHDA-and MTPT-lesioned rats, following DA depletion [START_REF] Ghorayeb | A "single toxin-double lesion" rat model of striatonigral degeneration by intrastriatal 1-methyl-4-phenylpyridinium ion injection: a motor behavioural analysis[END_REF][START_REF] Aymerich | Consequences of unilateral nigrostriatal denervation on the thalamostriatal pathway in rats[END_REF][START_REF] Sedaghat | Effect of unilateral lesion of the nigrostriatal dopamine pathway on survival and neurochemistry of parafascicular nucleus neurons in the rat -Evaluation of time-course and LGR8 expression[END_REF], however, some did not found any PF cell death following DA depletion and rather suggested that the loss of PF neurons may occur before DA denervation [START_REF] Kusnoor | The effects of nigrostriatal dopamine depletion on the thalamic parafascicular nucleus[END_REF]. In line with early changes occurring in PF prior to PD symptoms, a very recent study showed a decrease in the length density of DA transporter-positive axons in PF of asymptomatic MPTP-treated monkeys and a greater decrease in symptomatic MPTP-treated animals, which was correlated to the loss of TH-positive neurons [START_REF] Monje | Changes in Thalamic Dopamine Innervation in a Progressive Parkinson ' s Disease Model in Monkeys[END_REF].

Other electrophysiological and metabolic alterations have been observed in PF following DA degeneration. Electrophysiological recordings performed in anesthetized 6-OHDA-lesioned rats demonstrated a transient decrease in the firing rate of PF neurons without changes in the firing pattern following 6-OHDA lesion, followed by a return to basal levels several weeks after the lesion in some studies [START_REF] Ni | Unilateral lesion of the nigrostriatal pathway induces a transient decrease of firing rate with no change in the firing pattern of neurons of the parafascicular nucleus in the rat[END_REF], or by an increased PF activity 5 weeks post-lesion in others [START_REF] Yan | The neuronal activity of thalamic parafascicular nucleus is conversely regulated by nigrostriatal pathway and pedunculopontine nucleus in the rat[END_REF]. However, tremor locked rhythmic bursts have been observed in neurons of the CM/PF complex in PD patients, suggesting some alterations in the firing pattern of CM/PF neurons [START_REF] Magnin | Single-unit analysis of the pallidum, thalamus and subthalamic nucleus in parkinsonian patients[END_REF]. Increased oscillatory activity and significant reduction in spike trains exhibiting low threshold calcium spike bursts have been observed in 6-OHDA-lesioned rats [START_REF] Parr-Brownlie | Parafascicular thalamic nucleus activity in a rat model of Parkinson's disease[END_REF]. In another study, LFP recordings in PF of 6-OHDA-lesioned rats demonstrated an increased oscillatory activity in the beta-frequency range and a decreased oscillatory activity in the theta-frequency range both at rest and during voluntary movements, suggesting an important impact of DA denervation of the firing patterns of PF neurons [START_REF] Wang | Distinct temporal spike and local field potential activities in the thalamic parafascicular nucleus of parkinsonian rats during rest and limb movement[END_REF]. Moreover, a marked increase in metabolic activity in PF surviving neurons, with an increased expression of vGLUT2 mRNAs [START_REF] Aymerich | Consequences of unilateral nigrostriatal denervation on the thalamostriatal pathway in rats[END_REF] and mRNAs encoding for cytochrome oxidase subunit I, have been observed in 6-OHDA-lesioned rats [START_REF] Orieux | Metabolic activity of excitatory parafascicular and pedunculopontine inputs to the subthalamic nucleus in a rat model of Parkinson's disease[END_REF][START_REF] Aymerich | Consequences of unilateral nigrostriatal denervation on the thalamostriatal pathway in rats[END_REF]. Accordingly, small changes in glucose metabolism were reported in CM/PF complex of MPTP-treated monkeys [START_REF] Porrino | Local Cerebral Glucose Utilization in Monkeys Hemiparkinsonism Induced by lntracarotid Infusion of the Neurotoxin MPTP[END_REF]. A significant diminution in GABA levels has been detected in CM/PF complex in post-mortem tissues from PD patients [START_REF] Gerlach | A post mortem study on neurochemical markers of dopaminergic, GABAergic and glutamatergic neurons in basal ganglia-thalamocortical circuits in Parkinson syndrome[END_REF]. Furthermore, an elegant study from Anatol Kreitzer's lab showed that PF inputs onto the striatum undergo a selective decrease in synaptic strength, specifically onto striatonigral neurons of the direct pathway, following DA depletion, suggesting that the textbook imbalanced activity between the two pathways in BG, thought to underly PD pathophysiology, is driven by abnormal thalamostriatal inputs [START_REF] Parker | Pathway-Specific Remodeling of Thalamostriatal Synapses in Parkinsonian Mice[END_REF]. Moreover, the authors demonstrated that the specific chemogenetic or optogenetic inhibition of the projections from PF onto the striatum rapidly and reversibly relieved PD symptoms in 6-OHDA-depleted mice, further suggesting an important role of the thalamostriatal system in PD and further supporting the idea of targeting the thalamus as a potential therapeutic strategy [START_REF] Parker | Pathway-Specific Remodeling of Thalamostriatal Synapses in Parkinsonian Mice[END_REF]. In line with this last suggestion, high-frequency stimulation (HFS) of PF in 6-OHDAlesioned rats exerted an anti-akinetic action and reserved lateral bias in the so-called corridor task (Kerkerian-le- [START_REF] Kerkerian-Le-Goff | Parkinsonism and Related Disorders Rationale for targeting the thalamic centre-median parafascicular complex in the surgical treatment of Parkinson ' s disease[END_REF][START_REF] Jouve | Deep brain stimulation of the center median-parafascicular complex of the thalamus has efficient anti-Parkinsonian action associated with widespread cellular responses in the basal ganglia network in a rat model of Parkinson's Disease[END_REF]. In the corridor task, food pellets are placed on the right and left sides of a corridor and the number of retrievals of pellets each animal made from its left and right sides is counted. Additionally, PF-HFS partially reversed the altered expression of striatal preproenkephalin A mRNA levels in the indirect pathway and totally restored the changes in gene expression of cytochrome oxidase subunit I in STN, GPi, SNr, and GPe, observed after DA depletion [START_REF] Jouve | Deep brain stimulation of the center median-parafascicular complex of the thalamus has efficient anti-Parkinsonian action associated with widespread cellular responses in the basal ganglia network in a rat model of Parkinson's Disease[END_REF] as suggested by thalamic lesions preventing striatal alterations induced by DA depletion [START_REF] Bacci | Intralaminar thalamic nuclei lesions: widespread impact on dopamine denervation-mediated cellular defects in the rat basal ganglia[END_REF]. These observations suggest that PF-HFS restores sensorimotor integration that is altered, due to cell loss and electrophysiological and metabolic modifications, following DA depletion.

Previous reports in experimental animals failed to observe motor impairments following the pharmacological inactivation of PF and rather suggested a role of PF in more cognitive behaviors [START_REF] Kato | Selective neural pathway targeting reveals key roles of thalamostriatal projection in the control of visual discrimination[END_REF] Interestingly, PF-HFS interfered with the anti-parkinsonian effects of L-DOPA as stimulated animals showed no improvement in the asymmetrical use of their forepaw and in the lateralized bias in the corridor task compared to 6-OHDA-lesioned rats and unlike 6-OHDA-lesioned rats treated with L-DOPA alone, suggesting an interference between the two treatments [START_REF] Kerkerian-Le-Goff | Parkinsonism and Related Disorders Rationale for targeting the thalamic centre-median parafascicular complex in the surgical treatment of Parkinson ' s disease[END_REF][START_REF] Jouve | Deep brain stimulation of the center median-parafascicular complex of the thalamus has efficient anti-Parkinsonian action associated with widespread cellular responses in the basal ganglia network in a rat model of Parkinson's Disease[END_REF]. Another seminal study in the involvement of PF in LID demonstrated that PF-DBS improved all subtypes of peak-dose LID scores as well as locomotive LID in 6-OHDA-lesioned rats [START_REF] Alam | Effect of deep brain stimulation on levodopa-induced dyskinesias and striatal oscillatory local field potentials in a rat model of Parkinson's disease[END_REF]. Moreover, the combination of L-DOPA administration and PF-DBS induced changes of oscillatory activity in different frequency bands, especially a reduction in the beta-frequency oscillations [START_REF] Alam | Effect of deep brain stimulation on levodopa-induced dyskinesias and striatal oscillatory local field potentials in a rat model of Parkinson's disease[END_REF].

The complex interactions between PF and pathological oscillatory activities remain however to be clarified. Indeed, the relationship between aberrant BG activity and activity within PF is complex as oscillatory activity in BG output do not directly drive changes in PF oscillatory activity after DA depletion [START_REF] Parr-Brownlie | Parafascicular thalamic nucleus activity in a rat model of Parkinson's disease[END_REF].
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Altogether, these observations suggest a role of PF in LID pathophysiology and point towards PF as a potential therapeutic target in LID alleviation but also highlight the complex influence of PF over BG function and dysfunction, therefore reinforcing the need of further investigations in order to clarify the exact role and thalamic mechanisms involved in LID pathophysiology and their treatment.

2.4.6.1.2 The ventroanterior-ventrolateral complex of the thalamus As mentioned earlier in Chapter I, Section 1.3.1 the ventroanterior-ventrolateral complex: Part of the motor thalamus, the motor thalamus is located, in every species, in the ventral part of the thalamus that comprises the ventral anterior (VA), ventral lateral (VL), and ventromedial (VM) nuclei. However, in this thesis, the motor thalamus will further be referred to the ventroanterior-ventrolateral complex of the thalamus (VAL) as the anatomical distinction between VA and VL is unclear in rodents (for review about the motor thalamus (Bosch-Bouju, Hyland and Parr-Brownlie, 2013)). The motor thalamus constitutes a point of convergence between all the motor systems discussed in Chapter I: the cerebral cortex projects to every part of the motor thalamus, whereas inhibitory striatal projections from GPi/SNr reach the anterior region of the motor thalamus and the excitatory cerebellar inputs from DCN terminate in the posterior part of the motor thalamus, with very little overlapping between cerebellar and striatal afferences (Bosch-Bouju, Hyland and Parr-Brownlie, 2013).

The ventroanterior-ventrolateral complex of the thalamus in PD

In the fifties, stereotaxic lesions of the motor thalamus became the most effective target for complete and persistent alleviation of rigidity and tremor in PD patients (for reviews [START_REF] Cooper | SURGICAL TREATMENT OF PARKINSONISM[END_REF][START_REF] Marsden | The functions of the basal ganglia and the paradox of stereotaxic surgery in Parkinson's disease[END_REF]), which are still used nowadays, especially for the treatment of tremor (for more recent review [START_REF] Guridi | L-dopa-induced dyskinesia and stereotactic surgery for Parkinson's disease[END_REF]). Surgical interventions of the motor thalamus were less efficient to improve hypo-and bradykinesia [START_REF] Cooper | SURGICAL TREATMENT OF PARKINSONISM[END_REF][START_REF] Marsden | The functions of the basal ganglia and the paradox of stereotaxic surgery in Parkinson's disease[END_REF][START_REF] Guridi | L-dopa-induced dyskinesia and stereotactic surgery for Parkinson's disease[END_REF].

Extracellular recordings in PD patients showed that neurons in the ventral motor thalamus exhibited random or rhythmic low-threshold calcium spike burst [START_REF] Magnin | Single-unit analysis of the pallidum, thalamus and subthalamic nucleus in parkinsonian patients[END_REF]. Tremor-locked neurons were also described in the ventrolateral region of the motor thalamus of PD patients [START_REF] Magnin | Single-unit analysis of the pallidum, thalamus and subthalamic nucleus in parkinsonian patients[END_REF]. Interestingly, PD patients that responded well to placebo administration presented a decrease in muscle rigidity which was associated with an increased activity within the ventral anterior and anterior ventral lateral motor thalamus [START_REF] Benedetti | Electrophysiological properties of thalamic , subthalamic and nigral neurons during the anti-parkinsonian placebo response[END_REF], supporting the hypothesis that a decreased activity in VAL is in part responsible for motor symptoms associated with PD (Roger L Albin, Young and Penney, 1989; DeLong, 1990) (Figure 14). Experiments in MPTP-treated monkeys showed no changes in the firing rate and firing pattern of neurons of the anterior part of VAL, receiving BG afferences and minor changes in the posterior part of VAL, receiving cerebellar inputs [START_REF] Pessiglione | Thalamic neuronal activity in dopamine-depleted primates: Evidence for a loss of functional segregation within basal ganglia circuits[END_REF]. However, decreased neuronal activity in VAL was suggested by the decrease in cytochrome oxidase subunit 1 mRNA expression observed in both BG-and cerebellar-recipient parts of VAL in 6-OHDA-lesioned rats and in projection neurons and interneurons of both regions of VAL in MPTP-treated monkeys [START_REF] Rolland | Metabolic activity of cerebellar and basal ganglia-thalamic neurons is reduced in parkinsonism[END_REF].

Interestingly, Pessiglione and colleagues showed a decreased specificity in receptive fields in the motor thalamus with neurons responding to manipulation of several joints and even several limbs, instead of one specific joint, in the anterior part of VAL in asymptomatic animals and in the posterior of VAL in symptomatic monkeys, suggesting either a propagation of the functional segregation from BG to the cerebellar VAL or a direct impact of DA depletion in both BG-and cerebellum-receiving regions of VAL [START_REF] Pessiglione | Thalamic neuronal activity in dopamine-depleted primates: Evidence for a loss of functional segregation within basal ganglia circuits[END_REF]. The loss of specificity in the activity of neurons in VAL following DA depletion has been also demonstrated in 6-OHDAlesioned rats performing a reaching task [START_REF] Bosch-Bouju | Reduced Reach-Related Modulation of Motor Thalamus Neural Activity in a Rat Model of Parkinson[END_REF]. Surprisingly, this study also showed an increase in mean firing rate and a decrease in the proportion of bursting neurons in VAL of freely moving rats following DA denervation [START_REF] Bosch-Bouju | Reduced Reach-Related Modulation of Motor Thalamus Neural Activity in a Rat Model of Parkinson[END_REF], which contrast with previous reports performed on both PD patients [START_REF] Magnin | Single-unit analysis of the pallidum, thalamus and subthalamic nucleus in parkinsonian patients[END_REF] and MPTP-treated monkeys [START_REF] Pessiglione | Thalamic neuronal activity in dopamine-depleted primates: Evidence for a loss of functional segregation within basal ganglia circuits[END_REF]. In line with the last described observations, a very recent study showed an increase in intrinsic excitability in VAL neurons of 6-OHDA-depleted mice that would lead to an increase in spiking activity [START_REF] Bichler | Changes in Excitability Properties of Ventromedial Motor Thalamic Neurons in 6-OHDA Lesioned Mice[END_REF]. However, they also observed an increase in T-type calcium rebound spikes following hyperpolarizing current steps which would indicate an increase in the burstiness of these neurons [START_REF] Bichler | Changes in Excitability Properties of Ventromedial Motor Thalamic Neurons in 6-OHDA Lesioned Mice[END_REF], which is more in line with observations found in MPTP-treated monkeys [START_REF] Devergnas | Anatomical localization of Cav3.1 calcium channels and electrophysiological effects of T-type calcium channel blockade in the motor thalamus of MPTP-treated monkeys[END_REF]. Finally, aberrant oscillatory activity has been described in VAL of rats with a decreased oscillatory activity in the alpha-and beta-frequency ranges following acute DA depletion using tetrodotoxin and a decrease in the gamma frequency range following DA denervation [START_REF] Grandi | Oscillatory Activity in the Cortex , Motor Thalamus and Nucleus Reticularis Thalami in Acute TTX and Chronic 6-OHDA Dopamine-Depleted Animals[END_REF].

Decrease in the gamma-range has been also confirmed in MPTP-treated monkeys although with an increase in the alpha-range [START_REF] Devergnas | Anatomical localization of Cav3.1 calcium channels and electrophysiological effects of T-type calcium channel blockade in the motor thalamus of MPTP-treated monkeys[END_REF].

These somewhat contradictory results feature the complex alterations occurring in the motor thalamus following DA depletion and its interplay with both BG and the cerebellum and highlight the need of further investigations to unravel how an altered processing of basal ganglia signals in the motor thalamus contribute to the pathophysiology of PD. 125

Alterations in VAL associated with LID

As for the parafascicular nucleus of the thalamus, very little is known about the modifications occurring in VAL and underlying LID pathology. Surprisingly, selective lesions of the motor thalamus have been shown successful in the alleviation of dyskinesia in both PD patients [START_REF] Narabayashi | Levodopa-induced dyskinesia[END_REF][START_REF] Ohye | Lesioning the thalamus for dyskinesia[END_REF] and MPTP-treated monkeys [START_REF] Page | THALAMOTOMY FOR THE ALLEVIATION OF LEVODOPA-INDUCED DYSKINESIA : EXPERIMENTAL STUDIES IN THE TREATED PARKINSONIAN MONKEY[END_REF] as observed for some motor symptoms associated to PD. This is surprising as the opposite striatal imbalance associated to PD and LID is supposed to exert opposite effects on the motor thalamus (Roger L [START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF].

In MPTP-treated monkeys, chorea, but not dystonia, was relieved following lesion of the anterior, BG-recipient, territory of the motor thalamus [START_REF] Page | THALAMOTOMY FOR THE ALLEVIATION OF LEVODOPA-INDUCED DYSKINESIA : EXPERIMENTAL STUDIES IN THE TREATED PARKINSONIAN MONKEY[END_REF], further suggesting different pathological mechanisms underlying different types of abnormal movements. Moreover, the authors showed that lesion only in the BG-recipient territory of the motor thalamus but not in the cerebellar-recipient region, was able to abolish choreic LID [START_REF] Page | THALAMOTOMY FOR THE ALLEVIATION OF LEVODOPA-INDUCED DYSKINESIA : EXPERIMENTAL STUDIES IN THE TREATED PARKINSONIAN MONKEY[END_REF]. Lesions in the ventralis intermedius region (VIM) of the motor thalamus, a region that also receives cerebellar projections in monkeys, have been shown to be ineffective in the treatment of LID, suggesting that VIM lies outside of the circuits mediating LID (reviewed in [START_REF] Guridi | L-dopa-induced dyskinesia and stereotactic surgery for Parkinson's disease[END_REF]). However, studies in PD patients showed partial LID alleviation following lesions in VIM [START_REF] Narabayashi | Levodopa-induced dyskinesia[END_REF], but with the most efficient effect on parkinsonian tremor [START_REF] Ohye | Physiologically defined VIM nucleus. Its special reference to control of tremor[END_REF][START_REF] Narabayashi | Levodopa-induced dyskinesia[END_REF]. Lesions in VAL were very efficient in LID alleviation and allowed greater tolerance to L-DOPA, resulting in better anti-parkinsonian effects without the debilitating abnormal movements [START_REF] Narabayashi | Levodopa-induced dyskinesia[END_REF]. In line with the classical model of BG dysfunction, regional cerebral blood flow using PET in PD patients chronically treated with L-DOPA, described increased blood flow in VAL of dyskinetic patients compared to non-dyskinetic patients, consistent with the idea that hyperactivity in VAL is associated with LID [START_REF] Hershey | Altered thalamic response to levodopa in Parkinson ' s patients with dopainduced dyskinesias[END_REF].

To the best of my research, the observations mentioned above constitute the paucity of literature describing the alterations occurring in VAL in both dyskinetic patients and dyskinetic experimental animals. A consensus over the exact implication of VAL in PD and LID is far from reached and highlights the necessity of further investigations to unravel the probably complex electrophysiological and molecular modifications occurring in VAL and underlying PD and LID pathophysiology.

A relatively unexpected benchwarmer: the cerebellum

Even though the cerebellum plays a crucial role in motor functions, including coordination of voluntary movements, gait, and posture (reviewed in [START_REF] Manto | Consensus Paper: Roles of the Cerebellum in Motor Control-The Diversity of Ideas on Cerebellar Involvement in Movement[END_REF]), which dysfunctions are the hallmark motor symptoms of PD, its role in PD and LID has only recently been started to be elucidated.

As detailed in Chapter I, Section 1.6.2 Cerebello-thalamo-basal ganglia loop(s), both the basal ganglia and the cerebellum (Cb) form multi-synaptic loops with the cerebral cortex, with largely overlapping cortical areas, and therefore, were long assumed to only interact at the level of the cerebral cortex (for review [START_REF] Middleton | Basal ganglia and cerebellar loops: motor and cognitive circuits[END_REF]). However, in recent years, reciprocal disynaptic [START_REF] Ichinohe | A di-synaptic projection from the lateral cerebellar nucleus to the laterodorsal part of the striatum via the central lateral nucleus of the thalamus in the rat[END_REF][START_REF] Hoshi | The cerebellum communicates with the basal ganglia[END_REF][START_REF] Bostan | The basal ganglia communicate with the cerebellum[END_REF][START_REF] Jwair | Disynaptic Subthalamic Input to the Posterior Cerebellum in Rat[END_REF] and functional [START_REF] Chen | Short latency cerebellar modulation of the basal ganglia[END_REF]Xiao, Bornmann, et al., 2018) connections between BG and Cb have been demonstrated in both non-human primates and rodents (reviewed in [START_REF] Bostan | The basal ganglia and the cerebellum: Nodes in an integrated network[END_REF]), suggesting that the cerebellum may contribute substantially to BG dysfunction, including PD and LID (Figure 17). Indeed, a recent systematic review reported hyperactivity in the cerebellum of PD patients, especially in Crus I, Crus II, and lobule III as well as an increased activity in lobules VIIb and VIII associated with cognitive symptoms [START_REF] Dahlberg | Cerebellar Contribution to Motor and Non-motor Functions in Parkinson ' s Disease : A Meta-Analysis of fMRI Findings[END_REF]. Therefore, accumulating evidence suggests an important role of the cerebellum in the motor and non-motor symptoms of PD (reviewed in [START_REF] Wu | The cerebellum in Parkinson's disease[END_REF][START_REF] Kishore | Cerebellar influence on motor cortex plasticity: Behavioral implications for Parkinson's disease[END_REF][START_REF] Mirdamadi | Cerebellar role in Parkinson's disease[END_REF]). DA release in the caudate nucleus and the substantia nigra [START_REF] Nieoullon | Release of dopamine in both caudate nuclei and both substantia nigrae in response to unilateral stimulation of cerebellar nuclei in the cat[END_REF][START_REF] Nieoullon | Changes in dopamine release in caudate nuclei and substantia nigrae after electrical stimulation of the posterior interposate nucleus of cat cerebellum[END_REF]. Electrical stimulations of IN and DN increased DA release in the contralateral caudate nucleus and decreased DA release in the ipsilateral caudate nucleus, with opposite effects on the substantia nigra whereas electrical stimulations of FN only impacted ipsilateral structures [START_REF] Nieoullon | Release of dopamine in both caudate nuclei and both substantia nigrae in response to unilateral stimulation of cerebellar nuclei in the cat[END_REF][START_REF] Nieoullon | Changes in dopamine release in caudate nuclei and substantia nigrae after electrical stimulation of the posterior interposate nucleus of cat cerebellum[END_REF]. A cerebellar-dopaminergic pathway had already been suggested as projections from DN and IN had been demonstrated in the substantia nigra pars compacta in cats whereas FN sends efferents mainly to the ventral tegmental area [START_REF] Snider | Cerebellar pathways to ventral midbrain and nigra[END_REF]. Moreover, the cerebellum receives dopaminergic projections, in both primates [START_REF] Melchitzky | Tyrosine Hydroxylase-and Dopamine Transporter-Immunoreactive Axons in the Primate Cerebellum Dopamine Innervation[END_REF] and rodents [START_REF] Panagopoulos | Dopaminergic innervation and binding in the rat cerebellum[END_REF], from VTA [START_REF] Ikai | Dopaminergic and non-dopaminergic neurons in the ventral tegmental area of the rat project, respectively, to the cerebellar cortex and deep cerebellar nuclei[END_REF][START_REF] Ikai | Single neurons in the ventral tegmental area that project to both the cerebral and cerebellar cortical areas by way of axon collaterals[END_REF] and SNc [START_REF] Ikai | Single neurons in the ventral tegmental area that project to both the cerebral and cerebellar cortical areas by way of axon collaterals[END_REF].

The cerebellum in

More recently, in humans, D1R and D3R, TH, and DAT mRNAs were detected in the uvula (lobule 9) and nodulus (lobule 10) of the vermis of the cerebellum [START_REF] Hurley | Markers for dopaminergic neurotransmission in the cerebellum in normal individuals and patients with Parkinson's disease examined by RT-PCR[END_REF]. The levels of D1R and D3R mRNAs were found to be significantly reduced in the lobule 9 while in the lobule 10, the levels of TH mRNAs were significantly downregulated in postmortem brain tissues from PD patients that received dopaminergic treatments [START_REF] Hurley | Markers for dopaminergic neurotransmission in the cerebellum in normal individuals and patients with Parkinson's disease examined by RT-PCR[END_REF]. Furthermore, in the dentate nucleus, a D1R-positive population has been described in both human and rodents and has been shown, in mice, to exert a role in cognitive behaviors [START_REF] Locke | Dopamine D1 Receptor-Positive Neurons in the Lateral Nucleus of the Cerebellum Contribute to Cognitive Behavior[END_REF]. Monosynaptic projections from DCN to VTA has also been demonstrated to exert a role in reward and social behavior [START_REF] Carta | Cerebellar Modulation of the Reward Circuitry and social behavior[END_REF]. These findings have been recently confirmed by another study showing that modulation of D2R onto Purkinje cells (PC) is able to control preference for social novelty [START_REF] Cutando | Cerebellar dopamine D2 receptors regulate preference for social novelty[END_REF]. Altogether, these observations support the idea that the cerebellum and the dopaminergic system are tightly interconnected and exert a role in diverse functions.

Cerebellar pathological alterations have been described following DA neurodegeneration in experimental animals. In mice, systemic MPTP injections resulted in a substantial dosedependent loss of Purkinje cells, particularly pronounced in Crus I and Crus II of the ansiform lobule [START_REF] Takada | MPTP neurotoxicity to cerebellar Purkinje cells in mice[END_REF]. In parkinsonian macaques, persistent c-Fos expression bas been observed in Purkinje cells, suggesting a pathological hyperactivation of remaining Purkinje cells in the cerebellum, which correlated with DA denervation [START_REF] Heman | Nigral degeneration correlates with persistent activation of cerebellar Purkinje cells in MPTP-treated monkeys[END_REF].

Finally, genes encoding for α-synuclein and parkin proteins, which majorly contribute to the pathophysiology of PD, have been shown to be expressed in the cerebellum of healthy humans, suggesting a potential role of the cerebellum in PD [START_REF] Solano | Ubiquitin Carboxy-Terminal Hydrolase L1 mRNA in Human Brain : Genes Associated with Familial Parkinson ' s Disease[END_REF]. Overall, these observations strongly suggest a functional role of the cerebellum in the pathophysiology of PD.

Cerebellar structural changes associated with PD

Using deformation-based morphometry, a volumetric magnetic resonance imaging technique, a significant contraction of the left cerebellum has been observed in patients with early-stage PD and presenting only unilateral symptoms [START_REF] Borghammer | A deformation-based morphometry study of patients with early-stage Parkinson's disease[END_REF]. In line with this observation, using voxel-based morphometry, another volumetric magnetic resonance imaging technique thought to be less sensitive, a loss a grey matter in the motor and cognitive regions of the cerebellum, was observed in PD patients [START_REF] O'callaghan | Cerebellar atrophy in Parkinson's disease and its implication for network connectivity[END_REF]. This cerebellar atrophy was associated with a decreased connectivity between the cerebellum and the sensorimotor cortex [START_REF] O'callaghan | Cerebellar atrophy in Parkinson's disease and its implication for network connectivity[END_REF]. Using the same technique, another study showed a more profound decrease in grey matter volume in PD patients with tremor compared to non-tremulous PD patients [START_REF] Benninger | Morphological differences in Parkinson's disease with and without rest tremor[END_REF]. Other studies described a similar cerebellar atrophy specifically in PD patients with mild cognitive impairments [START_REF] Nishio | Corticolimbic gray matter loss in Parkinson's disease without dementia[END_REF][START_REF] Gao | Changes of brain structure in Parkinson's disease patients with mild cognitive impairment analyzed via VBM technology[END_REF] or in older PD patients [START_REF] Camicioli | Voxel-based morphometry reveals extra-nigral atrophy patterns associated with dopamine refractory cognitive and motor impairment in parkinsonism[END_REF]. These findings suggest that the cerebellum undergoes specific PD-related structural changes.

Cerebellar alterations associated with parkinsonian motor symptoms

As mentioned earlier, cardinal motor symptoms in Parkinson's disease include akinesia, muscular rigidity, gait disturbance and tremor, even though these symptoms are not equally distributed among patients. Here will be reviewed some evidence of a cerebellar involvement in different kinds of parkinsonian symptoms.

Akinesia and rigidity

Akinesia can be defined as a delay or failure in voluntary movement initiation and rigidity as an abnormal increased muscular tone. Functional neuroimaging studies, using PET or blood oxygen level-dependent magnetic resonance imaging (fMRI), have demonstrated an increased activity of the cerebellum in PD patients with predominant akinesia and rigidity symptoms, performing various movement tasks [START_REF] Yu | Role of Hyperactive Cerebellum and Motor Cortex in Parkinson's Disease[END_REF][START_REF] Wu | Neural correlates of dual task performance in patients with Parkinson ' s disease[END_REF][START_REF] Wu | Changes of functional connectivity of the motor network in the resting state in Parkinson's disease[END_REF][START_REF] Jahanshahi | Dopaminergic modulation of striato-frontal connectivity during motor timing in Parkinson's disease[END_REF][START_REF] Gao | The cerebellum in dual-task performance in Parkinson's disease[END_REF]. PD patients off-medication exhibited a hyperactivation of their cerebellum when performing thumb pressing movements [START_REF] Yu | Role of Hyperactive Cerebellum and Motor Cortex in Parkinson's Disease[END_REF], synchronized and continued tapping movements [START_REF] Jahanshahi | Dopaminergic modulation of striato-frontal connectivity during motor timing in Parkinson's disease[END_REF], dual task performance [START_REF] Wu | Neural correlates of dual task performance in patients with Parkinson ' s disease[END_REF] or even at rest [START_REF] Wu | Regional homogeneity changes in patients with parkinson's disease[END_REF]. Interestingly, in a dual task performance combining a simple motor task with a simple cognitive task, additional cerebellar regions should be activated but were not in PD patients compared to healthy subjects (L. Gao et al., 2017). In addition to increased local activity within the cerebellum of PD patients, changes in functional connectivity, including the cerebellum, were also observed in PD patients. Functional connectivity refers to the temporal correlation of neuronal activation patterns between anatomically distinct brain regions. In resting state PD patients offmedication, increased functional connectivity in the left cerebellum and the left primary motor cortex has been described [START_REF] Wu | Changes of functional connectivity of the motor network in the resting state in Parkinson's disease[END_REF]. Increased functional connectivity between the cerebellum and contralateral caudate nucleus has also been observed in PD patients in the "off" state [START_REF] Jahanshahi | Dopaminergic modulation of striato-frontal connectivity during motor timing in Parkinson's disease[END_REF].

The exact nature of cerebellar hyperactivation and cerebellar strengthened connectivity in PD remains to be determined. One possible explanation is that the cerebellum compensates for the hypoactivation of the basal ganglia and motor cortex, and for the weakened striatothalamo-cortical and striato-thalamo-cerebellar connectivity [START_REF] Wu | Neural correlates of dual task performance in patients with Parkinson ' s disease[END_REF][START_REF] Wu | Effective connectivity of brain networks during self-initiated movement in Parkinson ' s disease[END_REF]. Yu and colleagues supported this hypothesis by showing a negative correlation between activation in the ipsilateral cerebellum and activation in the contralateral putamen while performing a thumb pressing task [START_REF] Yu | Role of Hyperactive Cerebellum and Motor Cortex in Parkinson's Disease[END_REF]. Thus, it is likely that this cerebellar hyperactivity and hyperconnectivity phenomenon compensate for the hypofunction of the striato-thalamo-cortical pathway to maintain normal motor function and account for the delay in the onset of PD motor symptoms.

Indeed, increased recruitment of the cerebello-thalamo-cortical pathway has been observed in PD patients and was concomitant with disease progression [START_REF] Sen | Dynamic changes in cerebello-thalamo-cortical motor circuitry during progression of Parkinson's disease[END_REF]. In line with the compensatory mechanism hypothesis, experiments in 6-OHDA-lesioned rats showed a decreased regional cerebral blood flow-related tissue radioactivity in the striatum and GPe, and an increase in the thalamus, STN, GPi, M1, and the cerebellum when the animals were at rest [START_REF] Yang | Changes in brain functional activation during resting and locomotor states after unilateral nigrostriatal damage in rats[END_REF]. During treadmill walking, compensatory phenomenon's increased in several brain regions, including in the bilateral midline cerebellum [START_REF] Yang | Changes in brain functional activation during resting and locomotor states after unilateral nigrostriatal damage in rats[END_REF].

However, it is also possible that this cerebellar hyperactivity is a consequence of the inability to inhibit contextually inappropriate motor signals in the BG and therefore constitutes a primary pathophysiological alterations of PD [START_REF] Turner | The functional anatomy of parkinsonian bradykinesia[END_REF][START_REF] Grafton | Normalizing motor-related brain activity: subthalamic nucleus stimulation in Parkinson disease[END_REF]. Abnormal signals from the hyperactivated and bursting activity of STN associated with PD could increase the activity within the cerebellum [START_REF] Bostan | The basal ganglia communicate with the cerebellum[END_REF]. In support with this last hypothesis, STN-HFS has been shown to increase c-Fos activation in DCN [START_REF] Moers-Hornikx | Cerebellar nuclei are activated by high-frequency stimulation of the subthalamic nucleus[END_REF]. Moreover, a study in our team showed an increased activity in DCN following DA denervation in freely moving 6-OHDA-depleted mice [START_REF] Menardy | Functional Alteration of Cerebello-Cerebral Coupling in an Experimental Mouse Model of Parkinson's Disease[END_REF]. Moreover, Menardy and colleagues observed an irregular Purkinje cell activity and an altered cerebellothalamo-cortical coupling that might therefore contribute directly to motor symptoms of PD [START_REF] Menardy | Functional Alteration of Cerebello-Cerebral Coupling in an Experimental Mouse Model of Parkinson's Disease[END_REF]. Furthermore, therapeutic STN-DBS in 6-OHDA-lesioned rats improved akinesia and engaged cerebellar activity [START_REF] Sutton | Stimulation of the subthalamic nucleus engages the cerebellum for motor function in parkinsonian rats[END_REF].

Gait and balance

The cerebellum has also been implicated in gait disturbance, a cardinal symptoms of PD. PD patients walking on a treadmill and showing typical hypokinetic gait, exhibited decreased cerebral regional blood flow in cerebellar hemisphere associated with an hyperactivity of the cerebellar vermis [START_REF] Hanakawa | Mechanisms underlying gait disturbance in Parkinson ' s disease A single photon emission computed tomography study[END_REF]. As cerebellar overactivity has been associated with basic dysfunction in motor performance, the hypoactivity observed in the cerebellar hemisphere has been suggested to be due to a loss of lateral gravity shift in parkinsonian gait [START_REF] Hanakawa | Mechanisms underlying gait disturbance in Parkinson ' s disease A single photon emission computed tomography study[END_REF]. Using diffusion tensor imaging technique, an absence of connectivity between the pedunculopontine nucleus (PPN) and the cerebellum has been observed in PD patients with gait freezing compared to PD patients without gait disturbance [START_REF] Schweder | Connectivity of the pedunculopontine nucleus in parkinsonian freezing of gait[END_REF]. Brainstem cholinergic neurons in PPN are indeed involved in locomotion and posture (for review [START_REF] Mori | The Pedunculopontine Tegmental Nucleus as a Motor and Cognitive Interface between the Cerebellum and Basal Ganglia[END_REF]) and have been shown to project to the cerebellum in experimental animals, therefore suggested to constitute an intermediate region between STN and the cerebellum [START_REF] Jwair | Disynaptic Subthalamic Input to the Posterior Cerebellum in Rat[END_REF]. In PD patients, PPN-DBS induced significant increase in cerebral regional blood flow in the thalamus, the cerebellum, and different cortical areas, all involved in balance and motor control, suggesting a role of the cerebello-(rubro)-thalamo-cortical circuit in aberrant control of lower limb movements [START_REF] Ballanger | Cerebral Blood Flow Changes Induced by Pedunculopontine Nucleus Stimulation in Patients With Advanced Parkinson ' s Disease : A[END_REF]. Moreover, using PET technique, another study showed a decreased cholinergic activity in the striatum, the thalamus, and the cerebellum of PD patients, with a correlation between decreased cerebellar cholinergic activity and disturbances of balance and gait, further suggesting an important role of the cerebellum in these symptoms [START_REF] Gilman | Cerebral cortical and subcortical cholinergic deficits in parkinsonian syndromes[END_REF]. In line with this observation, stimulation of the cholinergic fibers from PPN in rats activated neurons in DCN, especially the dentate nucleus [START_REF] Vitale | Cholinergic excitation from the pedunculopontine tegmental nucleus to the dentate nucleus in the rat[END_REF]. Altogether, these observations suggest an important role of cholinergic neurons in PPN projecting to the cerebellum in normal balance and gait motor function.

Resting tremor

Increasing evidence suggest that alterations in the cerebello-thalamo-cortical pathway play an important role in the pathophysiological mechanisms underlying parkinsonian resting tremor.

As mentioned above, the first evidence of an involvement of the cerebello-thalamo-cortical pathway in parkinsonian resting tremor came from studies showing that lesions of VIM, the cerebellar-recipient region of the thalamus, were highly effective in the alleviation of resting tremor [START_REF] Ohye | Physiologically defined VIM nucleus. Its special reference to control of tremor[END_REF][START_REF] Narabayashi | Levodopa-induced dyskinesia[END_REF].

Moreover, chronic VIM-HFS has been demonstrated to abolish parkinsonian tremor in PD patients and was associated with a decrease in regional cerebral blood flow in the cerebellum specifically [START_REF] Deiber | Thalamic stimulation and suppression of parkinsonian tremor. Evidence of a cerebellar deactivation using positron emission tomography[END_REF]. In MPTP-treated monkeys with tremor, increased activity and rhythmic discharge at the tremor frequency range have been recorded in the cerebellar-and pallidal-territories of the motor thalamus [START_REF] Guehl | Tremor-related activity of neurons in the "motor" thalamus : changes in firing rate and pattern in the MPTP vervet model of parkinsonism[END_REF]. Combining electromyograms (EMG) and whole-head magnetoencephalography (MEG), tremor-related oscillatory activity has been described within the cerebellum ipsilateral to the hand tremor in PD patients [START_REF] Timmermann | The cerebral oscillatory network of parkinsonian resting tremor[END_REF]. Moreover, this cerebellar activity was coherent with contralateral thalamic and motor cortical activity, suggesting a primary role of the cerebello-thalamo-cortical pathway in the generation of parkinsonian tremor [START_REF] Timmermann | The cerebral oscillatory network of parkinsonian resting tremor[END_REF]. PET scans of tremor-dominant PD patients revealed a specific metabolic pattern associated with tremor, comprising covarying increased activity in the cerebellum, including in DN, M1, and, to a lesser extend the striatum, which strongly correlated the tremor amplitude [START_REF] Mure | Parkinson ' s disease tremor-related metabolic network : Characterization , progression , and treatment effects[END_REF].

Interestingly, VIM-DBS, which is very efficient to alleviate parkinsonian tremor, led to a reduction of this pattern of co-activation associated with tremor, but was not able to decrease the pattern of activity associated with akinesia and rigidity [START_REF] Mure | Parkinson ' s disease tremor-related metabolic network : Characterization , progression , and treatment effects[END_REF]. On the contrary, STN-DBS was able to alleviate both tremor, even though less efficiently than VIM-DBS, and akinesia/rigidity symptoms and reduced activity in the two-associated brain networks [START_REF] Mure | Parkinson ' s disease tremor-related metabolic network : Characterization , progression , and treatment effects[END_REF]. This strongly suggests that in tremor-dominant PD patients and akinesia/rigiditydominant PD patients, different brain circuits are involved and that parkinsonian tremor is primarily mediated by the cerebello-thalamo-cortical pathway. An elegant study combining EMG and fMRI in tremor-dominant PD patients showed a transient activation of the putamen, GPi, and GPe at the onset of the tremor while the activity observed in the cerebello-thalamocortical pathway co-fluctuated with tremor amplitude [START_REF] Helmich | Pallidal dysfunction drives a cerebellothalamic circuit into Parkinson tremor[END_REF]. Moreover, the functional connectivity between the putamen and GPi and the cerebello-thalamo-cortical pathway increased, further suggesting that aberrant activity in BG, following dopamine depletion, drives the onset of parkinsonian tremor but the cerebello-thalamo-cortical pathway is responsible for its maintenance and amplitude [START_REF] Helmich | Pallidal dysfunction drives a cerebellothalamic circuit into Parkinson tremor[END_REF]. This differential involvement of the striato-thalamo-cortical and cerebello-thalamo-cortical pathways in different subtypes of parkinsonian motor symptoms has been confirmed in another study in which the authors suggested that the primary dysfunction in the cerebello-thalamo-cortical pathway, especially involving the vermis and the paravermis regions of the cerebellum was responsible for the occurrence of resting tremor [START_REF] Lewis | Differential involvement of striato-and cerebello-thalamo-cortical pathways in tremor-and akinetic/rigid-predominant Parkinson's disease[END_REF]. A recent study performed in experimental animals might give a lead to settle the debate on the origin of tremor. In normal freely moving mice, optogenetic stimulations of Purkinje cells at different frequencies have been demonstrated to induce bursting pattern of activity in DCN and elicit tremor at the same tested frequencies [START_REF] Brown | Purkinje cell misfiring generates high-amplitude action tremors that are corrected by cerebellar deep brain stimulation[END_REF]. Moreover, the authors showed that genetically silencing PC output blocked tremor in mice under tremorgenic drug [START_REF] Brown | Purkinje cell misfiring generates high-amplitude action tremors that are corrected by cerebellar deep brain stimulation[END_REF]. Even though, the authors did not study parkinsonian tremor specifically, these observations might give indications about the mechanisms underlying parkinsonian tremor and suggest that the cerebellum plays an essential role in this pathological landmark. Further investigations remain needed to elucidate if this pattern of activity in the cerebello-thalamo-cortical pathway is a compensatory or an underlying pathological mechanism.

The cerebellum in levodopa-induced dyskinesia

To this point, I hope that I convinced you that levodopa-induced dyskinesia involve complex alterations at many levels and in many brain regions, highlighting the need to study this disease as a system-level mechanism (Figure 17). Considering the important involvement of the cerebellum in many different aspects of PD, it is not surprising that the cerebellum has been implicated in LID.

As soon as the 1960's, the cerebellum has been involved in LID pathology as dentatectomy was performed in PD patients to relieve LID [START_REF] Heimburger | Dentatectomy in the treatment of dyskinetic disorders[END_REF][START_REF] Zervas | The treatment of dyskinesia by stereotxic dentatectomy[END_REF]. However, the cerebellum received little attention until the 2000's. At that time, a first line of evidence of an involvement of the cerebellum in LID came from some studies described above. At rest, the increased cerebellar activity was first shown to be normalized by L-DOPA in PD patients, suggesting that the cerebellum is somehow modulated by dopaminergic therapy [START_REF] Wu | Regional homogeneity changes in patients with parkinson's disease[END_REF]. Similarly, modulations of the neural activity or metabolism in the cerebellum have also been described following STN-and GP-DBS [START_REF] Payoux | Subthalamic Nucleus Stimulation Reduces Abnormal Motor Cortical Overactivity in Parkinson Disease[END_REF][START_REF] Payoux | Contrasting changes in cortical activation induced by acute high-frequency stimulation within the globus pallidus in Parkinson ' s disease[END_REF][START_REF] Grafton | Normalizing motor-related brain activity: subthalamic nucleus stimulation in Parkinson disease[END_REF], which are well-known surgical procedures that alleviate LID (reviewed in [START_REF] Guridi | L-dopa-induced dyskinesia and stereotactic surgery for Parkinson's disease[END_REF]). In a PET study on PD patients that underwent stereotactic pallidal surgery, either pallidotomy or DBS, the level of binding potential of cerebellar sigma receptors correlated with the preoperative LID severity score, suggesting that the cerebellum may be involved in the genesis of LID [START_REF] Nimura | The role of σ-receptors in levodopa-induced dyskinesia in patients with advanced Parkinson disease: A positron emission tomography study[END_REF].

The second, more recent and more promising line of evidence of a cerebellar involvement in LID came from human repetitive transcranial magnetic stimulation (rTMS) studies (for review (Kishore et al., 2014)) (Figure 16C). A seminal study showed that a single, short (1-2 minutes) session of cTBS rTMS over the lateral cerebellum of PD patients, ipsilaterally to each individual patient's side in which dyskinesia were predominant, was able to transiently reduced "peakdose" LID (Koch et al., 2009). LID alleviation could be observed at 30 and 45 minutes after L-DOPA intake (Koch et al., 2009). Moreover, in PD patients with mild to severe peak-dose LID, repeated sessions of bilateral cerebellar cTBS over 2 weeks were shown to persistently reduce the severity of LID, 30 and 45 minutes after L-DOPA administration and so, up to 4 weeks after the end of the daily stimulations (Koch et al., 2009). The authors suggested that this cerebellar anti-dyskinetic effect was due to a modulation of the cerebello-thalamo-cortical pathway, as they found that cerebellar cTBS reduced short intracortical inhibition and increased long intracortical inhibition, suggesting that the alleviation of LID was associated with a reorganization of cortical circuits (Koch et al., 2009). Supporting this hypothesis, a single session of inhibitory cerebellar cTBS has been shown to transiently reinstate deficient sensorimotor plasticity in M1 observed in PD patients with LID [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]. In addition to the anti-dyskinetic effect, repeated sessions of bilateral cerebellar cTBS induced a sustained restoration of the sensorimotor plasticity in M1, lasting up to 2 weeks after the stop of the sessions [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]. The authors suggested that abnormal signaling from the basal ganglia affects the sensory inputs filtering and processing roles of the cerebellum resulting in abnormal motor signals to M1, thus leading to LID and that cerebellar inhibitory stimulations reduce LID severity by increasing the gain of sensory afferents projecting to M1 [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]. Other studies have suggested a more direct role of the cerebellum in the generation of LID as the anti-dyskinetic effect of repeated sessions of bilateral cerebellar cTBS was accompanied by a reduction in the metabolism of the bilateral cerebellar hemispheres and dentate nuclei, suggesting a direct modulation of the excitability of the cerebellar cortex by cTBS (Brusa et al., 2012). A decrease in brain derived neurotrophic factor involved in neuronal plasticity has been observed following cerebellar cTBS in PD patients with LID (Sanna et al., 2020). Interestingly, when cerebellar cTBS is thought to depress the cerebellum and thus decrease cerebellar brain inhibition (CBI) [START_REF] Strzalkowski | Both 50 and 30 Hz continuous theta burst transcranial magnetic stimulation depresses the cerebellum[END_REF], cerebellar anodal direct current stimulation (tDCS), which increases cerebellar neuronal excitability and therefore strengthens CBI [START_REF] Galea | Modulation of Cerebellar Excitability by Polarity-Specific Noninvasive Direct Current Stimulation[END_REF] (for review [START_REF] Miterko | Consensus Paper: Experimental Neurostimulation of the Cerebellum[END_REF]), has also been shown to alleviate LID in PD patients (Ferrucci et al., 2016). However, no consensus has been reached concerning the effects of anodal tDCS and others authors have observed a decrease in CBI following cerebellar tDCS [START_REF] Doeltgen | Anodal Direct Current Stimulation of the Cerebellum Reduces Cerebellar Brain Inhibition but Does Not Influence Afferent Input from the Hand or Face in Healthy Adults[END_REF]. In any cases, cerebellar non-invasive stimulations are now considered as promising anti-dyskinetic therapies using either cTBS or tDCS [START_REF] Cerasa | Transcranial Non-Invasive Brain Stimulation in Parkinson ' s Disease Patients with Dyskinesias . Where is the Optimal Target ?[END_REF], even though further investigation remain needed to elucidate whether and how abnormal cerebellar signaling contributes to aberrant signaling and synaptic plasticity in the basal ganglia and in LID.

TREATMENT AND PREVENTION OF LEVODOPA-INDUCED DYSKINESIA

As previously mentioned above, both the L-DOPA dosage and the severity of the dopaminergic lesion constitute important risk factors for the development of LID in both human and experimental animal models. Therefore, reducing L-DOPA dosage almost always alleviates peak-dose dyskinesia, however at the expense of worsening the parkinsonian symptoms. Most patients prefer mobility accompanied by LID to immobility without LID, highlighting the need of better therapies. Considering the various changes occurring in many different systems associated with LID, different treatment strategies can have beneficial effects, to some extent.

However, none of the treatment proposed today can cure LID but rather, temper the symptoms.

An exhaustive list of all established, or still under investigation, treatments used in LID is beyond the scope of this thesis, however, a quick overview of some of the most commonly administrated treatments will be described (for reviews [START_REF] Dakheel | Emerging drugs for levodopa-induced dyskinesia[END_REF][START_REF] Vijayakumar | Drug-Induced Dyskinesia , Part 1 : Treatment of Levodopa-Induced Dyskinesia[END_REF][START_REF] Espay | Levodopa-Induced Dyskinesia in Parkinson Disease : Current and Evolving Concepts[END_REF].

Current pharmacological treatments for established LID

Amantadine

Amantadine is a non-selective, low affinity, and non-competitive NMDAR antagonist considered nowadays as the most effective oral therapy for the treatment of LID. One of the first report studying the effects of amantadine in conjunction with intravenous L-DOPA showed that amantadine reduced LID severity by 60% and motor fluctuation, without altering the antiparkinsonian effects of L-DOPA, in 14 patients with advanced PD enrolled in a double-blind, placebo-controlled trial [START_REF] Metman | Amantadine as treatment for dyskinesias and motor fluctuations in Parkinson ' s disease[END_REF]. The level of dyskinesia reduction was related to the level of amantadine concentration [START_REF] Metman | Amantadine as treatment for dyskinesias and motor fluctuations in Parkinson ' s disease[END_REF]. One year later, in the same patients, still under amantadine co-therapy, the persistence of anti-dyskinetic effect of amantadine was assessed and showed a similar magnitude as previously observed (56%), suggesting a sustained effect of amantadine on peak-dose LID [START_REF] Metman | Amantadine for levodopa-induced dyskinesias: a 1-year follow-up study[END_REF]. The acute and long-term anti-dyskinetic effect of amantadine has been confirmed in others, including more recent, placebo-controlled trials [START_REF] Snow | The Effect of Amantadine on Levodopa-induced Dyskinesias in Parkinson ' s Disease : A Double-blind[END_REF][START_REF] Del Dotto | Intravenous Amantadine Improves Levadopa-Induced Dyskinesias : An Acute Double-Blind Placebo-Controlled Study[END_REF][START_REF] Wolf | Long-Term Antidyskinetic Efficacy of Amantadine in Parkinson[END_REF]. Acute intravenous infusion of amantadine has been tested and has been shown

to reduce LID by 50% [START_REF] Del Dotto | Intravenous Amantadine Improves Levadopa-Induced Dyskinesias : An Acute Double-Blind Placebo-Controlled Study[END_REF]. Moreover, wash-out of amantadine in dyskinetic patients led to a worsening of LID within about one week [START_REF] Ory-Magne | Withdrawing amantadine in dyskinetic patients with Parkinson disease: the AMANDYSK trial[END_REF]. However, amantadine has also been associated with the development of cognitive side effects such as hallucinations, and confusion, as well as nausea and palpitations [START_REF] Metman | Amantadine as treatment for dyskinesias and motor fluctuations in Parkinson ' s disease[END_REF].

Amantadine also significantly reduced axial, orolingual, and limb AIMs, but not locomotive AIMs, in 6-OHDA rats chronically treated with L-DOPA [START_REF] Dekundy | Modulation of l-DOPA-induced abnormal involuntary movements by clinically tested compounds: Further validation of the rat dyskinesia model[END_REF], further confirming the anti-dyskinetic effects of amantadine and highlighting the role of hyperactive glutamate transmission in the pathophysiology of LID.

Dopamine agonists

DA agonists have been used for many years as monotherapy in the early stages of PD and in combination with L-DOPA in more advanced disease stages. Their efficacy has been proven in large randomized trials (for reviews [START_REF] Goetz | Evidence-Based Medical Review Update : Pharmacological and Surgical Treatments of Parkinson[END_REF][START_REF] Fox | The Movement Disorder Society Evidence-Based Medicine Review Update : Treatments for the Motor Symptoms of Parkinson[END_REF]). The main purpose to administrate DA agonists to young PD patients is to delay the onset of LID development resulting from a combination of continuous dopaminergic stimulation, to delay the initiation of L-DOPA treatment, and to lower L-DOPA dosages. Initial treatment with D2R agonists, such as pramipexole [START_REF] Holloway | Pramipexole vs levodopa as initial treatment for Parkinson disease: a 4year randomized controlled trial[END_REF] and ropinirole [START_REF] Rascol | A five-year study of the incidence of dyskinesia in patients with early Parkinson's disease who were treated with ropinirole or levodopa[END_REF][START_REF] Hauser | Ten-Year Follow-Up of Parkinson ' s Disease Patients Randomized to Initial Therapy with Ropinirole or Levodopa[END_REF], resulted in lower incidences of motor complications, including "wearing-off" and LID, for a period up to 5 years in the case of ropinirole [START_REF] Rascol | A five-year study of the incidence of dyskinesia in patients with early Parkinson's disease who were treated with ropinirole or levodopa[END_REF][START_REF] Hauser | Ten-Year Follow-Up of Parkinson ' s Disease Patients Randomized to Initial Therapy with Ropinirole or Levodopa[END_REF]. However, the initial delay in motor complications is not sustained and once L-DOPA is administrated, LID will occur regardless of the use of DA agonists [START_REF] Katzenschlager | Fourteen-year final report of the randomized PDRG-UK trial comparing three initial treatments in PD[END_REF], though these observations were contradicted by a meta-analysis performed the same year, suggesting that initial DA agonist therapy results in a lower incidence of LID development even after the unavoidable introduction of L-DOPA [START_REF] Chondrogiorgi | Dopamine agonist monotherapy in Parkinson ' s disease and potential risk factors for dyskinesia : a meta-analysis of levodopa-controlled trials[END_REF]. In addition to uncertain persistent delay in LID onset, some studies showed that initial DA agonist therapy also worsened parkinsonian motor improvements as DA agonists are far less effective at improving the motor symptoms of PD. Significant side effects of DA agonists, including sleep disturbances, and impulse control disease [START_REF] Paus | Sleep Attacks , Daytime Sleepiness , and Dopamine Agonists in Parkinson[END_REF][START_REF] Stowe | Dopamine agonist therapy in early Parkinson's disease[END_REF] as well as hallucinations [START_REF] Rascol | A five-year study of the incidence of dyskinesia in patients with early Parkinson's disease who were treated with ropinirole or levodopa[END_REF], also greatly limit their use in many individuals.

COMT inhibitors

Another approach for the treatment of PD and LID is to target DA degrading enzymes, such as COMT and monoamine oxidase (MAO) in order to extent L-DOPA action. COMT inhibitors, such as tolcapone and entacapone, increase the half-life of L-DOPA and thus prolong its brain bioavailability. The use of COMT inhibitors allowed a reduction in L-DOPA dosage, relieved "wearing-off" effects, and slightly improved motor symptoms of PD [START_REF] Rajput | Tolcapone improves motor function in parkinsonian patients with the "wearing-off" phenomenon: a double-blind, placebo-controlled, multicenter trial[END_REF][START_REF] Myllylä | Twelve-month safety of entacapone in patients with Parkinson's disease[END_REF][START_REF] Olanow | Double-blind, placebo-controlled study of entacapone in levodopa-treated patients with stable Parkinson disease[END_REF][START_REF] Deane | Catechol-O-methyltransferase inhibitors for levodopa-induced complications in Parkinson's disease[END_REF][START_REF] Ferreira | Opicapone as an adjunct to levodopa in patients with Parkinson ' s disease and end-of-dose motor fl uctuations : a randomised , double-blind , controlled trial[END_REF].

Even though LID generally subsided with L-DOPA dose reduction, shorter time of onset and increased frequency of LID have been described in PD patients receiving COMT inhibitors entacapone [START_REF] Stocchi | Initiating Levodopa / Carbidopa Therapy With and Without Entacapone in Early Parkinson Disease The STRIDE-PD Study[END_REF] as adjunct to L-DOPA. Worsening in the development of LID and increasing diarrhea events have also been described in PD patients receiving tolcapone in adjunct of L-DOPA [START_REF] Rajput | Tolcapone improves motor function in parkinsonian patients with the "wearing-off" phenomenon: a double-blind, placebo-controlled, multicenter trial[END_REF].

MAO inhibitors

Similarly, MAO inhibitors can block the enzymatic metabolism of DA, leading to an increase in DA levels and thus could delay the onset of LID when used as adjunct to L-DOPA by increasing its duration of action, resulting in more continuous dopaminergic receptor stimulation.

Rasagiline, an inhibitor of the monoamine oxidase B (MAO-B), has been used in monotherapy in early and more advanced PD patients and has been shown to improve motor fluctuations and parkinsonian motor symptoms (Parkinson Study Group, 2002;Parkinson Study Group, 2005). A randomized, placebo-controlled trial evaluated the effects of selegiline, a MAO-B inhibitor, in early PD patients and reported slower motor decline but increased incidence in the development of LID in PD patients treated with both selegiline and L-DOPA compared to those treated with L-DOPA alone [START_REF] Shoulson | Impact of sustained deprenyl (selegiline) in levodopa-treated Parkinson's disease: a randomized placebo-controlled extension of the deprenyl and tocopherol antioxidative therapy of parkinsonism trial[END_REF].

Altogether, these observations suggest that the use of both COMT and MAO-B inhibitors in combination with L-DOPA in early PD patients does not appear helpful and may conversely increase the incidence of developing LID.

Pharmacological strategies under investigation

Continuous dopaminergic stimulation

A number of attempts have been developed to improve L-DOPA pharmacokinetics, including its gastrointestinal absorption, its bioavailability, and its catabolism, in order to deliver an optimized dose that can be kept stable within the patient's individual therapeutic window. The principle behind continuous dopaminergic stimulation (for recent review [START_REF] Olanow | Continuous Dopaminergic Stimulation as a Treatment for Parkinson's Disease: Current Status and Future Opportunities[END_REF]) is to bypass fluctuations in DA release due to dysfunctional DA regulation and intermittent DAR stimulation as it is thought to constitute a key component in the generation of LID.

Early clinical studies examined the efficacy of intravenous L-DOPA administration and described parkinsonism improvements without troublesome dyskinesia [START_REF] Quinn | Complicated response fluctuations in Parkinson's disease: response to intravenous infusion of levodopa[END_REF][START_REF] Mouradian | Movement Disorder Society Task Force on Rating Scales for Parkinson's Disease (2003) 'The Unified Parkinson ' s Disease Rating Scale ( UPDRS ): Status and Recommendations[END_REF], supporting the hypothesis that continuous dopaminergic stimulation (CDS) might represent a valuable option in the prevention of LID, even though this route of administration is not sustainable in real life for obvious practical and safety reasons. CDS has also proven its efficacy in the prevention of behavioral sensitization in rodents models of PD [START_REF] Juncos | Continuous and intermittent levodopa differentially affect basal ganglia function[END_REF].

The development of a levodopa/carbidopa intestinal gel allowed continuous L-DOPA infusion and achieved constant L-DOPA plasma levels over several days [START_REF] Olanow | Continuous intrajejunal infusion of levodopa-carbidopa intestinal gel for patients with advanced Parkinson ' s disease : a randomised , controlled , double-blind , double-dummy study[END_REF][START_REF] Fernandez | Levodopa-Carbidopa Intestinal Gel in Advanced Parkinson ' s Disease : Final 12-Month[END_REF]. L-DOPA intestinal gel widened the therapeutic window compared with intermittent oral doses of the drug with a significant increase in the "on" time without LID and decrease in the "on" time with LID in patients with advanced PD [START_REF] Olanow | Continuous intrajejunal infusion of levodopa-carbidopa intestinal gel for patients with advanced Parkinson ' s disease : a randomised , controlled , double-blind , double-dummy study[END_REF][START_REF] Fernandez | Levodopa-Carbidopa Intestinal Gel in Advanced Parkinson ' s Disease : Final 12-Month[END_REF] and these effects persisted up to 12-months follow-up [START_REF] Fernandez | Levodopa-Carbidopa Intestinal Gel in Advanced Parkinson ' s Disease : Final 12-Month[END_REF]. These double-blind studies confirmed the efficacy of CDS strategy. However, intestinal gel therapy is associated with potentially serious complications related to the surgical procedure.

Subcutaneous infusion of apomorphine, a non-selective DA agonist, represents another CDS strategy. In a double-blind, randomized, placebo-controlled trial, patients receiving continuous apomorphine infusion exhibited a reduction in the "off" time with no worsening in LID compared to patients with sham infusion and optimized oral L-DOPA [START_REF] Katzenschlager | Apomorphine subcutaneous infusion in patients with Parkinson ' s disease with persistent motor fluctuations ( TOLEDO ): a multicentre , double-blind , randomised , placebo-controlled trial[END_REF].

However, apomorphine infusion is associated with frequent skin irritation and lesions and as for the L-DOPA intestinal gel, the need to constantly wear an infusion pump that can be cumbersome.

Ideally, CDS should be performed orally to stabilize L-DOPA plasma levels and to avoid surgical interventions, but to date this has proven difficult to achieve. Several extended-release capsules are currently in development, such as "The Accordion Pill" which is composed of interwoven layers of immediate-release and extended-release of L-DOPA, allowing a reduced variability in L-DOPA plasma levels associated with reduced motor complications [START_REF] Olanow | Pharmacokinetics of Accordion Pill ® Carbidopa / Levodopa Following Multiple Doses in Patients With Parkinson[END_REF].

In experimental animal models of PD, gene therapy using adeno-associated virus (AAV) vectors has been used in an attempt to perform CDS by producing enzymes that enhance the level and extend the half-life of synaptic DA, such as the aromatic amino acid decarboxylase that promotes L-DOPA conversion into DA or tyrosine hydroxylase that facilitates endogenous DA production. Intrastriatal delivery of TH-encoding gene by viral vectors completely reversed motor impairments in partially lesioned rats, and to a lesser extent, in completely lesioned animals [START_REF] Kirik | Reversal of motor impairments in parkinsonian rats by continuous intrastriatal delivery of L-dopa using rAAV-mediated gene transfer[END_REF]. Similarly, continuous intrastriatal L-DOPA delivery using gene transfer effectively reduced LID, normalized abnormal transcription factors expression associated with LID, and reversed lesion-induced motor impairments in DA-depleted rats [START_REF] Carlsson | Reversal of dyskinesias in an animal model of Parkinson ' s disease by continuous L -DOPA delivery using rAAV vectors[END_REF]. Moreover, gene therapy-mediated DA replacement restored extracellular DA levels and improved the parkinsonian motor deficits for many years without the development of dyskinesia in MPTP-treated monkeys [START_REF] Jarraya | Dopamine Gene Therapy for Parkinson ' s Disease in a Nonhuman Primate Without Associated Dyskinesia[END_REF][START_REF] Hadaczek | Eight Years of Clinical Improvement in MPTP-Lesioned Primates After Gene Therapy With AAV2-hAADC[END_REF]. This method is currently under clinical investigation.

Serotonin receptor agonists

As mentioned earlier, a growing body of evidence suggests that the serotoninergic system may constitute a key player in the expression and maintenance of LID, as they are most probably responsible for this compensatory DA release, and further conversion of L-DOPA into DA (reviewed in [START_REF] Cenci | Post-versus presynaptic plasticity in L-DOPA-induced dyskinesia[END_REF][START_REF] Carta | Contribution of pre-synaptic mechanisms to l-DOPA-induced dyskinesia[END_REF]) in both PD patients [START_REF] Bonifati | Buspirone in levodopa-induced dyskinesias[END_REF] and animals models of LID, including rats [START_REF] Carta | Dopamine released from 5-HT terminals is the cause of L-DOPA-induced dyskinesia in parkinsonian rats[END_REF][START_REF] Muñoz | Combined 5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPAinduced dyskinesia[END_REF] and primates [START_REF] Muñoz | Combined 5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPAinduced dyskinesia[END_REF].

Although LID reduction has been described in MTPT-treated primates and 6-OHDA-lesioned rats using selective 5-HT1 receptor agonists [START_REF] Muñoz | Combined 5-HT1A and 5-HT1B receptor agonists for the treatment of L-DOPAinduced dyskinesia[END_REF], clinical trials in PD patients described conflicting results. In one double-blinded, multicenter, open-label study, saritozan, a partial 5-HT1A agonist, failed to alleviate LID in PD patients [START_REF] Goetz | Sarizotan as a Treatment for Dyskinesias in Parkinson ' s Disease : A Double-Blind Placebo-Controlled Trial[END_REF]. Another clinical trial reported significant reduction in LID with saritozan treatment in PD patients (C Warren [START_REF] Olanow | Multicenter, open-label, trial of sarizotan in Parkinson disease patients with levodopa-induced dyskinesias (the SPLENDID Study)[END_REF]. Eltoprazine, a mixed 5-HT1A/B agonist, significantly reduced LID without altering the anti-parkinsonian effects of L-DOPA and with very little side effects in PD patients, further suggesting a synergetic effect of 5-HT1A and 5-HT1B receptors in the alleviation of LID [START_REF] Svenningsson | Eltoprazine counteracts L -DOPA-induced dyskinesias in Parkinson ' s disease : a dose-finding study[END_REF]. In L-DOPA primed or drug-naïve 6-OHDA-lesioned rats, cotreatment with selective serotonin reuptake inhibitors (SSRIs) alleviated LID without interfering with the anti-parkinsonian effects of L-DOPA, and increased striatal DA levels [START_REF] Conti | Neuropharmacology Effects of prolonged selective serotonin reuptake inhibition on the development and expression of L -DOPA-induced dyskinesia in hemi-parkinsonian rats[END_REF]. Moreover, administration of 5-HT1A antagonist reversed the anti-dyskinetic effect, suggesting an important role of this receptor in LID [START_REF] Conti | Neuropharmacology Effects of prolonged selective serotonin reuptake inhibition on the development and expression of L -DOPA-induced dyskinesia in hemi-parkinsonian rats[END_REF].

NMDA receptor antagonists

Besides the anti-dyskinetic effects of amantadine, other NMDAR antagonists are thought to be beneficial in LID [START_REF] Verhagen Metman | Amantadine as treatment for dyskinesias and motor fluctuations in Parkinson's disease[END_REF]Nutt et al., 2008;[START_REF] Varanese | NMDA antagonist memantine improves levodopainduced dyskinesias and "on-off" phenomena in Parkinson's disease[END_REF] as alterations in glutamatergic activity have been associated to dyskinesia.

In early clinical trials, dextromethorphan, a NMDAR antagonist, has been shown to decrease the severity and duration of LID and the severity of motor fluctuations in some PD patients, however, with a decrease in L-DOPA-mediated improvements in motor symptoms in most of the PD patients (Verhagen [START_REF] Verhagen Metman | A trial of dextromethorphan in parkinsonian patients with motor response complications[END_REF]. Memantine, a non-competitive NMDAR antagonist, failed to impact LID of PD patients in early trial [START_REF] Merello | Effect of memantine (NMDA antagonist) on Parkinson's disease: a doubleblind crossover randomized study[END_REF] but significantly improved LID and abolished unpredictable "off"-period in PD patients with motor complications for up to 2 years in more recent studies [START_REF] Varanese | NMDA antagonist memantine improves levodopainduced dyskinesias and "on-off" phenomena in Parkinson's disease[END_REF]. Similar conflicting results have been observed in the evaluation of the anti-dyskinetic effects of NR2B-selective NMDAR antagonists (MK-0657): a randomized, double-blind, study on PD patients with LID found no significant effect on LID [START_REF] Herring | A Phase Ib Randomized Controlled Study to Evaluate the Effectiveness of a Single-Dose of the NR2B Selective N-Methyl-D-Aspartate Antagonist MK-0657 on Levodopa-Induced Dyskinesias and Motor Symptoms in Patients With Parkinson Disease[END_REF] whereas another double-blind, placebo-controlled clinical trial in PD patients with LID found a 30% reduction of LID, however, without improvements in parkinsonian symptoms and with doserelated cognitive adverse effects (Nutt et al., 2008). The different doses and molecules used might explained these discrepancies. The development of pharmacological modulation of metabotropic glutamate receptors also gathered a lot of attention for LID alleviation, neuroprotection, and anti-parkinsonian effects in both PD patients and animals models of LID (reviewed in [START_REF] Rascol | Parkinsonism and Related Disorders Use of metabotropic glutamate 5-receptor antagonists for treatment of levodopa-induced dyskinesias[END_REF][START_REF] Litim | Neuropharmacology Metabotropic glutamate receptors as therapeutic targets in Parkinson ' s disease : An update from the last 5 years of research r e[END_REF]).

In experimental animal models of PD and LID, NR2B-selective NMDAR antagonists exerted anti-parkinsonian actions in both 6-OHDA-lesioned rats and MPTP-treated monkeys [START_REF] Steece-Collier | Antiparkinsonian Actions of CP-101 , 606 , an Antagonist of NR2B Subunit-Containing N -Methyl-D -Aspartate Receptors[END_REF] and alleviated LID in macaque monkeys [START_REF] Blanchet | Amantadine reduces levodopa-induced dyskinesias in parkinsonian monkeys[END_REF][START_REF] Tahar | Effect of a selective glutamate antagonist on L-dopa-induced dyskinesias in drug-naive parkinsonian monkeys[END_REF] but led to controversial observations in marmosets [START_REF] Nash | The NR2B-selective NMDA receptor antagonist CP-101 , 606 exacerbates L-DOPA-induced dyskinesia and provides mild potentiation of anti-parkinsonian effects of L-DOPA in the MPTP-lesioned marmoset model of Parkinson[END_REF]. In addition, NMDA antagonists prevented the ability of apomorphine to act as a primer in 6-OHDA-lesioned rats [START_REF] Morelli | Stereospecific blockade of N-methyl-D-aspartate transmission by MK 801 prevents priming of SKF 38393-induced turning[END_REF].

Antiepileptics

Antiepileptics efficacy for the treatment for LID remain very controversial.

For example, levetiracetam, a synaptic vesicle glycoprotein modulator with antiepileptic properties, showed conflicting results in clinical trials. An open-label study on PD patients with severe LID described only mild improvement in LID in only one out of the 9 patients enrolled in the trial and with all patients presenting worsening of parkinsonian symptoms and sleepiness [START_REF] Lyons | Efficacy and tolerability of levetiracetam in Parkinson disease patients with levodopa-induced dyskinesia[END_REF]. In another randomized, double-blind, placebo-controlled trial, levetiracetam slightly decreased LID severity without altering the anti-parkinsonian effects of L-DOPA [START_REF] Wolz | Levetiracetam for levodopa-induced dyskinesia in Parkinson's disease: a randomized, double-blind, placebo-controlled trial[END_REF] whereas other authors reported increased "on" time without LID and decreased LID duration following levetiracetam co-administration [START_REF] Stathis | Levetiracetam for the Management of Levodopa-Induced Dyskinesias in Parkinson[END_REF].

Gabapentin, an antiepileptic drug that increases the synthesis and release of GABA, was assessed in a randomized double-blind, placebo-controlled, cross-over trial and showed an improvement in parkinsonian symptoms following L-DOPA administration but no changes in LID [START_REF] Van Blercom | Effects of Gabapentin on the Motor Response to Levodopa[END_REF].

Zonisamide, another antiepileptic drug, was tested in a randomized, placebo-controlled, study and showed improvements in PD motor symptoms and in the frequency of disabling LID, however with increasing sleepiness, apathy, and loss of body weight [START_REF] Murata | Zonisamide improves motor function in Parkinson disease: a randomized, double-blind study[END_REF].

Antipsychotics

The primary use of antipsychotics was aimed for the treatment of PD psychosis but additional use as a mean to reduce LID has shown some benefits.

The atypical antipsychotic, clozapine, a DAR antagonist with anti-serotoninergic, antimuscarinic, anti-adrenergic and anti-histaminergic properties, has shown some efficiency in LID reduction without interfering with the anti-parkinsonian effects of L-DOPA, however, inducing sedative adverse effects in PD patients [START_REF] Bennett | Suppression of dyskinesias in advanced Parkinson's disease: moderate daily clozapine doses provide long-term dyskinesia reduction[END_REF][START_REF] Durif | Low-dose clozapine improves dyskinesias in Parkinson's disease[END_REF]. In a more recent, randomized, double-blind, placebo-controlled, larger trial, clozapine treatment significantly reduced the severity of LID scores following L-DOPA intake, and reduced the duration of "on" time with LID, without altering the beneficial effects of L-DOPA in PD patients with LID but with adverse effects stronger than with L-DOPA treatment alone [START_REF] Durif | Clozapine improves dyskinesias in Parkinson disease: a double-blind, placebocontrolled study[END_REF].

In a randomized, placebo-controlled trial, olanzapine, a dibenzodiazepine derivative with similar properties to clozapine, has shown anti-dyskinetic effects with increased "off" time but at very low doses as parkinsonian symptoms worsened [START_REF] Manson | Low-dose olanzapine for levodopa induced dyskinesias[END_REF].

The efficacy of quetiapine, another atypical antipsychotic, has been assessed in PD patients with LID and although no motor improvements were described at low doses, mild reduction in LID was observed at higher dosage [START_REF] Katzenschlager | Low dose quetiapine for drug induced dyskinesias in Parkinson's disease: a double blind cross over study[END_REF].

Other strategies

Although the opioid receptor antagonist, naltrexone, was reported to have no effect on neither PD motor symptoms nor LID in PD patients [START_REF] Rascol | Naltrexone, an opiate antagonist, fails to modify motor symptoms in patients with Parkinson's disease[END_REF], pharmacological activation of δ opioid receptor in both DA-depleted rats and monkeys exerted potent anti-parkinsonian actions [START_REF] Hille | Antiparkinsonian Action of a ␦ Opioid Agonist in Rodent and Primate Models of Parkinson[END_REF]. In addition, the efficacy of µ opioid receptor selective antagonist to alleviate LID was assessed in MPTP-treated macaques and was reported to significantly reduce LID, in a U-shape dose-response manner, without altering the anti-parkinsonian effects of L-DOPA [START_REF] Koprich | The Selective Mu-Opioid Receptor Antagonist ADL5510 Reduces Levodopa-Induced Dyskinesia Without Affecting Antiparkinsonian Action in MPTP-Lesioned Macaque Model of Parkinson[END_REF]. A recent mixed compound showed very promising results as it is a combination a both δ opioid receptor agonist and µ opioid receptor antagonist. In 6-OHDA-lesioned rats and MPTP-treated monkeys, this drug provided beneficial antiparkinsonian effects when administrated alone and enhanced both the duration and the benefits of L-DOPA when co-administrated, without inducing LID [START_REF] Johnston | DPI-289 , a novel mixed delta opioid agonist / mu opioid antagonist ( DAMA ), has L-DOPA-sparing potential in Parkinson's disease[END_REF].

These preclinical observations suggest that this polypharmacological profile may serve as a useful co-therapy for the treatment of both PD and LID.

The neuropeptide nociceptin/orphanin FQ (N/OFQ) has been implicated in both PD and LID in 6-OHDA-lesioned rats and MPTP-treated monkeys as N/OFQ receptor agonist attenuated LID in both types of experimental animals [START_REF] Marti | Nociceptin / Orphanin FQ Receptor Agonists Attenuate L -DOPA-Induced Dyskinesias[END_REF]. Similarly, two recent agonists of N/OFQ opioid peptide receptor were shown to improve both akinesia and LID in 6-OHDAlesioned rats chronically treated with L-DOPA [START_REF] Arcuri | Anti-Parkinsonian and anti-dyskinetic profiles of two novel potent and selective nociceptin / orphanin FQ receptor agonists[END_REF].

Cannabis has received growing attention over the past decade and some studies reported beneficial effects of the use of cannabis as a treatment for both PD and LID, however, contradicted by others (reviewed in [START_REF] Deuel | Complementary Therapies in Parkinson Disease : a Review of Acupuncture , Tai Chi , Qi Gong , Yoga , and Cannabis[END_REF]). In a randomized, doubleblind, placebo-controlled trial, oral cannabis intake failed to induce any improvement in motor symptoms associated to either PD or LID, even though the drug was well tolerated [START_REF] Carroll | Cannabis for dyskinesia in Parkinson disease: a randomized double-blind crossover study[END_REF]. Similarly, another double-blind trial assessing the effects of cannabidiol (CBD) intake in capsule reported no difference in motor improvements in PD patients compared to the placebo group, though there was a significant improvement in quality of life reported by patients [START_REF] Chagas | Effects of cannabidiol in the treatment of patients with Parkinson's disease: an exploratory double-blind trial[END_REF]. However, other studies reported beneficial effects of cannabis treatment. In a randomized, double-blind, placebo-controlled trial, cannabinoid receptor agonist, nabilone, led to a significant reduction of LID in PD patients [START_REF] Sieradzan | Cannabinoids reduce dyskinesia in Parkinson ' s disease : A[END_REF].

Other authors reported significant improvements in tremor, rigidity, bradykinesia, pain, and sleep in PD patients after treatment [START_REF] Lotan | Cannabis (medical marijuana) treatment for motor and non-motor symptoms of Parkinson disease: an open-label observational study[END_REF].

A very recent study described improvements in diphasic LID with orally inhaled L-DOPA which may provide a new way to use L-DOPA in the treatment of PD and LID [START_REF] Saranza | Inhaled Levodopa as a Potential Treatment for Diphasic Dyskinesia[END_REF].

Non-pharmacological strategies: Stimulations

Invasive stimulations: DBS

Deep brain stimulation is currently the procedure of choice for patients with advanced PD that are refractory to pharmacological treatments and within the last two decades, STN-DBS and GPi-DBS have become the most commonly performed DBS targets and routine methods for the treatment of motor fluctuations and LID in PD patients (for review [START_REF] Breit | Deep brain stimulation[END_REF][START_REF] Guridi | L-dopa-induced dyskinesia and stereotactic surgery for Parkinson's disease[END_REF][START_REF] Martini | Neurosurgical Approaches to Levodopa-Induced Dyskinesia[END_REF]).

DBS of the posterior-ventral part of GPi was highly effective in the treatment of PD and LID and led to persistent improvement that last for years, therefore greatly improving the quality of life of PD patients [START_REF] Rodrigues | Globus Pallidus Stimulation Improves Both Motor and Nonmotor Aspects of Quality of Life in Advanced Parkinson[END_REF][START_REF] Moro | Long-Term Results of a Multicenter Study on Subthalamic and Pallidal Stimulation in Parkinson[END_REF]. GPi-DBS was efficacious in all types of LID, even on rare disabling respiratory LID in PD patients [START_REF] Oyama | Unilateral GPi-DBS as a treatment for levodopa-induced respiratory dyskinesia in Parkinson disease[END_REF].

However, the exact mechanisms underlying these major motor improvements following DBS in PD patients remain unclear. Based on evidence from PD patients [START_REF] Wu | Does stimulation of the GPi control dyskinesia by activating inhibitory axons?[END_REF] and MPTP-treated monkeys [START_REF] Boraud | High frequency stimulation of the internal Globus Pallidus (GPi) simultaneously improves parkinsonian symptoms and reduces the firing frequency of GPi neurons in the MPTP-treated monkey[END_REF], some authors postulated that DBS of the ventral GPi controls LID by activating large inhibitory afferent axons from the striatum and GPe, which inhibit GPi neurons [START_REF] Boraud | High frequency stimulation of the internal Globus Pallidus (GPi) simultaneously improves parkinsonian symptoms and reduces the firing frequency of GPi neurons in the MPTP-treated monkey[END_REF][START_REF] Wu | Does stimulation of the GPi control dyskinesia by activating inhibitory axons?[END_REF]. An alternative explanation is that GPi-DBS interferes with abnormal pattern of activity observed in the GPi and prevents its propagation to other nodes of the motor circuits, leading to LID alleviation [START_REF] Wu | Does stimulation of the GPi control dyskinesia by activating inhibitory axons?[END_REF].

GPi-DBS tends to be less effective in the relieve of motor symptoms than STN-DBS but leads to fewer adverse effects in PD patients [START_REF] Anderson | Pallidal vs subthalamic nucleus deep brain stimulation in Parkinson disease[END_REF][START_REF] Moro | Long-Term Results of a Multicenter Study on Subthalamic and Pallidal Stimulation in Parkinson[END_REF].

Compared to GPi-STN, STN-DBS better improved bradykinesia, allowed greater L-DOPA dose reduction and alleviated LID by 89% compared to 62% following GPi-DBS [START_REF] Anderson | Pallidal vs subthalamic nucleus deep brain stimulation in Parkinson disease[END_REF], though there is no consensus on a differential outcome in LID between STN-DBS and GPi-DBS [START_REF] Follett | Pallidal versus subthalamic deep-brain stimulation for Parkinson's disease[END_REF][START_REF] Oyama | GPi and STN deep brain stimulation can suppress dyskinesia in Parkinson's disease[END_REF]. Nevertheless, STN-DBS also led to greater cognitive complications such as memory deficits, apathetic mood, and difficulty in concentration [START_REF] Anderson | Pallidal vs subthalamic nucleus deep brain stimulation in Parkinson disease[END_REF]. STN-DBS was effective in reducing the entire spectrum of LID in PD patients, including "off"-period dystonia, peak-dose dyskinesia and dystonia, and diphasic dyskinesia [START_REF] Katayama | Direct effect of subthalamic nucleus stimulation on levodopa-induced peakdose dyskinesia in patients with Parkinson's disease[END_REF]. However, STN-DBS can also induce involuntary choreic or ballistic movements or even worsen LID. These side effects most often happened at the early stage after surgery and only when stimulation was on [START_REF] Zheng | Synaptic Inhibition, Excitation, and Plasticity in Neurons of the Cerebellar Nuclei[END_REF]. A shift in DBS frequency, from 130 Hz to 80 Hz can relieve residual LID in PD patients, though with a worsening of parkinsonian symptoms in some PD patients [START_REF] Merola | 80 Hz versus 130 Hz subthalamic nucleus deep brain stimulation : Effects on involuntary movements[END_REF]. As for GPi-STN, the mechanisms underlying LID alleviation following STN-DBS remain to be determined.

Some authors argued that the reduction in L-DOPA dosage after STN-DBS is mostly responsible for LID alleviation [START_REF] Follett | Pallidal versus subthalamic deep-brain stimulation for Parkinson's disease[END_REF]. Indeed, STN-DBS allowed a reduction in L-DOPA dosage by 65% [START_REF] Moro | Chronic subthalamic nucleus stimulation reduces medication requirements in Parkinson's disease[END_REF]. On the contrary, other authors have suggested a direct influence of STN-DBS on LID, independently of DA medication [START_REF] Alterman | Immediate and sustained relief of levodopa-induced dyskinesias after dorsal relocation of a deep brain stimulation lead. Case report[END_REF].

It is postulated that LID are inhibited by stimulation of areas above STN, rather than STN itself, where dense pallidothalamic, pallidosubthalamic, and subthalamopallidal fibers are located [START_REF] Katayama | Direct effect of subthalamic nucleus stimulation on levodopa-induced peakdose dyskinesia in patients with Parkinson's disease[END_REF]. Others have hypothesized that STN-DBS induces an overall stabilization of BG circuitry and/or changes striatal synaptic plasticity [START_REF] Simonin | Reduced levodopa-induced complications after 5 years of subthalamic stimulation in Parkinson ' s disease : a second honeymoon[END_REF] as HFS of STN increased and regulated the neuronal activity of both pallidal segments in PD patients [START_REF] Reese | Subthalamic deep brain stimulation increases pallidal firing rate and regularity[END_REF]. Interestingly, in hemiparkinsonian rats, STN-DBS established a new functional striatal network with an increased interhemispheric connectivity between the two striatum and the unlesioned SNc [START_REF] Apetz | Effects of subthalamic deep brain stimulation on striatal metabolic connectivity in a rat hemiparkinsonian model[END_REF].

DBS of the thalamic intralaminar nuclei (CM/PF complex) has also been demonstrated to be effective in the treatment of LID [START_REF] Caparros-Lefebvre | Improvement of levodopa induced dyskinesias by thalamic deep brain stimulation is related to slight variation in electrode placement: possible involvement of the centre median and parafascicularis complex[END_REF]. VIM-DBS was used for the treatment of tremor in tremor-dominant PD patients but has been fully replaced nowadays by STN-DBS that has excellent benefits on both tremor and other cardinal PD symptoms [START_REF] Breit | Deep brain stimulation[END_REF].

Altogether, these observations support DBS of both GPi and STN as very effective treatments for parkinsonian and dyskinetic symptoms. However, due to its surgical invasiveness and strict eligibility criteria, DBS remains a potentially dangerous procedure and can only benefit a minority of patients.

Non-invasive stimulations

The major advantage of transcranial stimulations, whether it is rTMS or tDCS, is that they represent non-invasive techniques for the treatments of many disorders, therefore lowering the entire spectrum of risks associated to surgical operations.

tDCS

Transcranial direct current stimulation is a non-invasive stimulation technique that delivers a low-intensity current (1-2 mA) using large electrodes (~2-10 cm) placed on the scalp and that is able to modulate neuronal activity. According to the polarity of the electrodes, tDCS can bidirectionally modulate the resting membrane potential: excitation is achieved by anodal stimulation whereas inhibition is induced by cathodal stimulation [START_REF] Nitsche | Excitability changes induced in the human motor cortex by weak transcranial direct current stimulation[END_REF].

Anodal tDCS over the motor cortex of PD patients has been shown to improve gait and bradykinesia, with beneficial effects lasting for several months [START_REF] Benninger | Transcranial direct current stimulation for the treatment of Parkinson's disease[END_REF][START_REF] Valentino | Transcranial direct current stimulation for treatment of freezing of gait: a cross-over study[END_REF][START_REF] Salimpour | Altering Effort Costs in Parkinson ' s Disease with Noninvasive Cortical Stimulation[END_REF]. Moreover, long-term cognitive improvements were observed following anodal tDCS over the prefrontal cortex in PD patients [START_REF] Doruk | Effects of tDCS on executive function in Parkinson ' s disease[END_REF]. However, these observations have been challenged by other studies showing no improvements following tDCS in PD patients [START_REF] Costa-Ribeiro | Transcranial direct current stimulation associated with gait training in Parkinson ' s disease : A pilot randomized clinical trial[END_REF][START_REF] Schabrun | Transcranial Direct Current Stimulation to Enhance Dual-Task Gait Training in Parkinson ' s Disease : A Pilot RCT[END_REF].

Studies performed on animal models of PD support the hypothesis of a beneficial effect of tDCS on motor symptoms. Motor improvements were described following anodal tDCS over M1 in MPTP-treated monkeys, with greater benefits after several stimulations rather than an increase in stimuli intensity and duration [START_REF] Li | The temporary and accumulated effects of transcranial direct current stimulation for the treatment of advanced Parkinson's disease monkeys[END_REF]. Moreover, oxidative stress associated to PD were significantly attenuated by a co-therapy of tDCS over the frontal cortex and L-DOPA in MPTP-treated mice [START_REF] Lu | Transcranial Direct Current Stimulation Ameliorates Behavioral Deficits and Reduces Tetrahydropyridine-Induced Mouse Model of Parkinson[END_REF].

In addition, tDCS has been demonstrated to also exert beneficial effects on LID. Targeting both M1 and the cerebellum with anodal tDCS for five consecutive days improved LID in PD patients (Ferrucci et al., 2016). The authors suggested that anodal tDCS increased CBI through the cerebello-thalamo-cortical pathway, leading to a reduction of the cortical hyperactivity and subsequent LID (Ferrucci et al., 2016). Nevertheless, further investigations remain needed to clarify the benefits that anodal tDCS can afford in both PD and LID.

rTMS

Repetitive transcranial magnetic stimulation is another non-invasive brain stimulation technique, more recently adopted from the treatment of both PD and LID. It consists of the delivery, to a cortical target, of a localized stimulatory effect through electromagnetic induction generated by a coil attached to a pulse generator (Figure 16C). Single pulse of TMS is mostly delivered in a repeated fashion and is able to bidirectionally modulate excitability in the motor cortex depending on the frequency used [START_REF] Speer | Opposite effects of high and low frequency rTMS on regional brain activity in depressed patients[END_REF]: rTMS at high frequency [START_REF] Heimer | Dopamine replacement therapy does not restore the full spectrum of normal pallidal activity in the 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine primate model of Parkinsonism[END_REF][START_REF] Girasole | A Subpopulation of Striatal Neurons Mediates Levodopa-Induced Dyskinesia[END_REF][START_REF] Meissner | Increased slow oscillatory activity in substantia nigra pars reticulata triggers abnormal involuntary movements in the 6-OHDA-lesioned rat in the presence of excessive extracellular striatal dopamine[END_REF][START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF][START_REF] Picconi | Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia[END_REF][START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF](16)[START_REF] Brusa | Metabolic changes induced by theta burst stimulation of the cerebellum in dyskinetic Parkinson's disease patients[END_REF][START_REF] Kishore | Cerebellar influence on motor cortex plasticity: behavioral implications for Parkinson's disease[END_REF][START_REF] Koch | Cerebellar magnetic stimulation decreases levodopa-induced dyskinesias in Parkinson disease[END_REF][START_REF] Sanna | Cerebellar continuous theta burst stimulation reduces levodopa-induced dyskinesias and decreases serum BDNF levels[END_REF] Hz) induces a long-lasting excitation [START_REF] Pascual-Leone | Responses to rapid-rate transcranial magnetic stimulation of the human motor cortex[END_REF] whereas rTMS at low frequency (1-5 Hz) leads to a persistent decrease in cortical excitability [START_REF] Chen | Depression of motor cortex excitability by low-frequency transcranial magnetic stimulation[END_REF].

The mechanisms responsible for these modulations are thought to be equivalent of those underlying LTP and LTD [START_REF] Chen | Depression of motor cortex excitability by low-frequency transcranial magnetic stimulation[END_REF]. As previously mentioned, theta-burst stimulations, a high frequency patterned rTMS stimulation, is also able to differentially modulate cortical activity: cTBS depresses cortical excitability while iTBS increases it [START_REF] Huang | Theta burst stimulation of the human motor cortex[END_REF]Suppa et al., 2016). Other stimulation parameters, such as the coil dimension, the brain structure targeted, and the total number of pulses can modify the outcome [START_REF] Gonza | Effects of rTMS on Parkinson ' s disease : a longitudinal fMRI study[END_REF][START_REF] Chung | Effect of repetitive transcranial magnetic stimulation on physical function and motor signs in Parkinson's disease: a systematic review and meta-analysis[END_REF].

The efficacy of rTMS in the treatment of both PD and LID has been demonstrated by several studies. A double-blind, placebo-controlled study evaluated the effects of rTMS at 25Hz on motor cortex of PD patients and described an improvement in bradykinesia as well as corticocortical changes in functional connectivity following rTMS, with beneficial effects perceived even after one session [START_REF] Gonza | Effects of rTMS on Parkinson ' s disease : a longitudinal fMRI study[END_REF]. A systematic review and meta-analysis that examined the efficacy of cortical rTMS to improve motor function in PD patients described a short-term improvement in upper limb function, and persistent ameliorations in walking performance and parkinsonian symptoms in PD patients off medication, with greater benefits when stimulating M1 compared to other motor cortical regions [START_REF] Chung | Effect of repetitive transcranial magnetic stimulation on physical function and motor signs in Parkinson's disease: a systematic review and meta-analysis[END_REF].

However, 50 Hz cortical rTMS failed to improve motor performance in PD patients, suggesting that the frequency chosen is an important parameter to take into account [START_REF] Benninger | Controlled study of 50-Hz repetitive transcranial magnetic stimulation for the treatment of Parkinson disease[END_REF]. Moreover, it is noteworthy that placebo cortical rTMS induces expectation that increases DA neurotransmission in PD patients, highlighting the importance of placebocontrolled studies [START_REF] Strafella | Therapeutic application of transcranial magnetic stimulation in Parkinson ' s disease : The contribution of expectation[END_REF].

A pilot study from Koch and colleagues demonstrated that rTMS at 1 Hz over SMA was able to markedly reduce LID without causing motor deterioration or adverse effects [START_REF] Koch | rTMS of supplementary motor dyskinesias in Parkinson disease[END_REF]. Interestingly, slight increase, even though not significant, in LID severity was observed following rTMS at 5 Hz [START_REF] Koch | rTMS of supplementary motor dyskinesias in Parkinson disease[END_REF]. The transient reduction in LID failed to be prolonged by repeated rTMS sessions over SMA in PD patients [START_REF] Brusa | Low frequency rTMS of the SMA transiently ameliorates peak-dose LID in Parkinson[END_REF]. However, a study performed on 6 PD patients with LID observed a reduction of both peak and mean LID scores without any worsening of parkinsonian symptoms, after 2 weeks of motor cortical rTMS [START_REF] Wagle-Shukla | Low-frequency repetitive transcranial magnetic stimulation for treatment of levodopa-induced dyskinesias[END_REF]. These effects lasted one day after treatment but were lost 2 weeks later [START_REF] Wagle-Shukla | Low-frequency repetitive transcranial magnetic stimulation for treatment of levodopa-induced dyskinesias[END_REF]. Another placebo-controlled trial showed a small but significant LID improvement, with greater effects on dystonia, that was sustained for 3 days after treatment [START_REF] Filipović | Repetitive transcranial magnetic stimulation for levodopa-induced dyskinesias in Parkinson's disease[END_REF]. Long-term therapeutic effects of cortical rTMS are still debated due to the paucity of studies and further investigations are required. Moreover, the improvements following cortical rTMS onto LID have been challenged by another study showing no clinical changes in LID and motor performance following rTMS over neither M1 nor SMA [START_REF] Flamez | Bilateral low frequency rTMS of the primary motor cortex may not be a suitable treatment for levodopa-induced dyskinesias in late stage Parkinson's disease[END_REF].

Based on its dense projections with cortical and subcortical areas and its involvement in both PD and LID, the cerebellum has become a target of choice in the alleviation of parkinsonian and dyskinetic motor symptoms, using rTMS in PD patients. Indeed, as detailed above in Section 2. 4.7.2 The cerebellum in levodopa-induced dyskinesia, a seminal study from Koch and colleagues, showed that a single, short (1-2 minutes) session of cTBS rTMS over the lateral cerebellum of PD patients was able to transiently reduced "peak-dose" LID (Koch et al., 2009). Repetitive sessions of bilateral cerebellar cTBS over 2 weeks were shown to persistently reduce the severity of LID, up to 4 weeks after the end of the daily stimulations (Koch et al., 2009). A reduction in the metabolism of the bilateral cerebellar hemispheres and dentate nuclei following the anti-dyskinetic effect of cerebellar cTBS has also been described, suggesting a direct modulation of the excitability of the cerebellar cortex by cTBS (Brusa et al., 2012). In addition to the anti-dyskinetic effect, repeated sessions of bilateral cerebellar cTBS induced a sustained restoration of the sensorimotor plasticity in M1, lasting up to 2 weeks after the stop of the sessions [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]. Similarly, cerebellar cTBS has been demonstrated to reduced contralateral cortical excitability in PD patients, although no changes in resting tremor severity has been observed in those patients [START_REF] Bologna | Effects of cerebellar theta-burst stimulation on arm and neck movement kinematics in patients with focal dystonia[END_REF].

Undoubtfully, the cerebellum is a promising target in LID as cerebellar stimulation is able to produce long-term improvements of LID, compared to cortical stimulation.

A systematic review highlights the cerebellum as a promising target for neuromodulation in many different motor disorders in patients. Indeed, neuromodulation techniques improved cerebellar ataxia, LID in PD patients, gross upper limb movement in PD patients, tremor in essential tremor, and cervical dystonia [START_REF] França | Brain Stimulation Effects of cerebellar neuromodulation in movement disorders : A systematic review[END_REF]. Cerebellar stimulation for PD and LID is still a nascent area in the brain stimulation field but clearly show very promising outcomes. The exact mechanisms underlying these cerebellar beneficial effects following rTMS remain to be determined. Further investigations are therefore needed to elucidate how dysfunction in the cerebellum and its associated projections contribute to the pathophysiology of both PD and LID and what are the therapeutical mechanisms underlying cerebellar rTMS.

The present study detailed below may give some answers to these burning questions….

According to the traditional view, the cerebellum and the basal ganglia were thought to only interact at the level of the cerebral cortex and were involved in distinct behavioral functions (reviewed in [START_REF] Middleton | Basal ganglia and cerebellar loops: motor and cognitive circuits[END_REF]). However, in the last decades, increasing evidence shows a reciprocal and functional communication between the cerebellum and the basal ganglia, through notably the thalamus: the basal ganglia-cerebello-thalamo-basal ganglia loops [START_REF] Hoshi | The cerebellum communicates with the basal ganglia[END_REF][START_REF] Bostan | The basal ganglia communicate with the cerebellum[END_REF][START_REF] Chen | Short latency cerebellar modulation of the basal ganglia[END_REF][START_REF] Xiao | Regulation of striatal cells and goal-directed behavior by cerebellar outputs[END_REF] (detailed in Section 1.6.2 Cerebello-thalamo-basal ganglia loop(s)). These new pathways suggest direct interactions between these two subcortical structures and a potential coordinated function in motor control. Moreover, this new view paved the way for an involvement of the cerebellum in "basal ganglia-associated disorders" and reciprocally, a potential role of the basal ganglia in "cerebellum-related diseases" [START_REF] Bostan | The basal ganglia and the cerebellum: Nodes in an integrated network[END_REF].

Several lines of evidence now suggest an important role of the cerebellum in Parkinson's disease, an iconic motor disorder associated with basal ganglia dysfunction as well as in levodopa-induced dyskinesia (LID), the destabilizing secondary effects of the gold standard treatment of Parkinson's disease (detailed in Section 2.4.7 A relatively unexpected benchwarmer: the cerebellum). Indeed, several clinical trials demonstrated that repeated sessions of cerebellar continuous theta-burst stimulations (cTBS) using repetitive transcranial magnetic stimulations (rTMS) persistently reduced the severity of "peak-dose" LID and so, up to 4 weeks after the end of the daily stimulations (Koch et al., 2009;Brusa et al., 2012;Kishore et al., 2014;Sanna et al., 2020). However, the precise mechanisms, pathways and cell-types responsible for this beneficial effect remained unknown.

Considering the information above, we asked ourself several questions which constitute the basis of our working hypothesis and the framework of my Ph.D. project:

1) What is the role of Purkinje cells of the cerebellar cortex in the alleviation of the dyskinetic phenotype?

2) Are the cerebello-thalamo-cortical and/or the cerebello-thalamo-striatal recruited in the alleviation of dyskinesia?

3) What are the modifications occurring in the cerebello-thalamo-cortical and/or the cerebello-thalamo-striatal pathways in order to observe long-term recovery of the dyskinetic state?

We therefore hypothesized that the long-term beneficial effects in the alleviation of the dyskinetic phenotype observed following cerebellar stimulations in patients resulted from a recruitment of the cerebello-thalamo-striatal pathway and the induction of striatal plasticity. In order to answer those questions and test our working hypothesis, we took advantage of a mouse model of LID [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Lundblad | Pharmacological validation of a mouse model of l-DOPA-induced dyskinesia[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF] and of a transgenic mouse line allowing specific optogenetic stimulations of Purkinje cells (Chaumont et al., 2013;Proville et al., 2014). The aims of my Ph.D. project were therefore to reproduce the beneficial impact of cerebellar theta-burst stimulations in a mouse model of LID, to further dissect the role of Purkinje cells in LID alleviation as well as to characterize the alterations occurring in the cerebello-thalamo-cortical and the cerebello-thalamo-striatal pathways associated to LID and to determine their involvement in LID alleviation. As mice develop different subtypes of wellestablished abnormal involuntary movements (AIMs; orolingual, limb, and axial) [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: Relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Lundblad | Pharmacological validation of a mouse model of l-DOPA-induced dyskinesia[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF], analogous to LID in humans, and topographical organization associated with the orolingual zone have been described in the cerebellum (Crus II) (Apps and Hawkes, 2009), we decided to apply theta-burst opto-stimulations of Purkinje cell (PC) over Crus II in order to maximize the beneficial effect on the oral LID.

After several years of research, we were able to demonstrate, for the first time, a direct role of PC in the anti-dyskinetic effect of cerebellar stimulations. Indeed, theta-burst optogenetic stimulations of PC, applied daily (2x40s) over the orolingual zone of the cerebellum, can reduce the severity of oral LID when applied for 2 weeks on dyskinetic animals ("corrective" animals), and even prevent the development of severe oral LID when applied for 4 weeks, starting at the onset of the levodopa treatment ("preventive" animals). Moreover, we discovered that this symptomatic relief, following PC opto-stimulations, induced a normalization of aberrant neuronal discharge in a wide motor network, including the deep cerebellar nuclei, the parafascicular nucleus of the thalamus, and the motor cortex. The specific inhibition of the cerebello-parafascicular neurons counteracted the beneficial effects of PC opto-stimulations, suggesting a primary role of the cerebello-thalamo-striatal pathway in the alleviation of LID.

Further corroborating this last suggestion, we found that PC theta-burst opto-stimulations promoted LTD at corticostriatal synapses in striatonigral neurons of the direct pathway in preventive mice and normalized the expression of a well-known dyskinetic marker, FosB/ΔFosB, a transcription factor causally linked to LID.

These findings demonstrated LID alleviation and prevention by daily PC opto-stimulations which restored the activity of a wide brain motor network and corrected profound striatal dysfunctions associated to LID. I truly enjoyed to be part of this massive project and I am really happy that it led to important results that it might be soon officially published and could be interesting to improve the quality of life of dyskinetic patients. In a more general framework, I think these results might help to further understand the interactions occurring between the cerebellum and the basal ganglia in normal and abnormal motor functions and could shed light on the implication of important motor structures in other motor disorders as well as to use them as therapeutic targets in other types of hyperkinesia.

INTRODUCTION

Motor symptoms of Parkinson's disease (PD) are caused by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta, and of their dense projections to the striatum. The gold-standard symptomatic therapy for PD patients is Levodopa (L-DOPA).

However, with disease progression and chronic exposure to L-DOPA, 50-80% of patients experience a range of motor levodopa-induced complications within 5 years of treatment 1 including debilitating abnormal involuntary movements, called levodopa-induced dyskinesia (LID) 2 . So far, very few therapeutic options are available to circumvent the advent of LID in the course of L-DOPA treatment. A better understanding of the brain networks controlling LID generation and expression is critical to the development of appropriate treatments.

LID-associated abnormalities have been consistently observed in the basal ganglia, the thalamus and the motor cortex in humans 3, 4, 5, 6 , primates 7, 8, 9, 10 and rodents 11, 12, 13, 14, 15 . In line with these observations, interactions in this inter-connected motor network contribute to LID pathopysiology 16 . More recently, alleviation of LID in humans have been observed

following stimulations of the cerebellum 5, 17, 18, 19, 20 . While a single short (1-2 minutes) session of repetitive transcranial magnetic (rTMS) continuous theta burst (cTBS) stimulation over the cerebellum only transiently reduced LID, the repetition of stimulation sessions over 2 weeks yielded a reduction of peak-dose LID over weeks after the sessions 18, 19 . This showed that cerebellar stimulations could reduce the expression of LID. The impact of these stimulations was observed in the cerebellar nuclei 17 , suggesting that their effect is mediated by the output cells of the cerebellar cortex, the Purkinje cells (PC) and propagated to downstream structures.

A first possibility is that cerebellar stimulations correct motor cortex dysfunction observed in dyskinesia. Indeed, dyskinetic patients present an increase in cerebral blood flow in the primary motor cortex 21 , as well as abnormal synaptic plasticity 22 . Similarly, dyskinetic rats exhibit changes in gene expression 23 and an increased activity in about half of the neurons of the motor cortex 24 . In addition, subthalamic deep brain stimulation, which reduce PD symptoms and thus prevent the need of high L-DOPA dosage producing LID, have been proposed to act via an effect on the motor cortex 25, 26 . Likewise, cerebellar cTBS has been shown to exert a control on motor cortex plasticity 27 . Moreover, anodal direct current stimulation over the cerebellum, which is thought to increase the cerebello-cortical coupling 28 , also led to a decrease in LID 29 . Therefore, the motor cortex could be the relay of cerebellar stimulations in the treatment of LID.

LID is also directly linked to abnormal molecular events taking place in striatal neurons 30, 31 .

Most notably, LID has been causally linked to changes in the expression of FosB, a transcription factor, and its truncated splice variant ΔFosB. Dyskinetic patients 32 , primates 33, 34 and rodents 35, 36, 37, 38, 39 show an overexpression of FosB/ΔFosB that strongly correlates with the severity of dyskinesia 38 . The upregulation of FosB/ΔFosB in striatal neurons of experimental animals is sufficient to trigger LID in response to acute administration of levodopa [START_REF] Beck | Role of striatal DeltaFosB in l-Dopa-induced dyskinesias of parkinsonian nonhuman primates[END_REF][START_REF] Cao | Striatal overexpression of DeltaFosB reproduces chronic levodopainduced involuntary movements[END_REF] , and reciprocally the inactivation of striatal FosB/ΔFosB reduces LID 34, 41 establishing the causal contribution of this transcription factor to LID. LID is associated with strong changes in striatal synaptic plasticity 14, 42 . These aberrant corticostriatal plasticity's are indeed a feature shared with a number of other hyperkinetic movement disorders, suggesting that they participate to the pathological state 43, 44 . Besides its cortical inputs, the striatum receives massive inputs from the thalamus 45 . The thalamo-striatal pathway could also relay therapeutic activities as demonstrated by the reduction of LID following deep brain stimulation of the intralaminar thalamo-striatal CM-PF complex in PD patients 46 and dyskinetic rats 47 . The cerebellum indeed projects to the basal ganglia by way of the intralaminar thalamus 48, 49, 50, 51 and may control the cortico-striatal plasticity 49 . Cerebellar stimulations could therefore directly restore striatal function in LID.

To investigate the mechanisms underlying the alleviation of LID by cerebellar stimulations, we studied the effect of optogenetic PC stimulations on these abnormal involuntary movements using L7-ChR2-YFP mice 52 in combination with a well-known mouse model of LID 53 . We performed daily brief sessions of theta-rhythm optogenetic stimulations of PC in Crus II, the region associated with orolingual sensorimotor function of the cerebellum 54, 55 . These stimulations did specifically suppress, or even prevent, if administered early enough, severe orolingual LID. These behavioral findings were paralleled with a normalization of the aberrant neuronal activity in the deep cerebellar nuclei, especially the interposed nucleus, in the oral primary motor cortex and in the parafascicular thalamus, indicating a wide-scale action of cerebellar stimulations on the motor system. The chemogenetic inactivation of the cerebelloparafascicular pathway counteracted the beneficial effects of cerebellar stimulations, suggesting that they are mediated via the cerebello-thalamo-striatal pathway. Indeed, cerebellar stimulations reversed the sign of corticostriatal plasticity by promoting long-term depression in D1-expressing neurons and normalized the striatal expression of FosB/ΔFosB indicating that cerebellar stimulations act on the core of LID genesis.

RESULTS

Optogenetic Purkinje cell stimulations in the orolingual region of the cerebellar hemisphere specifically suppress or prevent orolingual dyskinesia

To study the effect of repeated sessions of optogenetic stimulations of PC on dyskinesia, we used a classical mouse model of LID. LID were produced by repeated systemic injections of levodopa in mice that underwent dopaminergic depletion following 6-OHDA injection in the median forebrain bundle, which project mainly to the dorsal striatum (Figure 1a-c). 6-OHDAlesioned animals chronically treated with levodopa alone (condition "LID", N=19) indeed exhibited severe oral, axial and limb dyskinesia, compared to non-lesioned levodopa-treated sham mice (condition "SHAM", N=17) (Figure 1d-g). The dyskinesia score peaked around 30-40 minutes after levodopa injection (Figures S1b, S2b, S3b) as described in previous studies [START_REF] Eriksson | On-off" phenomenon in Parkinson's disease: correlation to the concentration of dopa in plasma[END_REF][START_REF] Putterman | Evaluation of levodopa dose and magnitude of dopamine depletion as risk factors for levodopainduced dyskinesia in a rat model of Parkinson's disease[END_REF] , consistent with LID severity following plasmatic levels of levodopa 53, 58 , hence referred to as peak-dose dyskinesia. These effects were observed during the 6 weeks of daily levodopa administration.

Sham-lesioned mice exposed to chronic levodopa treatment received either corrective or preventive optogenetic cerebellar stimulations, or none. They did not exhibit any kind of severe dyskinesia, neither before nor during cerebellar stimulations (Figure S4), and were therefore pooled together for behavioral analysis.

To examine whether PC stimulations efficiently reversed or prevented LID, brief trains of optogenetic stimulations at theta frequency 19, 59 were delivered daily in mice expressing ChR2 specifically in PC 52, 60 (Figure 2b,c). Stimulations either started 2 weeks after ("corrective stimulations"), or preceded ("preventive stimulations"), LID onset (Figure 1a).

In 6-OHDA-lesioned mice exhibiting severe dyskinesia upon repeated levodopa injections, 2 weeks of daily corrective PC stimulations on the cerebellar orolingual region Crus II significantly reduced oral dyskinesia (condition "LID_CORR", N=24, Figures 1e,S1b, Table S1). This effect persisted at least for 2 weeks after the end of cerebellar stimulations (weeks 8 and 9, Figures 1e, S1b, Table S1) and the dyskinesia scores were then similar to those of the control group (Table S1). Furthermore, after corrective PC stimulations over orolingual Crus II, the reduction in oral LID was more pronounced than in axial and limb dyskinesia (Figures 1f-g, S2b, S3b). Another group of 6-OHDA-lesioned mice received daily cerebellar stimulations starting from the first day of levodopa administration (3mg/kg) i.e before the development of dyskinesia (condition "LID_PREV", N=18). Remarkably, this group exhibited only few to none orolingual dyskinesia, contrarily to LID animals (Figures 1e, S1b, Table S1). S1.

In conclusion, 2 weeks of daily cerebellar stimulations led to a dramatic decrease of LID expression that outlasted the stimulations for at least 2 weeks, while stimulations starting concomitantly with levodopa administration prevented LID development. Therefore, these results indicate a strong suppressive effect of peak-dose dyskinesia by cerebellar PC stimulations.

Previous studies in animals models of LID addressed exclusively "peak-dose" dyskinesia 61 .

Yet, mild dyskinesia also occurred outside the 2 hours following the injection time as in PD patients at the trough of blood levodopa concentration ("off-period" dyskinesia) or during the rising and falling phase of blood levodopa concentrations (diphasic dyskinesia) review in 62 .

Therefore, analysis of dyskinesia observed 20 minutes before levodopa injection revealed that chronic PC stimulations on Crus II also suppressed or prevented oral "off-period" dyskinesia depending on the protocol used (Figure S1c, Table S1).

In conclusion, daily sessions of opto-stimulations of PC in Crus II, which corresponds to the orolingual region of the cerebellar cortex, is sufficient to obtain a significant decrease of oral LID. These results bear resemblance with those obtained in PD patients in whom rTMS targeting posterior cerebellum improved LID scores 18, 19 but show a stronger effect than in humans were the severity of dyskinesia was only reduced at the peak effect of levodopa.

Purkinje cell stimulations over Crus II modulate aberrant activity of the cerebellar nuclei

To test whether and how systemic levodopa treatment results in changes of activity in the S5b). Neuronal activity was recorded both before and after levodopa administration in freely moving 6-OHDA-lesioned and control mice, for a total of 9 weeks (Figures 2a,b,).

Recordings in three mice from DCN neurons during the stimulation protocol revealed that cells in the three DCN, strongly inhibited by the stimulation (hence likely receiving inputs from the stimulated area), exhibited an alternation of cessation of firing and increased firing relative to the baseline activity along the protocol (Figure 2c). We observed that levodopa decreased the global activity of IN and DN, but not FN, in LID animals (Figures 2d, S5d-f, Tables S2,S3).

We verified that this did not reflect changes in motor activity (Supp. Text, Figure S6).

Altogether, these results constitute the first evidence of a dysregulated activity of the output nuclei of the cerebellum by levodopa in LID. S2,S3, and S4.

Purkinje cell stimulations over Crus II prevent the decrease of activity in the interposed nucleus

For animals receiving 2 weeks of PC stimulations (LID_CORR), we found that the depressed activity in IN induced by levodopa treatment was restored during the period of cerebellar stimulations, but this effect did not last after the end of the stimulations (Figures 2d, Tables S2,S3). The effect was stronger in animals receiving 4 weeks of preventive PC stimulations (LID_PREV). The most striking effect was observed in IN where PC stimulations prevented the global decrease of firing rate (Figure 2d, Tables S2,S3). The effects of PC stimulations were less clear in DN and FN (Figure S5d-f, Tables S2,S3). Taken together, these data show that repeated sessions of cerebellar stimulations affected the aberrant activities observed under levodopa treatment in the three DCN. However, only IN exhibited a consistent normalization, which suggests a prominent role of this structure in the normalization of the dyskinesia.

Levodopa treatment causes DCN neurons to develop a more erratic activity in dyskinetic mice

The irregularity of neural discharge in the cerebellum is detrimental to motor control 63 and has been observed in rapid-onset dystonia-Parkinsonism 64, 65 and tremor 66 . The average normalized difference of successive interspike intervals (cv2.isi) is a measure of irregularity of directly adjacent interspike intervals, and therefore higher cv2.isi value indicates a more irregular cell activity 67 . Interestingly, LID mice exhibited a higher cv2.isi in IN, DN and FN during the entire period of levodopa treatment (Figures 2e, S5e-g, Tables S2,S4). The higher values of cv2.isi did not simply reflect increased bursting (Supp. Text, Figure S8a). Therefore, these results showed a more erratic and irregular pattern in DCN neurons in LID mice, mostly during periods of activity, during levodopa treatment.

Purkinje cells stimulations in Crus II prevent changes in pattern of activity in the interposed nucleus

In mice receiving 2 weeks of PC stimulations (LID_CORR), the cv2.isi significantly increased the first 2 weeks of levodopa treatment in IN and was normalized during PC stimulations (Figure 2e, Tables S2,S4). In contrast, cv2.isi values remained significantly elevated in DN and FN (Figure S5e-g, Tables S2,S4).

In mice receiving 4 weeks of PC stimulations (LID_PREV), we found that the increased cv2.isi in IN was prevented by PC stimulations (Figure 2e, Tables S2,S4). However, increased cv2.isi was still present in DN and FN (Figure S5e-g, Tables S2,S4). Moreover, as in LID animals, locomotor activity did not change the cv2.isi values neither in LID_CORR nor in LID_PREV mice.

Overall, these electrophysiological data suggest that dyskinesia-related abnormal activity is conveyed to the DCN, especially to IN, leading to aberrant firing rate and firing patterns, which are reversed by chronic PC stimulations. Finally, these experiments suggest a tighter association between the changes in IN activity and the alleviation of the pathological phenotype.

Chronic levodopa treatment increases the activity of the oral motor cortex and decreases the firing rate in the parafascicular thalamic nucleus of dyskinetic mice

Since LID strongly involve the forebrain motor circuits 16 , and cerebellar nuclei have multiple ascending projections toward these circuits 68, 69 , we next investigated the impact of cerebellar stimulations in the thalamus and motor cortex. Changes in motor cortex activity, intralaminar nuclei of the thalamus, including the parafascicular nucleus (PF), and the ventroanteriorventrolateral (VAL) complex of the thalamus have been observed in dyskinetic patients 21, 22, 46 and animals 23, 24, 47 . Moreover, cerebello-cortical loops 70, 71 and parafascicular projections to the striatum and to the cerebral cortex 72 are topographically organized. Therefore, to examine the impact of cerebellar stimulations on the thalamus and motor cortex, we chronically recorded neurons in the oral region of M1, and in the thalamic PF and VAL, during 5 weeks of chronic levodopa treatment (Figures 3a,b,S9a,b).

The activity in M1 and PF varied slightly over the course of levodopa treatment in SHAM animals, whereas LID mice exhibited a significant increase of the firing rate in M1 (Figure 3c, Tables S5,S6) and a significant decrease in the firing rate in PF after levodopa administration (Figure 3d, Tables S5,S6). The effects were more inconsistent in VAL (Figure S9d, Tables S5,S6). Altogether, these results confirm the presence of functional alterations in PF and oral M1 in dyskinesia.

Purkinje cell stimulations over Crus II prevent both the abnormal increase of activity in M1 and the decrease in PF in dyskinetic mice

We then investigated whether the abnormal activities observed in M1 and PF could also be normalized by chronic PC stimulations. Chronic extracellular recordings in dyskinetic mice receiving 2 weeks of PC stimulations (LID_CORR) showed that the global firing rate of oral M1 significantly increased the first 2 weeks of levodopa treatment (Figure 3c, 2 nd boxplot), as observed in LID animals (Figure 3c, Tables S5,S6). However, contrarily to these animals, no further increase was found after the stimulations started (Figure 3c, 3 rd boxplot). In PF, the decrease observed in dyskinetic mice was not observed during cerebellar stimulations (Figure 3d, Tables S5,S6). S5 andS6.

In animals receiving 4 weeks of preventive cerebellar stimulations (LID_PREV), both the increased activity in oral M1 observed in LID (Figure 3c, Tables S5,S6) and the decreased activity in PF in LID were prevented (Figure 3d, Tables S5,S6), and remained normal even after the end of the stimulations. As for LID mice, the effects observed in the motor thalamus VAL were more variable in the corrective and the preventive conditions, suggesting that both levodopa and repeated sessions of cerebellar stimulations have less impact on this structure (Figure S9d, Tables S5,S6).

Taken together, these results suggest that the effects induced by cerebellar stimulations restore activities of both oral M1 and PF, by being able to reverse the changes in firing rate associated with dyskinesia.

The cerebellum is connected to the parafascicular nucleus of the thalamus

Because both DCN and PF showed a similar modulation of their firing rate, we examined how IN, DN, and FN project to PF. For this purpose, we used retrograde viral tracing that allowed us to determine the distribution of DCN neurons projecting to PF (Figure 4a). Quantification of retrograde labeled neurons from PF showed 42. 
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DCN-PF pathway inhibition counteracts the effects of Purkinje cell stimulations on oral dyskinesia in preventive mice

Since DCN may entrain PF, and since PF stimulations have been used to avoid LID 46, 47 , we examined the involvement of the DCN-PF pathway in the effect of cerebellar stimulations in LID. We therefore examined the effect of transiently inactivating the specific projections from DCN to PF during the repeated sessions of PC opto-stimulations. For this purpose, we expressed inhibitory hM4Di DREADD receptors in DCN neurons that target PF, by injecting retrograde CAV2-Cre-GFP in PF in complementation with a Cre-dependent AAV-DIO-hM4Di-mCherry in DCN (Figure 5a-d) in mice receiving 4 weeks of PC stimulations.

As oral LID peaked around 30 minutes after levodopa injection, we scored oral LID severity in preventive mice at this time point, and after chronic cerebellar stimulations were applied, to highlight the difference of effects between chemogenetic inhibition and optogenetic activation.

Mice injected with inhibitory DREADDs, stimulated for 4 weeks and receiving daily CNO injections before the stimulations, presented significantly more severe oral dyskinesia than control mice also injected with inhibitory DREADDs, stimulated for 4 weeks but receiving only daily saline injections (p<0.001; Figure 5e). These results indicate that DCN to PF inputs are involved in the preventive effect of PC stimulations. 

Purkinje cell stimulations alter corticostriatal transmission and plasticity in brain slices

As PF projects to the striatum 72, 73, 74 , it may relay a cerebellar control over corticostriatal synaptic plasticity 49 . Indeed, alterations in corticostriatal plasticity are found in hyperkinetic disorders such as LID 14, 43 . LID have notably been associated with an excessive corticostriatal long-term potentiation (LTP) in the direct pathway medium spiny neurons (MSN) without prominent change in the indirect pathway, resulting in an increased motor activity 43 . Direct and indirect pathway MSNs express different dopaminergic receptors, the dopamine receptor subtype-1 (D1R) or subtype-2 (D2R) respectively for the direct and indirect pathways 75 .

Therefore, we examined ex vivo the corticostriatal synaptic plasticity in MSNs of the dorsolateral striatum belonging either to the direct or indirect striatal pathways using brain slices from L7-ChR2xDrd2-GFP mice subjected to 4 conditions: SHAM, SHAM_PREV, LID or LID_PREV (Figure 6a). We previously reported that using a spike-timing dependent plasticity (STDP) paradigm, paired pre-synaptic activations preceded by post-synaptic activations induced LTP in both direct and indirect pathway MSN 76, 77 . LTP was induced in MSNs of SHAM, SHAM_PREV, LID or LID_PREV mice except in direct pathway MSNs issued from LID_PREV mice, where a clear long-term depression (LTD) was found (Figure 6b-e and Table S12). Interestingly, in direct pathway MSNs, LTP induced in LID mice exhibited greater magnitude (p<0.0001) than in SHAM mice, whereas preventive PC stimulations either reduced LTP in SHAM mice (p<0.0001) or even reversed LTP into LTD in LID mice. The magnitude of corticostriatal LTP induced in indirect pathway MSNs did not show significant variation in SHAM and LID mice with or without preventive PC stimulations (ANOVA: F=0.3044, 38 degree of freedom, p=0.8220).

Therefore, we found that cerebellar preventive stimulations reverse striatal pathological LTP into LTD in direct pathway neurons, an effect which may then prevent the consolidation of an abnormal motor activity in the direct pathway and help reinstating normal motor functions. 

Purkinje cell stimulations normalize the expression of the dyskinetic marker

FosB/ΔFosB in the dorsolateral striatum

The expression of the transcription factors FosB/ΔFosB, from the immediate early gene fosb, has been used as a marker of dyskinesia 38 . Alterations in its expression within the dorsolateral striatum affects LID, as both its inactivation 41 and its upregulation 7, 40 can respectively reduce and increase the severity of dyskinesia. We then examined whether PC stimulations also normalize the expression of the dyskinetic marker FosB/ΔFosB in the dorsolateral striatum (Figure 7a).

We compared FosB/ΔFosB expression in the dorsolateral striatum ipsilateral to the lesion with the dorsolateral striatum contralateral to the lesion, in all the different conditions. As expected, neither levodopa nor cerebellar stimulations impacted the expression of FosB/ΔFosB in SHAM animals and no asymmetry was found between the two striatum (SHAM, N=10, 99.6 ± 1.3 %,

Figure 7b

, Table S8). As previously demonstrated in other studies, LID mice presented an overexpression of FosB/ΔFosB in the dorsolateral striatum ipsilateral to the lesion (LID, N=10, 128.9 ± 5.0 %, Figure 7b, Table S8), significantly different from the control group. 2 weeks of cerebellar stimulations decreased the asymmetric expression of FosB/ΔFosB in the dorsolateral striatum of corrective mice compared to dyskinetic animals (LID_CORR, N=7, 107 ± 2.8 %, Figure 7b, Table S8), although still significantly different from the control animals. No significant asymmetry of striatal FosB/ΔFosB expression was found in mice receiving 4 weeks of cerebellar stimulations (LID_PREV, N=10, 94.2 ± 3.4 %, Figure 7b, Table S8), which did not significantly differ from SHAM mice. Moreover, striatal FosB/ΔFosB expression in LID_PREV animals was significantly different from the one observed in LID mice. Thus, our results suggest that PC stimulations are able to restore normal expression of striatal FosB/ΔFosB, which is accompanied by an anti-dyskinetic effect.

In conclusion, repeated sessions of PC stimulations over Crus II can both normalize the aberrant activity of major motor structures involved in LID, including DCN, PF and M1, but also the overexpression of the dyskinetic marker FosB/ΔFosB within the dorsolateral striatum, tightly linked to the development of LID. These effects were associated with the advent of LTD in the striatal direct pathway MSNs, which may prevent the overactivation of this pathway in LID. Altogether, these results indicate a widespread normalization in the cerebello-striatocortical motor system and suggest that the cerebellar stimulations act on core mechanisms of LID. S7.

DISCUSSION

We used optogenetic stimulations, extracellular recordings, and chemogenetic inhibition to investigate the role of PC in Crus II, the orolingual region of the cerebellum, in the alleviation of orolingual levodopa-induced dyskinesia (LID). Previous clinical studies found a reduction of LID severity using cerebellar rTMS in PD patients 17, 19, 20, 59 . However, the precise mechanisms, pathways and cell-types responsible for this beneficial effect remained unknown. In the present study, we first show that Crus II PC opto-stimulations correct, or even prevent, severe orolingual dyskinesia exhibited by chronically levodopa-treated PD mice. These results are the first to demonstrate a direct involvement of PC in the anti-dyskinetic effect of the cerebellum.

Strikingly, this beneficial effect led to complete alleviation of orolingual dyskinesia and thus was stronger than observed in patients where rTMS was applied bilaterally over the hemispheres of the cerebellum 18, 19 . However, the effect of rTMS on cerebellum is not yet well understood: rTMS may only indirectly activate PC and its efficacy may be constrained by the difficulty to target the optimal depths of the cerebellar cortex 78 . Interestingly, we found that the beneficial effect of cerebellar stimulations in CrusII, which hosts dense projections from the orolingual area 54 , is mainly observed on the orolingual LID, suggesting a correspondence between the cerebellar somatotopy and functional impact of cerebellar stimulation. Similarly, different subtypes of LID are associated with different patterns of striatal FosB/ΔFosB expression levels, consistent with striatal somatotopy 38 . The efficacy of cerebellar rTMS in patients should thus strongly depend on the site of stimulation. Cerebellar rTMS have been reported to induce changes within the cerebellar cortex 79 . However, our work demonstrates a normalization of the neuronal activity in a wide motor network following stimulations, reveals a contribution of the cerebello-thalamo-striatal pathway in mediating the effect of PC stimulations, and shows that it normalizes the expression of striatal FosB/ΔFosB causally linked to LID. Overall, our results indicate that PC stimulations exert long-range effects and act on core mechanisms of LID outside of the cerebellum Our study further characterizes the alterations occurring in the cerebello-thalamo-cortical and cerebello-thalamo-striatal pathways during dyskinesia. The increased activity of the primary motor cortex in LID observed in our study is consistent with previous findings in rodents and humans 21, 24 . M1 (and also the subthalamic nucleus which is overactive in PD) reaches DCN and the cerebellar cortex through the pontine nuclei 48, 80, 81 . The decreased activity observed in IN and DN in dyskinetic mice might therefore be induced by overactive excitatory projections to the cerebellar cortex output which in turn increases its inhibition over IN and DN. Moreover, cerebellar nuclei neurons exhibited increased irregularity discharge, and such cerebellar anomalies have been implicated in other motor disorders, such as tremor 66 , ataxia 82 and dystonia 64, 65 . The irregular activity found in cerebellar nuclei neurons could thus contribute to LID. The PF neurons exhibited a decreased activity as in the cerebellar nuclei; this change could result from a decreased cerebellar entrainment of PF through the cerebelloparafascicular connections 51, 83, 84, 85 . Interestingly, our results failed to evidence consistent modulations in the motor thalamus in LID or following cerebellar stimulations. Overall, the changes in activity observed in LID are likely inter-dependent since they were all corrected, or prevented, by the cerebellar stimulations.

The cerebellar stimulations produce alternate periods of silence and increased "rebound" activity in DCN 86 . Previous evidence demonstrated that this rebound activation is propagated in the forebrain motor network 71 . The chemogenetic inhibition of the cerebello-parafascicular neurons reduced the beneficial impact of cerebellar stimulations suggesting an important contribution of the cerebello-thalamo-striatal pathway. Examination of the collaterals of these neurons revealed only sparse collaterals to the motor thalamus suggesting a primary role of the thalamostriatal over thalamocortical projections. The striatum is indeed playing a core role in LID generation notably through the overactivity of the direct pathway within the striatum 11, 13, 15 . This overactivity could result from an excessive potentiation at the corticostriatal synapses of direct pathway neurons 14, 43 . Interestingly, we found that preventive cerebellar stimulations converted the corticostriatal LTP into LTD in direct pathway MSNs in LID mice.

This suggests that these stimulations promoted corticostriatal LTD over LTP in the direct pathway and may therefore circumvent the excessive potentiation occurring in LID 43 . We also found upregulation of striatal FosB/ΔFosB in LID, consistent with previous studies 35, 36, 38, 40 .

Since FosB/ΔFosB overexpression suffices to trigger LID, the normalization of striatal FosB/ΔFosB levels by cerebellar stimulations may explain the suppression of LID.

FosB/ΔFosB has been shown to be mainly expressed in D1-expressing striatal neurons 30, 36, 38 , suggesting that cerebellar stimulations can modulate transcriptional activity in D1-MSNs, probably through projections of IN to PF and the striatum 85 . These changes of transcriptional activities might also be responsible for the change in corticostriatal plasticity observed in our study. Overall, these results show that our protocol of cerebellar stimulations induce profound changes in the striatal function. Moreover, the persistence of the beneficial effects of this protocol after its end indicates that it recruits a long-term plasticity that could be harnessed for the improvement of LID in PD patients.

Consistent with our finding that cerebellar stimulations may exert a transient therapeutic effect, stimulations of the output pathway of the cerebellum have been recently shown to reduce tremor and ataxia 66, 87 . Therefore, improving the experimental approaches aimed at stimulating cerebellar Purkinje cells or cerebellar nuclei neurons may benefit to multiple motor disorders.

MFB was injected with either 1μL of 6-Hydroxydopamine hydrochloride (6-OHDA, (Sigma-Aldrich) 3.2µg/µL free-base in a 0.02% ascorbic acid solution (Sigma-Aldrich)) (for the parkinsonian animals) or 1μL vehicle (ascorbic acid for control animals) at a rate of 0.1μL/min, after which the syringe was left in place for 10min. An additional hole was drilled over the left cerebellum for placement of a skull screw (INOX A2, Bossard) coupled to the ground wire. A final craniectomy centered over the left Crus II (-6.3 to -7.3 mm AP, +3.0 to +4.2 mm ML) was performed, without removing the dura to prevent damage to the cerebellar cortex. A 2.88 mm 2 LED (SMD chip LED lamp, Kingbright, USA) was then cement to the skull over Crus II.

Recording electrodes were slowly lowered through the craniectomy at the wanted coordinates.

The ground wire was clipped to the recording board using pins (Small EIB pins, Neuralynx, Dublin, Ireland) and the entire recording device was secured with dental cement (Metabond)

and dental acrylic (Pi-Ku-Plast HP 36, monomer and polymer, Bredent, Germany).

All animals were given anti-inflammatory Metacam S.C (Metacam 2mg/mL, Boehringer Ingelheim) for postoperative analgesia and sterile glucose-saline solutions S.C 88 (Glucose 5%, Osalia). Parkinsonian animals were closely monitored for 1-1.5 weeks following surgery, if needed mouse cages were kept on a heating pad, animals received several glucose-saline injections daily and were fed a mixt of bledine (Blédina, Danone, France) and concentrated milk.

Behavior

Open field

Animals were monitored in a 38cm diameter open field (Noldus, The Netherlands) once a week for 5 min during 9 weeks. The mice were monitored with a camera (Allied Vision Prosilica GigE GC650, Stemmer Imaging) placed directly above to assess periods of inactivity/activity. The video acquisition was made at 25 Hz frequency and at a resolution of 640 by 480 pixels.

DeepLabCut method was used for the analysis of locomotor activity. Seven points of interest were labeled: nose, left ear, right ear, basis of tail, end of tail, red led of the headstage, green led of the headstage. Labels were manually applied to the desired points on 500 frames. The position of the mouse head has been reconstructed from the barycenter of the points: nose, left ear, right ear, red led of the headstage, green led of the headstage weighted by their likelihood. Then, to this head's trajectory, a cubic smoothing spline fit was applied. For the analysis of locomotion, the periods of activity were isolated from the periods of inactivity by thresholding the speed of the head point at 1cm/s.

AIMs assessment

After a 3-weeks pre-L-DOPA phase, daily IP injections of levodopa begun. In rodent models of LID, abnormal involuntary movements (AIMs) are considered the behavioral and mechanistic equivalent of LID in PD patients 14, 53 . To assess AIMs in our mouse model, a modified scale was used 53 

Optogenetic stimulations

To stimulate PC on Crus II cerebellar cortex, 3 micro LEDs (1.6x0.6 mm, SMD chip LED lamp, Kingbright, USA) emitting blue light with a dominant 458nm wavelength, were soldered together to cover the full extent of the stimulated area. A small piece of coverslip glass was glued to the bottom of the LEDs to prevent heat brain damage. Two insulated power wires were connecting the LEDs to allow connection with a stimulating cable (New England Wire Technologies, Lisbon) coupled to a LED driver (Universal LED Controler, Mightex). Stimulated mice (LID_PREV, LID_CORR and appropriate controls) received daily train of 20ms thetarhythm stimulations delivered at 8.33 Hz and at 16mW/mm 2 irradiance for 2x40seconds separated by a 2 minutes period every day 30 minutes after L-DOPA injection as used in 19, 89, 90 .

test were performed to compared the averaged firing rate between conditions in M1, PF, and VAL.

Neuroanatomical tracing

Mice were injected with 100nL of retrograde AAV-Syn-eGFP (Titer: 1x10 

Chemogenetic experiment

Mice were injected with inhibitory DREADDs pAAV8-hSyn-DIO-hM4DimCherry (Titer: 2. During my Ph.D., we first aimed at investigating the role of Purkinje cells (PC) in Crus II, the orolingual region of the cerebellar cortex, in the alleviation and prevention of orolingual levodopa-induced dyskinesia (LID), using theta-burst optogenetic stimulations and behavioral scoring. In addition, we used several other techniques such as extracellular recordings in freely moving animals, viral tracing and chemogenetic inhibition in order to characterize the alterations occurring in the cerebellar upper motor circuits, including the cerebello-thalamostriatal and cerebello-thalamo-cortical pathways, as well as to determine their implications in LID expression and prevention.

For the first time, we were able to demonstrate a direct role of Crus II PC in the alleviation and prevention of oral LID and the properties of PC theta-burst opto-stimulations to modulate aberrant activities in upper motor circuits in the dyskinetic state.

PURKINJE CELL STIMULATIONS ARE ABLE TO BOTH REDUCE AND PREVENT LEVODOPA-INDUCED DYSKINESIA

Previous clinical trials demonstrated that cerebellar continuous theta-burst stimulations (cTBS) using repetitive transcranial magnetic stimulations (rTMS) transiently reduced "peak-dose" LID in dyskinetic patients (Koch et al., 2009;Brusa et al., 2012;Kishore et al., 2014;Sanna et al., 2020). Furthermore, repeated sessions of bilateral cerebellar stimulations for 2 weeks persistently reduced the severity of "peak-dose" LID, at 30 and 45 minutes after L-DOPA administration and so, up to 4 weeks after the end of the daily stimulations (Koch et al., 2009).

However, the precise mechanisms, pathways and cell-types responsible for this beneficial effect remain unknown. Taking advantage of a mouse model of LID [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Lundblad | Pharmacological validation of a mouse model of l-DOPA-induced dyskinesia[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF] and of a transgenic mouse line allowing specific optogenetic stimulations of Purkinje cells (Chaumont et al., 2013;Proville et al., 2014), we first aimed at reproducing the beneficial impact of cerebellar theta-burst stimulations and then further dissecting the role of Purkinje cells in LID alleviation and the alterations occurring in the cerebellar upper motor circuits. As mice develop different subtypes of well-established abnormal involuntary movements (AIMs; orolingual, limb, and axial) [START_REF] Lundblad | A model of L-DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function[END_REF][START_REF] Lundblad | Pharmacological validation of a mouse model of l-DOPA-induced dyskinesia[END_REF][START_REF] Francardo | Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease[END_REF], analogous to LID in humans, and the topographical organization associated with the orolingual zone have been described in the cerebellum (Crus II) (Apps and Hawkes, 2009), we decided to apply theta-burst opto-stimulations of PC over Crus II in order to maximize the beneficial effect on oral LID. Accordingly, we found that daily sessions of optogenetic stimulations, at theta frequency, of PC over Crus II for 2 weeks were sufficient to significatively reduced severe oral LID exhibited by 6-OHDA-lesioned mice chronically treated with L-DOPA, and so, up to 2 weeks after the simulations ended (Figure 1E of the article).

Furthermore, 4 weeks of daily PC stimulations performed simultaneously with L-DOPA administration were able to prevent the development of severe oral LID (Figure 1E of the article). These beneficial effects observed following theta-burst opto-stimulations of PC were therefore much stronger than those observed in dyskinetic patients where cTBS using rTMS was applied over the cerebellar hemispheres (Koch et al., 2009;Brusa et al., 2012;Kishore et al., 2014;Sanna et al., 2020). However, it is noteworthy that we segregated LID into different subtypes, which has not been done in patients.

Even though cTBS is thought to exert a general inhibitory action over the cerebellum, as cTBS decreases cerebellar brain inhibition (CBI) in M1 [START_REF] Popa | Long-lasting inhibition of cerebellar output[END_REF][START_REF] Strzalkowski | Both 50 and 30 Hz continuous theta burst transcranial magnetic stimulation depresses the cerebellum[END_REF], the exact effects of rTMS over the cerebellar hemispheres remain unclear, especially for the cumulative effects of repeated rTMS sessions where the mechanisms might be different than the ones responsible for the effect of a single session [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]Popa et al., 2013). Several different mechanisms might lead to an overall inhibition of the cerebellar cortex output. Moreover, different frequencies, patterns of stimulations and coil designs used in rTMS might not have the same effects on CBI due to different neural network and depth of cerebellar tissues targeted [START_REF] Hardwick | Brain Stimulation Cerebellar Transcranial Magnetic Stimulation : The Role of Coil Geometry and Tissue Depth[END_REF]. Experimental animals allowed to shed sparse light on the mechanisms underlying cerebellar rTMS: low-intensity rTMS was shown to increase spine density and dendritic tree's surface of PC (reviewed in [START_REF] Morellini | What does low-intensity rTMS do to the cerebellum?[END_REF]) and decrease ERK1/2 phosphorylation levels in brain tissues of 6-OHDA-lesioned mice [START_REF] Ba | Repetitive transcranial magnetic stimulation protects mice against 6-OHDA-induced Parkinson's disease symptoms by regulating brain amyloid β(1-42) level[END_REF]. Interestingly, a study performed on rats converted rTMS protocols (intermittent theta-burst stimulations, iTBS, and cTBS) into optogenetic cell-specific stimulations protocol within M1 and observed that both opto-iTBS and opto-cTBS enhanced motor evoked potential (MEP) in M1 [START_REF] Wu | Modulation of motor excitability by cortical optogenetic theta burst stimulation[END_REF] when iTBS and cTBS using rTMS exert opposite effects on MEP in M1 [START_REF] Huang | Theta burst stimulation of the human motor cortex[END_REF].

This suggests that when different patterns of rTMS protocol have differential effects on cortical excitability, probably due to the recruitment of different neuronal populations or different effects on axon outgrowth and synaptogenesis (Dufor et al., 2019), this is not the case when a specific neuronal population can be targeted [START_REF] Wu | Modulation of motor excitability by cortical optogenetic theta burst stimulation[END_REF]. Therefore, it is important to note that we do not reproduce the exact effects of rTMS, but rather investigated the direct role of PC in the alleviation and prevention of oral LID.

At first, our results may seem contradictory with the ones observed in dyskinetic patients where inhibitory stimulations of the cerebellar cortex, decreasing CBI in M1 [START_REF] Popa | Long-lasting inhibition of cerebellar output[END_REF], alleviated the dyskinetic phenotype (Koch et al., 2009) and induced a decrease in metabolic activity of the cerebellar hemispheres and dentate nucleus (Brusa et al., 2012). In our case, the daily theta-burst opto-stimulations of PC resulted in behavioral alleviation and prevention of the oral dyskinetic phenotype. However, contrarily to what was expected, PC opto-stimulations probably did not increased CBI in M1 as enhanced global activity of the interposed nucleus (IN) and parafascicular nucleus of the thalamus (PF) were observed in preventive mice following PC opto-stimulations, compared to dyskinetic animals (discussed below). This is consistent with current theories in dyskinetic patients suggesting that rTMS over the cerebellar hemispheres relieves inhibition onto DCN neurons (reviewed in [START_REF] Rajan | Cortical plasticity and levodopa-induced dyskinesias in Parkinson's disease: Connecting the dots in a multicomponent network[END_REF]). Concerning the dentate nucleus (DN), we failed to observe any consistent modulations following PC theta-burst opto-stimulations, which do not exclude that depressed activity, translated by a decrease in metabolism in patients, occurs. No mention of changes in metabolism within IN were made in dyskinetic patients (Brusa et al., 2012). There are several important aspects to take into consideration in the comparison of these studies with ours. First, the observed decrease in cerebellar hemispheres and dentate metabolisms following cerebellar stimulations were performed in patients "off" state whereas we described an increased activity in IN "on" state in preventive mice. Second, the spatial scales used were very different: we targeted specifically PC in a specialized area, Crus II, which is very different than targeting several neuronal populations over the whole cerebellar hemispheres. Third, we separated our effects of PC stimulations on the different LID subtypes, which is not the case of studies performed on dyskinetic patients. Different mechanisms and cerebellar areas might intervene in different subtypes of abnormal involuntary movements.

PC opto-stimulations over Crus II exerted indeed strong effects on oral LID, and to a lesser extent on axial and limb LID, which suggest a correspondence between cerebellar somatotopy, as Crus II hosts dense projections from the orolingual area (Apps and Hawkes, 2009), and the functional impact of cerebellar opto-stimulations. Similarly, different subtypes of LID have been associated to different spatial patterns of striatal FosB/ΔFosB expression: locomotive LID are associated with FosB/ΔFosB expression in the dorsomedial striatum whereas oral, axial, and limb LID are associated with FosB/ΔFosB expression in the dorsolateral striatum [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF], consistent with the striatal somatotopy. Indeed, the lateral striatum has been shown to control oral behaviors and forelimb use [START_REF] Pisa | Motor somatotopy in the striatum of rat" manipulation, biting and gait[END_REF][START_REF] Salamone | Ventrolateral striatal dopamine depletions impair feeding and food handling in rats[END_REF]. Therefore, the strong effect of PC opto-stimulations over Crus II on oral LID could be explained by the topographical organization of the cerebello-thalamo-striatal pathway. It is noteworthy that the cerebellar somatotopy is fractured, and the paramedian lobule, right below Crus II, hosts projections from the trunk, the forelimb, and the hand (Apps and Hawkes, 2009). We centered PC opto-stimulations over Crus II, however, the LED used in this study are large and channelrhodopsine is expressed in PC of the entire cerebellar cortex. Stimulations of PC in the paramedian lobule could therefore explain the weaker impact PC stimulations had on axial and limb LID.

ABERRANT ACTIVITIES IN THE INTERPOSED NUCLEUS, PARAFASCICULAR NUCLEUS OF THE THALAMUS, AND ORAL MOTOR CORTEX IN DYSKINESIA

Our study further characterized the alterations occurring in the cerebello-thalamo-cortical and cerebello-thalamo-striatal pathways during levodopa-induced dyskinesia by recording, in freely moving animals, the overall activity of several important nodes of these circuits: the oral motor cortex (oM1), the ventroanterior-ventrolateral complex of the thalamus (VAL), the parafascicular nucleus of the thalamus (PF) and the three output nuclei of the cerebellum (DCN).

Dyskinetic mice, chronically treated with L-DOPA, exhibited a general increase in oM1 activity, especially in layer 5 (Figure 3C of the article), which is consistent with other observations made in humans (Rascol et al., 1998) and rodents [START_REF] Halje | Levodopainduced dyskinesia is strongly associated with resonant cortical oscillations[END_REF] as well as with the rate model suggesting that the released inhibition of the thalamus from the output nuclei of the basal ganglia (BG) leads to an overactivity in the primary motor cortex [START_REF] Albin | The functional anatomy of basal ganglia disorders[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF] (Figure 14). The striatum plays indeed a core role in LID generation and the increased activity of the primary motor cortex observed in dyskinetic animals is thought to be the result of an increased activation of the basal ganglia-thalamo-cortical pathway by the overactivity of the direct pathway within the striatum, tightly linked to LID (Girasole et al., 2018;Parker et al., 2018;[START_REF] Ryan | Aberrant Striatal Activity in Parkinsonism and Levodopa-Induced Dyskinesia[END_REF]. This observation contrasts with the decreased activity observed in the deep cerebellar nuclei: the interposed (IN) and the dentate (DN) nuclei. As the pathway from the deep cerebellar nuclei to the primary motor cortex is excitatory [START_REF] Steriade | Two channels in the cerebellothalamocortical system[END_REF]Proville et al., 2014), these observations cannot be explained by the ascending pathway. Instead, as described in Chapter I of the General Introduction, M1 sends massive excitatory projections to the cerebellar cortex and DCN through the pontine nuclei [START_REF] Mihailoff | Projections to the basilar pontine nuclei from face sensory and motor regions of the cerebral cortex in the rat[END_REF]Leergaard and Bjaalie, 2007;[START_REF] Aoki | Multizonal Cerebellar Influence Over Sensorimotor Areas of the Rat Cerebral Cortex[END_REF].

The decreased activity observed in IN and DN in dyskinetic mice (Figure 2D and S5D of the article) might therefore be induced by overactive excitatory projections to the cerebellar cortex output cells, the Purkinje cells, which in turn increase their inhibition over IN and DN (Figure 17). We failed to show any modulation of the global activity of the fastigial nucleus (FN) in dyskinetic animals, which might suggest that this nucleus is less impacted in LID or that the changes occurring in FN are more subtle.

The global activity of the subthalamic nucleus (STN) in LID is hard to predict based on the rate model as the globus pallidus pars externus increases its inhibition over STN via underactivity of the indirect pathway but hyperactive M1 reinforces its activation over STN through the hyperdirect pathway. However, some suggested that STN is hyperactive in LID as lesion of STN abolished LID [START_REF] Aristieta | The role of the subthalamic nucleus in L-DOPA induced dyskinesia in 6hydroxydopamine lesioned rats[END_REF], which therefore could further enhance the inhibitory action of PC onto DCN through pontine excitatory projections to the cerebellar cortex [START_REF] Bostan | The basal ganglia communicate with the cerebellum[END_REF][START_REF] Sutton | Stimulation of the subthalamic nucleus engages the cerebellum for motor function in parkinsonian rats[END_REF] (Figure 17). In PD patients receiving dopaminergic (DA) medication, both increase and decrease in the mean firing rate of individual STN neurons have been observed, resulting in no significant change in the overall mean firing rate, however, increased bursting activity was described [START_REF] Levy | Effects of Apomorphine on Subthalamic Nucleus and Globus Pallidus Internus Neurons in Patients With Parkinson's Disease[END_REF]. Interestingly, our study showed that the three DCN displayed increased irregular pattern of activity during L-DOPA treatment in dyskinetic mice (Figure 2E and S5E-G of the article), which might be conveyed from STN.

Moreover, abnormal pattern of activity in DCN have been implicated in other motor disorders, such as tremor [START_REF] Brown | Purkinje cell misfiring generates high-amplitude action tremors that are corrected by cerebellar deep brain stimulation[END_REF], ataxia [START_REF] Walter | Decreases in the precision of Purkinje cell pacemaking cause cerebellar dysfunction and ataxia[END_REF] and dystonia [START_REF] Calderon | The neural substrates of rapidonset Dystonia-Parkinsonism[END_REF][START_REF] Fremont | Aberrant Purkinje cell activity is the cause of dystonia in a shRNA-based mouse model of Rapid Onset Dystonia-Parkinsonism[END_REF]. This is consistent with the idea that excessively abrupt changes of DCN cells' spiking rate disrupt motor coordination, the irregular activity found in cerebellar nuclei neurons could thus contribute to LID. Therefore, regularizing PC to DCN activity might be essential to the alleviation of dyskinesia. Moreover, abnormal pattern of activity has been seen in other brain regions involved in dyskinesia. In the basal ganglia, the substantia nigra pars reticulata (SNr) (Meissner et al., 2006) and the globus pallidus pars interna (GPi) [START_REF] Boraud | Dopamine agonist-induced dyskinesias are correlated to both firing pattern and frequency alterations of pallidal neurones in the MPTP-treated monkey[END_REF] and pars externa (GPe) [START_REF] Heimer | Dopamine replacement therapy does not restore the full spectrum of normal pallidal activity in the 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine primate model of Parkinsonism[END_REF] also present irregular patterns of activity and they all constitute target areas in the alleviation of LID [START_REF] Krack | Thalamic, pallidal, or subthalamic surgery for Parkinson's disease?[END_REF]. Therefore, regularizing abnormal firing pattern or disrupting it from being transmitted to other brain structures might be enough to reduce pathological phenotype [START_REF] Miterko | Consensus Paper: Experimental Neurostimulation of the Cerebellum[END_REF].

Still fitting the rate model, the global activity of PF is reduced in LID which might reflect the decreased activity of IN and DN through a reduced entrainment of PF neurons from cerebellothalamic projections (Xiao et al., 2018). Strikingly, our results failed to show any significant modulations of the activity of the cerebellar-recipient area of VAL in LID, even though the massive cerebellar projections to VAL are thought to play an important role in motor function.

Accordingly, in MPTP-treated monkeys, lesions of the BG-recipient territory of VAL, but not the cerebellar-recipient region, was able to abolish choreic LID, but not dystonic LID [START_REF] Page | THALAMOTOMY FOR THE ALLEVIATION OF LEVODOPA-INDUCED DYSKINESIA : EXPERIMENTAL STUDIES IN THE TREATED PARKINSONIAN MONKEY[END_REF], suggesting that the different territories in VAL may participate differently to the dyskinetic state. Further experiments and closer analysis would be necessary to determine the role (if any) of the cerebellar-recipient area of VAL in LID.

PURKINJE CELL STIMULATIONS NORMALIZED ABERRANT ACTIVITIES IN UPPER MOTOR CIRCUITS

In addition to the prevention of severe oral LID, mice chronically treated with L-DOPA and receiving 4 weeks of PC theta-burst opto-stimulations over Crus II ("preventive" mice), starting at the onset of the L-DOPA treatment, exhibited a normalization of the global activity in DCN, PF, and oM1, which presented aberrant activities in mice treated with L-DOPA alone.

PC theta-burst opto-stimulations over Crus II produced alternate periods of silence and increased "rebound" activity in the three DCN (reviewed in [START_REF] Tadayonnejad | Rebound discharge in deep cerebellar nuclear neurons in vitro[END_REF]).

Indeed, PC in Crus II predominantly projects to IN [START_REF] Ruigrok | Ins and outs of cerebellar modules[END_REF][START_REF] Ding | Anatomical and functional relationships between deep cerebellar nuclei and cerebellar cortical Crus II in vivo in mice[END_REF], but they also send inhibitory projections to DN and FN [START_REF] Dum | Motor and nonmotor domains in the monkey dentate[END_REF][START_REF] Sugihara | Molecular, topographic, and functional organization of the cerebellar nuclei: Analysis by three-dimensional mapping of the olivonuclear projection and aldolase C labeling[END_REF]Xiao et al., 2018;[START_REF] Fujita | Modular output circuits of the fastigial nucleus for diverse motor and nonmotor functions of the cerebellar vermis[END_REF] which suggest that rebound activation in IN propagates to PF in order to normalize its activity (Proville et al., 2014). However, in oM1, the global activity is normalized by the prevention of aberrant increase (Figure 3C of the article). Several hypotheses may explain this effect. First, the functional cerebello-cerebral coupling is weakened in 6-OHDA-lesioned mice [START_REF] Menardy | Functional Alteration of Cerebello-Cerebral Coupling in an Experimental Mouse Model of Parkinson's Disease[END_REF] and might not be restored by L-DOPA treatment and therefore might be still altered in the dyskinetic state. Second, PC theta-burst opto-stimulations failed to change the global activity of VAL, suggesting that the cerebello-motor thalamus-cortical pathway is less recruited during PC opto-stimulations over Crus II. The effect of cerebellar stimulations in the mediation of specific changes in the sensory afferent volley reaching the motor cortex rather than the direct motor afferents through VAL has actually been suggested in dyskinetic patients [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]. Third, the normalization of oM1 activity might go through the cerebello-thalamostriatal pathway instead of the direct effect of the cerebellum onto M1. The fact that the activity of PF is highly modulated by PC theta-burst opto-stimulations supports this last hypothesis and will be reinforced by further experiments (see below). Overall, the changes in activity observed in LID are likely inter-dependent since they were all corrected, or prevented, by the cerebellar stimulations.

CEREBELLO-THALAMO-STRIATAL PATHWAY IN THE ALLEVIATION OF LEVODOPA-INDUCED DYSKINESIA

To determine if the specific projections from DCN to PF were recruited during PC theta-burst opto-stimulations over Crus II and therefore participate in the alleviation of the oral dyskinetic phenotype, we used chemogenetic inhibition of the cerebello-parafascicular neurons specifically. When PC opto-stimulations over Crus II and chemogenetic inhibition of the DCN-PF projections were combined, a resurgence of severe oral LID were observed in mice compared to mice receiving PC opto-stimulations and saline (Figure 5E of the article). This reduction in the beneficial impact of cerebellar stimulations over Crus II on the dyskinetic phenotype suggests an important contribution of the cerebello-thalamo-striatal pathway in LID.

Indeed, PF is the thalamic nucleus sending the densest excitatory projections to the striatum, in a topographically-organized manner (Mandelbaum et al., 2019). Moreover, in collaboration with Jimena Frontera, a post-doc in our team, we examined if the cerebello-parafascicular neurons collateralized to VAL to rule out any implication of the motor thalamus in the loss of the beneficial impact of cerebellar stimulations on the oral dyskinetic phenotype and found only sparse collaterals to VAL (Figure 4I-J of the article), suggesting a primary role of the cerebelloparafascicular nucleus neurons in LID. An elegant study showed that the three DCN project disynaptically to the entire striatum, through PF but also through the centrolateral thalamic nucleus (Xiao et al., 2018). The authors highlighted the dense projections from IN to neurons of both the direct and indirect pathways as well as cholinergic interneurons within the striatum, which strongly suggest an important role of IN in the modulation of striatal functions (Xiao et al., 2018). Therefore, the specific inhibition of interposed-parafascicular-striatal projections might be relevant to further dissect the exact pathways involved in LID and LID prevention following PC theta-burst opto-stimulations.

To further support the idea that the cerebello-thalamo-striatal pathway would be recruited in the alleviation of the dyskinetic phenotype following PC theta-burst opto-stimulations, we looked at the expression of a well-established molecular marker of dyskinesia, FosB/ΔFosB [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF]Cao et al., 2010;Bastide et al., 2014;Fieblinger et al., 2018). Indeed, changes in FosB/ΔFosB expression within the striatum has been causally linked to the development of LID (Cao et al., 2010;Beck et al., 2019) and their prevention (Berton et al., 2009;Engeln et al., 2016;[START_REF] Beck | Striatal Δ FosB gene suppression inhibits the development of abnormal involuntary movements induced by L-Dopa in rats[END_REF]. Accordingly, dyskinetic mice exhibited an overexpression of FosB/ΔFosB in the dorsolateral striatum, consistent with previous observations performed on humans (Lindgren et al., 2011), primates (Doucet et al., 1996;Berton et al., 2009), and rodents [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF][START_REF] Cenci | Changes in the regional and compartmental distribution of FosB-and JunB-like immunoreactivity induced in the dopamine-denervated rat striatum by acute or chronic L-dopa treatment[END_REF][START_REF] Pavón | ERK phosphorylation and FosB expression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice[END_REF]Bastide et al., 2014;Fieblinger et al., 2018). In preventive mice, a normalization of the expression of FosB/ΔFosB in the dorsolateral striatum was observed following PC opto-stimulations. As FosB/ΔFosB is causally linked to LID, the fact that PC optostimulations over Crus II normalize its expression in the dorsolateral striatum of preventive mice corroborates the alleviation of oral dyskinesia, suggesting a profound functional role of PC opto-stimulations, exerting long-range effects and acting on core mechanisms underlying LID outside of the cerebellum.

FosB/ΔFosB has been shown to be mainly expressed in striatal projection neurons (MSN) expressing dopamine receptor subtype 1 (D1R) [START_REF] Andersson | Striatal fosB Expression Is Causally Linked with L-DOPA-Induced Abnormal Involuntary Movements and the Associated Upregulation of Striatal Prodynorphin mRNA in a Rat Model of Parkinson's Disease[END_REF]Fieblinger et al., 2018;Spigolon and Fisone, 2018) suggesting that cerebellar stimulations can modulate transcriptional activity in D1-MSN. The increased activation of D1-MSN of the direct pathway by exogenous L-DOPA may lead to large increase in ERK1/2 phosphorylation levels specifically in striatonigral neurons, as observed in primates [START_REF] Santini | Distinct Changes in cAMP and Extracellular Signal-Regulated Protein Kinase Signalling in L-DOPA-Induced Dyskinesia[END_REF] and rodents [START_REF] Pavón | ERK phosphorylation and FosB expression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice[END_REF][START_REF] Santini | Critical Involvement of cAMP / DARPP-32 and Extracellular Signal-Regulated Protein Kinase Signaling in L -DOPA-Induced Dyskinesia[END_REF]Santini et al., , 2009[START_REF] Santini | Dopamine-and cAMP-regulated phosphoprotein of 32-kDa (DARPP-32)dependent activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism[END_REF]. Upon activation, phosphorylated ERK1/2 translocates to the nucleus [START_REF] Chen | Nuclear Localization and Regulation of erk-and rsk-Encoded Protein Kinases[END_REF] where it controls several downstream effectors that regulate gene transcription, including FosB/ΔFosB (reviewed in [START_REF] Lavoie | ERK signalling: a master regulator of cell behaviour, life and fate[END_REF]), thus leading to its overexpression. The inability to desensitize the activation of ERK1/2 with chronic L-DOPA treatment has been suggested to constitute the core signaling alteration leading to the induction of LID [START_REF] Westin | Phosphorylation in a Rat Model of L-DOPA -Induced Dyskinesia and the Role of Dopamine D1 Receptors[END_REF].

Moreover, ERK1/2 has been implicated as a key regulator of LTP [START_REF] Lavoie | ERK signalling: a master regulator of cell behaviour, life and fate[END_REF], therefore aberrant ERK1/2 phosphorylation levels can participate to the aberrant LTP observed at corticostriatal synapses, especially in striatonigral neurons, in dyskinetic animals. Indeed, aberrant LTP has been tightly linked to LID and several suggestions have been made: some authors suggest that, in dyskinetic animals, corticostriatal synapses lost their ability to depotentiate (Picconi et al., 2003[START_REF] Picconi | l-DOPA dosage is critically involved in dyskinesia via loss of synaptic depotentiation[END_REF][START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF] when others suggest that striatonigral neurons are deficient in LTD-reversal following the expression of abnormal movements and can only express LTP with, however, an ability to depotentiate [START_REF] Belujon | Aberrant Striatal Plasticity is Specifically Associated With Dyskinesia Following Levodopa Treatment[END_REF]Thiele et al., 2014). In a previously potentiated synapse, depontentiation is thought to be a physiological mechanism that erase unessential information and bring it back to baseline to be prepared to receive the next inputs (Picconi et al., 2003;[START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF][START_REF] Picconi | Synaptic plasticity and levodopa-induced dyskinesia: electrophysiological and structural abnormalities[END_REF]. Strikingly, in collaboration with Elodie Perrin from Laurent Venance's team at Collège de France, Paris, we found no differences in LTP-induction protocols between dyskinetic and control animals in both striatonigral and striatopallidal neurons in "off" state (Figure 6B,D of the article). However, in line with aberrant LTP expression, we found that preventive cerebellar stimulations converted LTP at corticostriatal synapses into LTD in direct pathway MSNs in mice receiving PC thetaburst opto-stimulations (Figure 6E of the article). This suggests that these stimulations promoted corticostriatal LTD over LTP in the direct pathway and may therefore circumvent the excessive potentiation occurring in LID [START_REF] Calabresi | Hyperkinetic disorders and loss of synaptic downscaling[END_REF]. Consistent with our observations, modulations at corticostriatal synapses by cerebellar stimulations in the striatum were already demonstrated [START_REF] Chen | Short latency cerebellar modulation of the basal ganglia[END_REF]. The reversal of LTP into LTD at corticostriatal synapses of the striatonigral neurons, following PC opto-stimulations, might be linked to the normalization in FosB/ΔFosB expression observed in the striatum of preventive mice, probably through modulations of ERK1/2 phosphorylation levels as it has also been implicated in LTD (reviewed in [START_REF] Blum | MAP Kinase Signaling in Learning and Memory[END_REF]). If PC opto-stimulations restore normal balance between the direct and indirect pathways within the basal ganglia, this could in turn explain the normalization of the motor cortex activity through the thalamus. Therefore, the resurgence of sensorimotor plasticity in M1 of dyskinetic patients following cerebellar stimulations [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF] might be secondary to the normalization of striatal plasticity. Indeed, none of the experiments performed in this study unable us to speculate of a direct modulation of the cerebellar stimulations onto M1 in the prevention of LID.

Interestingly, a very recent study pointed towards a specific role of projection neurons within the striatum in the expression of the different subtypes of LID: striatonigral neurons were more associated to oral and limb LID whereas striatopallidal neurons were more involved in axial LID expression [START_REF] Andreoli | Distinct patterns of dyskinetic and dystonic features following D1 or D2 receptor stimulation in a mouse model of parkinsonism[END_REF]. Therefore, it is tempting to speculate that the strong impact of PC theta-burst opto-stimulations over Crus II on oral LID is linked to their specific effects on striatonigral plasticity and FosB/ΔFosB expression.

Altogether, these results point towards a specific involvement of the projections from DCN, especially the interposed nucleus, to PF in the prevention of dyskinesia, which can in turn regulate the aberrant activity in the basal ganglia. Whether this modulation comes from projections of IN directly to D1-MSN through PF or is propagated by D2-MSN or interneurons within the striatum remain to be determined. Indeed, IN sends major indirect projections, through PF, to both types of medium spiny neurons within the striatum as well as acetylcholine interneurons (Xiao et al., 2018), with the latest also implicated in dyskinesia [START_REF] Won | Striatal cholinergic cell ablation attenuates L-DOPA induced dyskinesia in parkinsonian mice[END_REF] and these cerebello-striatal projections are involved in striatal-dependent behaviors (Xiao et al., 2018). It is therefore tempting to speculate that modulations of IN-PF projections lead to specific changes in the sensory afferent volley reaching the motor cortex rather than the direct motor afferents through VAL as suggested in dyskinetic patients [START_REF] Kishore | Cerebellar Sensory Processing Alterations Impact Motor Cortical Plasticity in Parkinson's Disease: Clues from Dyskinetic Patients[END_REF]. The specific involvement of the projections from IN to PF in the prevention of dyskinesia can in turn regulate the aberrant activity and sensorimotor plasticity of the motor cortex through the striatothalamo-cortical pathway.

To our knowledge, the present study is the first to shed light on the direct role of PC in the antidyskinetic effect of the cerebellum and on the normalizations, induced by PC theta-burst optostimulations, of the aberrant activities observed in several nodes of the cerebello-thalamocortical and cerebello-thalamo-striatal pathways associated with dyskinesia. These results

show that our protocol of cerebellar stimulations induce profound changes in the striatal function. Moreover, the persistence of the beneficial effects of this protocol after its end indicates that it recruits long-term plasticity that could be harnessed for the improvement of LID in PD patients. Consistent with our finding that cerebellar stimulations may exert a therapeutic effect, stimulations of the output pathway of the cerebellum have been recently

shown to reduce tremor [START_REF] Brown | Purkinje cell misfiring generates high-amplitude action tremors that are corrected by cerebellar deep brain stimulation[END_REF] and ataxia (Miterko et al., 2021). Therefore, improving the experimental approaches aimed at stimulating cerebellar Purkinje cells or cerebellar nuclei neurons may benefit to multiple motor disorders. Finally, our work confirms the necessity to study LID as a network disorder involving abnormal signaling between the basal ganglia, the cerebral cortex, the thalamus and the cerebellum [START_REF] Cenci | On the neuronal circuitry mediating l-DOPAinduced dyskinesia[END_REF]Calabresi and Standaert, 2019;[START_REF] Yang | Circuit Mechanisms of L-DOPA-Induced Dyskinesia (LID)[END_REF].

WHAT COULD BE THE ROLE OF THE CEREBELLUM IN THE PREVENTION OF LID?

After having exposed the different results of my Ph.D. and tried to explain why they may be relevant in LID prevention, I would like to finish this discussion by raising several points/questions that are open to discussion and could explain the beneficial impact of cerebellar stimulations in a more theoretical, almost philosophical, framework.

One question still tormenting me is: are PC stimulations required for the observed prevention of oral LID? My question arises from studies where DCN stimulations have been demonstrated

to be very effective in the recovery of several other motor diseases. Indeed, DBS in DCN reduced tremor [START_REF] Brown | Purkinje cell misfiring generates high-amplitude action tremors that are corrected by cerebellar deep brain stimulation[END_REF] and DBS in IN is associated with a reduction of dystoniclike postures [START_REF] White | Genetic silencing of olivocerebellar synapses causes dystonia-like behaviour in mice[END_REF] and ataxic symptoms in hereditary ataxia (Miterko et al., 2021) in mice. These last experiments highlighted the potential very important role of IN in the alleviation of abnormal motor phenotypes. Moreover, optogenetic stimulations of DN have been shown to induce long-term recovery after stroke in mice, up to 2 weeks after the stop of the stimulations [START_REF] Shah | Optogenetic neuronal stimulation of the lateral cerebellar nucleus promotes persistent functional recovery after stroke[END_REF]. In addition, the authors showed that DN opto-stimulations increased axonal growth proteins in the somatosensory cortex, suggesting that DN stimulations can enhance structural plasticity [START_REF] Shah | Optogenetic neuronal stimulation of the lateral cerebellar nucleus promotes persistent functional recovery after stroke[END_REF]. In our team, DN theta-burst opto-stimulations decreased the severity of dystonic attacks in a genetic mouse model of dystonia [START_REF] Margarint | Functional abnormalities in the cerebello-thalamic pathways in an animal model of dystonia[END_REF]. All these observations might suggest that if we had stimulated DCN directly, we might have had the same beneficial effects as observed when PC were stimulated, especially as PC opto-stimulations did not suppress the global activity in DCN but rather increased it in preventive animals compared to dyskinetic mice. It would be of particular interest to study the alterations of plasticity (if any) occurring at PC-DCN synapses in both dyskinesia and preventive mice using in vitro techniques in order to determine the long-term effects of theta-burst PC opto-stimulations on the intrinsic circuitry of the cerebellum. Even though DCN stimulations, especially IN, may have led to the same beneficial recovery of the dyskinetic phenotype, targeting specific topographical organization is harder in DCN. It is possible to imagine that if we focused more our stimulations to avoid any leakage of light to PC populations outside of Crus II or injected channelrhodopsine specifically in Crus II, rather than using a mouse line expressing channelrhodopsine in PC of the whole cerebellar cortex (Chaumont et al., 2013;Proville et al., 2014), we might target only and exclusively oral LID.

This would be of particular importance as different LID subtypes are thought to be mediated, at least partly, by different mechanisms [START_REF] Andreoli | Distinct patterns of dyskinetic and dystonic features following D1 or D2 receptor stimulation in a mouse model of parkinsonism[END_REF] and we could therefore offer the substrate to study only very specific LID subtypes in mice model of LID. Moreover, translating cerebellar stimulations of the cerebellar cortex, that can be targeted through the skull in humans, rather than DBS in deeper structures such as the deep cerebellar nuclei, offer many advantages for patients.

Another important question I am asking myself is: is the theta-frequency of the PC optostimulations the only possible frequency for the prevention of the dyskinetic phenotype? It has indeed been recently shown that 13 Hz DBS in IN is able to restore muscular function and rescue movements in a mouse model of hereditary ataxia (Miterko et al., 2021). More interestingly, they showed that with disease progression or alteration of Purkinje cells neuromodulation, 13 Hz DBS has no more beneficial effects (Miterko et al., 2021). Beta frequency range of stimulations is thought to ameliorate the communication in the cerebellothalamo-cortical pathway whereas the theta-frequency range promotes cerebellar learning at climbing fiber-to-Purkinje cell as well as parallel fiber-to-Purkinje cells synapses (De Zeeuw, [START_REF] De Zeeuw | Causes and consequences of oscillations in the cerebellar cortex[END_REF]. Therefore, our use of theta-frequency stimulations of the cerebellar cortex may restore deficient communication in the local cerebellar system allowing alleviation of severe LID. As boosting motor signal transmission is frequency-dependent and theta-frequency stimulations are able to prevent the appearance of abnormal involuntary movements, we suggest that, by restoring local communication of motor information, motor programs are restored allowing normal movement to occur. This might be due to the restauration of sensory motor feedback from the red nucleus to the interposed nucleus as stimulations of the cerebellar cortex normalize the activity and spiking properties of the IN.

Another possibility remains: aberrant oscillatory activities have been described in several nodes of the motor circuits in LID, including the striatum, SNr, M1 and STN in dyskinetic rats [START_REF] Wang | Eltoprazine prevents levodopa-induced dyskinesias by reducing causal interactions for theta oscillations in the dorsolateral striatum and substantia nigra pars reticulate[END_REF][START_REF] Chen | Dyskinesia is Closely Associated with Synchronization of Theta Oscillatory Activity Between the Substantia Nigra Pars Reticulata and Motor Cortex in the Off L-dopa State in Rats[END_REF] and patients (Alonso-Frech et al., 2006). It is possible that increasing the excitatory drive from DCN onto thalamic neurons desynchronized basal ganglia-thalamo-cortical activity and regularize abnormal oscillations or disrupt it from being transmitted to other brain structures. Local field potential analyses in the recorded structures could offer some answer to this question.

Let's now speculate on a model based on the classical roles attributed to the motor cortex, the basal ganglia, and the cerebellum and their respective learning rules. Hebbian (unsupervised) learning in M1 helps combining inputs from practice to form a useful motor action. The supervised learning rule in the cerebellum can create a forward model that predicts the resulting sensory state for a candidate action whereas the reinforcement learning rule in the basal ganglia helps evaluating the "goodness" of states based on outcome and then selecting appropriate actions (reviewed in [START_REF] Caligiore | Consensus Paper: Towards a Systems-Level View of Cerebellar Function: the Interplay Between Cerebellum, Basal Ganglia, and Cortex[END_REF]). Even though disynaptic functional pathways have been characterized between the basal ganglia and the cerebellum, one pathway is still largely ignored: their reciprocal connections through the dopaminergic system.

Indeed, DN and IN are thought to project to SNc whereas FN projects to VTA [START_REF] Snider | Cerebellar pathways to ventral midbrain and nigra[END_REF][START_REF] Carta | Cerebellar Modulation of the Reward Circuitry and social behavior[END_REF] and the cerebellum was shown to receive projections from VTA and SNc [START_REF] Ikai | Dopaminergic and non-dopaminergic neurons in the ventral tegmental area of the rat project, respectively, to the cerebellar cortex and deep cerebellar nuclei[END_REF][START_REF] Ikai | Single neurons in the ventral tegmental area that project to both the cerebral and cerebellar cortical areas by way of axon collaterals[END_REF]. Therefore, it is possible to imagine that the cerebellum integrates some information about outcome values from the dopaminergic system and uses it to adjust and predict future sensory state as well as transmitting it to the striatum, through the thalamus, which can compare and estimate the outcome value of the cerebellar predictions with the actual outcomes value. When the dopaminergic system degenerates, neither the striatum nor the cerebellum are able to select action or make sensory prediction, respectively, based on outcome value. In the dyskinetic state, exogenous DA signals from levodopa treatment is erratic and do not correspond to reward or aversive outcomes anymore, leading to aberrant striatal action selections and cerebellar sensory predictions. Both convey aberrant information to M1 and tutor it to plan abnormal movements. In turn, an efference copy of this abnormal motor pattern is sent from M1 to the cerebellum, which compares it to the actual sensory feedback and tries to correct it by increasing PC inhibition over DCN, leading to decreased activity in DCN associated with LID. Moreover, K. Doya suggests that STN, as part of the indirect pathway, might provide a "stop" signal to the cerebellum for withholding ongoing movements [START_REF] Caligiore | Consensus Paper: Towards a Systems-Level View of Cerebellar Function: the Interplay Between Cerebellum, Basal Ganglia, and Cortex[END_REF].

However, STN is highly erratic in LID and might not correctly signal to the cerebellum to hold motor actions, leading to abnormal movements.

All these ideas are speculative and further experiments taking into account the tight interactions between the basal ganglia and the cerebellum are required to shed light on their specific interactions in motor control. Personally, I think that the reciprocal connections between the dopaminergic pathway and the cerebellum might be of greater importance than currently thoughtalthough it starts to attract some attention (i.e [START_REF] Carta | Cerebellar Modulation of the Reward Circuitry and social behavior[END_REF])and therefore, the cerebellum might, as much as the striatum, be a primary player in Parkinson's disease and levodopa-induced dyskinesia.

In conclusion, my Ph.D project shed light on the alterations associated with levodopa-induced dyskinesia in Parkinson's disease in several important nodes of the motor circuits and the behavioral and electrophysiological impacts of Purkinje cell theta-burst opto-stimulations in this pathology. Indeed, theta-burst optogenetic stimulations of PC, applied daily (2x40s) over the orolingual zone of the cerebellum, can reduce the severity of oral LID when applied for 2 weeks on dyskinetic animals, and even prevent the development of severe oral LID when applied 4

weeks at the onset of the levodopa treatment. Moreover, these stimulations induced a normalization of a wide motor network activity and we showed that the cerebellum can correct Finally, in vivo recordings of neurons in the dorsolateral striatum that respond to PC optostimulations would be of great interest in order to further unravel the state of this pathway and its role in LID prevention following PC theta-burst opto-stimulations. Moreover, the cerebellothalamic pathway has been shown to be altered in other types of hyperkinesia such as dystonia [START_REF] Jinnah | A new twist on the anatomy of dystonia: the basal ganglia and the cerebellum?[END_REF][START_REF] Neychev | The basal ganglia and cerebellum interact in the expression of dystonic movement[END_REF][START_REF] Calderon | The neural substrates of rapidonset Dystonia-Parkinsonism[END_REF]. Examining the alterations of striatal plasticity in dystonia and following cerebellar opto-stimulations might be very interesting as well, especially as dystonic movements are part of the levodopa-induced dyskinesia spectrum, therefore similarities can be observed and help to further dissect the different mechanisms involved in different subtypes of LID. S1. S5 andS6. 

Influence of locomotion on DCN discharge

As DCN activity is modulated by locomotion in normal animals [START_REF] Sarnaik | Control of voluntary and optogenetically perturbed locomotion by spike rate and timing of neurons of the mouse cerebellar nuclei[END_REF], we quantified the locomotor activity using DeepLabCut [START_REF] Mathis | DeepLabCut: markerless pose estimation of user-defined body parts with deep learning[END_REF] (Supplementary Figure 6) and tested if the activity observed in DCN correlated with a change in locomotor activity in control animals (Supplementary Figure 7). No differences were observed in the DCN during levodopa treatment in control animals, whether the animals were moving or not (Supplementary Figure 7).

Increased cv2.isi does not simply reflect increased bursting

Since greater cv2.isi in LID mice may reflect irregular burst firing under levodopa treatment in DCN neurons, we analyzed the burst rate in periods of locomotor activity and inactivity. Surprisingly, the burst rate of dyskinetic mice decreased during levodopa treatment in periods of activity in the IN, DN, and FN (Supplementary

Figure 8a

). However, the burst rate of LID mice in periods of locomotor inactivity increased during levodopa treatment in the DN and FN (Supplementary Figure 8b). ABSTRACT Chronic levodopa therapy, the gold-standard treatment of Parkinson's Disease (PD), leads to the emergence, after a few years of treatment, of debilitating abnormal involuntary movements, called levodopa-induced dyskinesia (LID). Cerebellar stimulations have been shown to decrease LID severity in PD patients. However, the precise mechanisms, pathways and cell-types responsible for this beneficial effect remain unknown. In this study, we used a mouse model of LID and a transgenic mouse line allowing optogenetic activation of a specific neuronal population in the cerebellar cortex, the Purkinje cells (PC), in order to determine how cerebellar stimulations induce LID alleviation. We performed theta-burst optogenetic stimulations of PC daily in freely moving mice. We were able to demonstrate that these stimulations are sufficient to reduce the severity of LID or even prevent their development when the stimulations were applied at the beginning of the levodopa treatment. This symptomatic relief is accompanied by the normalization of aberrant neuronal discharge in the deep cerebellar nuclei, the motor cortex and the parafascicular nucleus of the thalamus. The specific inhibition of the cerebello-parafascicular pathway counteracts the beneficial effect of cerebellar stimulations. Moreover, cerebellar stimulations reverse plasticity at corticostriatal synapses in striatonigral neurons and normalize the overexpression of FosB/ΔFosB, a well-established transcription factor causally linked to LID. These findings demonstrate LID alleviation and prevention by daily PC stimulations, which restore the function of a wide brain motor network as well as correct profound striatal alterations associated to LID. These results may be valuable for LID treatment in dyskinetic patients as well as for other hyperkinetic disorders.
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 1 Figure 1: Optogenetic stimulations of Crus II Purkinje cells both reduce and prevent severe oral peak-dose dyskinesia
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 23 Figure 2: Purkinje cell stimulations normalize firing rate and regularize pattern of activity in the interposed nucleus Figure 3: Aberrant activity in the motor cortex and the parafascicular nucleus of the thalamus in dyskinesia is restored by Purkinje cell stimulations
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 567 Figure 5: DCN to PF pathway inhibition counteracts the effects of Purkinje cells stimulation on the severity of oral dyskinesia in preventive mice Figure 6: Spike-timing dependent plasticity produce LTD instead of LTP in D1-expressing neurons following Purkinje cell stimulations Figure 7: Striatal overexpression of the dyskinetic marker FosB/ΔFosB is restored by Purkinje cell stimulations

Figure1:

  Figure1: Neuroanatomy of the primary motor cortex (M1) A. Schematics of the spatial localization of the primary motor cortex (dark blue, M1) and the secondary motor cortices (light blue) in humans (left) and rodents (right) B. Local circuits of the primary motor cortex including the different cortical projection neurons and their specific targets (bottom). The major local projections are represented by arrows. Intralaminar connectivity of intratelencephalic neurons (IT-type) of layer 2/3 is represented by orange arrows as well as outputs to neurons in layers 5A and 5B. Light green arrows indicate intralaminar connectivity of IT-type from layer 5A and outputs to neurons in layer 5B and 6. Dark green arrows indicate intralaminar connectivity of IT-type from layer 5B and outputs to neurons in layer 6. Blue arrows indicate intralaminar connectivity of pyramidal tract neurons (PT-type). Dark purple arrows indicate intralaminar connectivity of IT-type from layer 6. Light purple arrows indicate intralaminar connectivity of corticothalamic neurons (CT-type) from layer 6. From Papale and Hooks, 2018
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  Figure3: The parafascicular nucleus (PF): Topographical organization between PF, the striatum, the globus pallidus and the cerebral cortex A. Schematic representation of the entire thalamus with the spatial localization of the intralaminar nuclei (orange) containing the parafascicular nucleus (PF) B. Schematic representation of the topographical organization between PF and the striatum (STr) as well as the globus pallidus (GP). The lateral part of PF (lPF) forms a sensorimotor loop by targeting the sensorimotor territory of STr and GP. The medial part of PF (mPF) and the centromedian nucleus (CM) form a limbic loop by projecting to the limbic territories of STr and GP. From Yasukawa et al. 2004 C. Schematic of the topographically-organized projections from PF to the cerebral cortex and STr in mice. In yellow, lPF forms somatosensory loops with the cerebral cortex and ST (left). In mangenta, the central part of PF (cPF) forms associative loops with the cerebral cortex and Str (middle). In blue, mPF forms limbic loops with the cerebral cortex and Str (right). Adapted from Mandelbaum et al. 2019 Abbreviations: CL: centrolateral nucleus of the thalamus, PC: paracentral nucleus of the thalamus
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  Figure5: Schematic of the direct, indirect and hyperdirect pathways within the basal ganglia The blue arrows arising from D2-expressing striatal projection neurons are inhibitory and project to intrinsic nuclei before projecting to the output nuclei of the basal ganglia (GPi/SNr) therefore constituting the indirect pathway. The green arrow represents the direct pathway originating from D1expressing striatal projection neurons and directly inhibiting the output nuclei of the basal ganglia. The red arrow forms the hyperdirect pathway from the motor cortex (M1) directly to the subthalamic nucleus (STN). The orange arrows represent the dopaminergic modulation of D1-and D2-expressing striatal projection neurons, excitatory and inhibitory respectively, as well as the dopaminergic innervation of the ventral striatum, the nucleus accumbens (NAc). The classic black arrows represent excitatory projections whereas the flat black arrows represent inhibitory projections.Abbreviations: DMS: dorsomedial striatum; DLS: dorsolateral striatum; D1: D1-expressing striatal projection neurons; D2: D2-expressing striatal projection neurons; NAc: nucleus accumbens; GPe: globus pallidus pars externus; GPi: globus pallidus pars internus; SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; VTA: ventral tegmental area; STN: subthalamic nucleus; VAL: ventroanterior-ventrolateral complex of the thalamus; PF: parafascicular nucleus of the thalamus; M1: primary motor cortex

Figure6:

  Figure6: Cortical and basal ganglia possible interactions and roles in reinforcement learning Schematic of the cortico-basal ganglia-thalamo-cortical loops representing the possible roles of its components in a reinforcement learning model. Projection neurons in the striatum predict future reward values from the cortical current state and evaluate possible actions (evaluation). The temporal difference between expected and actual outcomes, the error in the prediction of future reward (reward signal in orange), is encoded in the activity of dopaminergic neurons and transmitted to striatal neurons through changes of plasticity at cortico-striatal synapses leading to learning mechanisms. One of the candidate actions is therefore selected in SNr/GPi output nuclei (action selection) and transmitted to the cerebral cortex through the thalamus (action output). The flat black arrows represent inhibitory synapses when the open circles represent excitatory projections. Adapted from Doya 2000

Figure7:

  Figure7: Spatial orientation and regional division of the cerebellum A. Schematic view of the rodent cerebellum (in green) B. Sagittal and coronal views of the cerebellum representing the three-layered cerebellar cortex (orange bracket) containing the molecular layer (external), the Purkinje cell layer (middle), and the granular layer (internal) as well as the deep cerebellar nuclei (in red)

Figure8:

  Figure8: Simplified organization of the cerebellar cortex and deep cerebellar nuclei A. Stellate and basket cells occupy the molecular layer (external) with the dendritic trees of Purkinje cells (PC). PC form a monolayer with their soma (middle). Granule cells and Golgi cells are the main components of the granular layer (internal). The two main afferents to the cerebellar cortex, the mossy fiber (MF) and the climbing fiber (CF), make excitatory contact with the granule cells but also with Golgi cells and PC, respectively. In turn, granule cells send ascending axons that branch in a T-shaped fashion to form the parallel fibers, which excite PC and molecular layer interneurons, the basket and stellate cells. The MF and CF also send collaterals to the deep cerebellar nuclei. Besides granule cells, all other types of cerebellar cortical neurons make inhibitory synaptic connections with their respective targets. Adapted from Apps and Garwicz, 2005 B. Left: Schematic of the four deep cerebellar nuclei. Dentate (lateral) nucleus (DN, bleu); Anterior interposed nucleus (AIN, red); Posterior interposed nucleus (PIN, orange); and fastigial (medial) nucleus (FN, green). Right: Three-dimensional structure of the four deep cerebellar nuclei in the dorsocaudal, medial, and dorsolateral views. From Sugihara and Shinoda, 2007 Abbreviations: DN: dentate (lateral) nucleus; AIN: Anterior part of the interposed nucleus; PIN: posterior part of the interposed nucleus; FN: fastigial (medial) nucleus; CP: caudal pole; DLH: dorsolateral hump; DMC: dorsomedial crest; ICG: interstitial cell group; DLP: dorsolateral protuberance.

Figure9:

  Figure9: Phylogenetic and modular organization of the cerebellum A. Simplified schematic of the phylogenetic organization of the cerebellum in three regions: the vestibulo-cerebellum in purple and associated fastigial nucleus (FN); the spinocerebellum in green and partly associated with the anterior part of the interposed nucleus (AIN); and the cerebro-cerebellum in blue and associated dentate (DN) and posterior part of the interposed nucleus (PIN). Dashed blue lines represent areas overlapping between the spino-and cerebro-cerebellum. Dashed purple lines represent areas overlapping between the spino-and vestibulo-cerebellum. Adapted from Ozcan, 2017 B. Simplified schematic of specific subsets of neurons in the inferior olive send climbing fibers to specific longitudinal clusters of Purkinje cell in the cerebellar cortex which in turn target specific clusters of neurons within deep cerebellar nuclei that send projections back to the inferior olive (color-coded projections). Adapted from Ozcan, 2017 Abbreviations: MAO: medial accessory olive; PO: principal olive; DAO: dorsal accessory olive; V-IX: lobules V to IX of the cerebellar cortex; LS: lobulus simplex.

Figure10:

  Figure10: Fractured somatotopy of the cerebellum Top: Dorsoposterior schematic showing the fractured somatotopic organization in Crus I (a and b), Crus II (a and b) and paramedian lobule (PML) of a rodent cerebellum. Bottom: The patches represent the spatial distribution of receptive fields recorded in granule cell layer in response to mechanical stimulation of different body parts. The bottom right panel represents the inside of a rodent mouth. Adapted from Apps and Hawkes, 2009

Figure11:

  Figure11: Cerebello-thalamo-basal ganglia reciprocal loops and their interactions in motor control A. Top: Schematics of retrograde viral injections in putamen of primates labeling first-order neurons in the centrolateral nucleus (CL) of the thalamus and second-order neurons in the cerebellar dentate nucleus (DN). Bottom: Schematics of retrograde viral injections in DN of primates labeling first-order neurons in the pontine nuclei (PN) and second-order neurons in the subthalamic nucleus (STN) of the basal ganglia. From Bostan and Strick 2018 B. Schematics of different learning rules operating in the main motor structures: the cerebral cortex (in green), the basal ganglia (in red), and the cerebellum (in blue) and their interactions through distinct pathways. Adapted from Doya, 2000 Abbreviations: GPe: globus pallidus pars externus; GPi: globus pallidus pars internus; VL: ventrolateral complex of the thalamus; STN: subthalamic nucleus; CM-PF: centromedianparafascicular complex of the thalamus; MD: mediodorsal thalamic nucleus; CL: centrolateral thalamic nucleus; DN: dentate nucleus; PN: pontine nuclei.

Figure12:

  Figure12: Clinical symptoms and time course of Parkinson's disease progression Parkinson's disease is usually diagnosed at time 0 years, with the onset of classical motor symptoms. However, some non-motor symptoms appears before during the premotor period, sometimes 20 years before or more. Additional non-motor symptoms develop after diagnosis with disease progression, causing significant disability. During the Advanced stages (dark grey), PD are usually under dopaminergic medications and suffer from fluctuations and dyskinesia. The other symptoms during the period are a mixt of profound cell death in PD patients and alterations following chronic dopaminergic treatment.

  B. Diagram representing the risk of developing LID and its relationship with both the degree of dopaminergic denervation and the duration and dosage of L-DOPA treatment. C. The probability of the good clinical response to L-DOPA decreases over time with disease progression and treatment duration whereas the risk of developing LID and inadequate clinical responses increase. Adapted from Calabresi et al. 2010

A

  potential catabolic route for L-DOPA is 3-O-methylation which is catalyzed by the enzyme catechol-O-methyl-transferase (COMT). It has been hypothesized that variants in the gene encoding for the enzyme COMT may lead to increased sensitivity to L-DOPA therapy. COMT Val158Met polymorphism has indeed been associated to a greater risk of developing LID (De

  during the clinical evaluation of the patient. The Unified Parkinson's Disease Rating Scale (UPDRS) has been created in 1987 and is the most commonly used scale to determine the severity and progression of Parkinson's disease in patients. It includes a section where dyskinesia are being assessed based on their duration, their disability, their painfulness, and the presence or absence of early morning dystonia (https://www.parkinsons.va.gov/resources/UPDRS.asp). However, it has been somewhat criticized (Movement Disorder Society Task Force on Rating Scales for Parkinson's Disease,
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 2411 Dopamine dysregulation syndrome Dopamine dysregulation syndrome (DDS) refers to an addictive-like behavior of drug consumption. Despite appropriate relieve in motor symptoms, patients take excessive amounts of medications. DDS patients often suffer from previous depression and drug abuse[START_REF] Cilia | Dopamine dysregulation syndrome in Parkinson's disease: from clinical and neuropsychological characterisation to management and long-term outcome[END_REF].

  model could be helpful to understand the molecular mechanisms leading to DA neurons degeneration in PD and following compensatory mechanisms leading to the development of LID. Another very interesting model is the conditional MitoPark knock-out mouse, associated with a disruption in the gene for mitochondrial transcription factor A (Tfam) in DA neurons.

  the late 1980's and by Delong et al. in the early 1990's, have been a vital starting point for the development of hypothesis on the neural basis of LID. However, this simplified model has been challenged by several clinical and experimental findings (for review (DeLong and Wichmann, 2010)).

Figure 14 :

 14 Figure 14: Classical rate model of the basal ganglia in healthy, Parkinson, and dyskinesiaTop: Simplified schematic of direct and indirect pathways' connectivity within the basal ganglia and their projections to the thalamus and motor cortex in healthy beings. Dopaminergic fibers (in orange) from the substantia pars compacta (SNc) activate the D1-expressing neurons of the direct pathway (in green) and inhibit D2-expressing neurons of the indirect pathway (in blue), balancing the two pathways' activities. Bottom left: In parkinsonian condition, the loss of SNc neurons create an imbalance between the direct and indirect pathway leading to excessive activity of the indirect pathway (thick blue arrows) and a lower activity of the direct pathway (thin green arrows), resulting in over-inhibition of the thalamus and thus, the motor cortex which is thought to suppress movements. Bottom right: In dyskinetic condition, with levodopa replacement therapy (in magenta) activate dopaminergic receptors of the direct and indirect pathways, leading to a hyperactivity of the direct pathway (thick green arrow) and hypoactivity of the indirect pathway (thin blue arrows), resulting in hypoactivity of the thalamus and thus, the motor cortex which is thought to be the leading cause of excessive abnormal movements. Green arrow represents the direct pathway connectivity, blue arrows are the connections of the indirect pathway, orange arrows are modulatory dopaminergic projections, black arrows represent excitatory projections, and blunted arrows represent inhibitory connections. Adapted from[START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF] 

  Changes in oscillatory activity are another suspect thought to underly the pathophysiology of dyskinesia. Neuronal oscillations are rhythmic, repetitive patterns of neural activity driven either by individual neurons or by groups of neurons. The later can cause large oscillations, via synchronized activity of a large number of neurons, that can be measured by local field potential (LFP) recordings. Oscillations are usually classified into 5 bands based on the frequency range: delta δ (~1-4 Hz), theta θ (~4-8 Hz), alpha α (~8-13 Hz), beta β (~13-30 Hz), and gamma γ (~30-100 Hz).

Figure 15 :

 15 Figure 15: Main presynaptic and postsynaptic alterations thought to underly levodopa-induced dyskinesia (LID) pathology At the presynaptic level, the degeneration of dopaminergic neurons forces serotoninergic terminals to synthetize dopamine (DA) from levodopa. Evidence points toward an impaired storage and clearance of the serotoninergic-derived DA released, leading to large fluctuations in extracellular DA concentrations. Endocannabinoid CB1 receptors and metabotropic glutamate receptors (mGluRs) expressed on striatal postsynaptic neurons are thought to be important presynaptic alterations in LID. At the postsynaptic level, alterations in downstream signaling cascades mediated by NMDA glutamatergic receptor, D1 dopaminergic receptor, and metabotropic glutamate receptor are also thought to be important in LID. In particular, the activation of NMDA and mGluR leads to an increase in intracellular calcium concentrations that in turn modulate the RAS/RAF/MEK/ERK pathway and AC/PKA/DARPP-32 mediated by D1 dopaminergic receptor, whose activations result in a number of different physiological outcomes. From Calabresi et al. 2010.

  led to the development of the entire spectrum of motor levodopa-induced dyskinesia. ΔFosB forms heterodimers with members of the jun family of transcription factors (typically JunD) and promotes the expression of late response genes. In another study on MPTP-treated macaques, viral striatal overexpression of ΔFosB failed to alleviated LID in previously dyskinetic animals whereas the viral striatal overexpression of ΔJunD, a truncated form of JunD lacking its transactivation domain and acting as a ΔFosB dominant-negative, decreased the severity of LID, without altering the antiparkinsonian activity of L-DOPA, suggesting a potential role of JunD in LID(Berton et al., 2009).
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 455 Alterations in other types of receptors 2.4.5.5.1 Other types of dopamine receptors The D1-class dopamine receptors, comprising dopamine receptors subtype 1 (D1) and subtype 5 (D5), are known to activate the Gαs/olf family of G proteins, which stimulate cAMP production by AC and are found exclusively postsynaptically on DA receptive cells such as MSNs. The D2-class dopamine receptors, including dopamine receptor subtype 2 (D2), subtype 3 (D3), and subtype 4 (D4), are couple to the Gαi/o family of G proteins, which inhibits AC (for review[START_REF] Beaulieu | The physiology, signaling, and pharmacology of dopamine receptors[END_REF]). It is noteworthy that D2R and D3R are expressed both postsynaptically on DA receptive cells and presynaptically on DA neurons[START_REF] Beaulieu | The physiology, signaling, and pharmacology of dopamine receptors[END_REF].D3R has attracted limited attention even though it may constitute a very interesting potential therapeutic target. First, D1R and D3R receptors are co-expressed in striatonigral neurons (Le Moine and Bloch
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 4552 Glutamatergic receptors Glutamatergic inputs constitute the main afferences within the striatum and they are tightly regulated by dopamine. D1R signaling cascade enhances glutamatergic signaling and exerts direct effects on the trafficking of the ionotropic α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) glutamate receptor and the ionotropic N-methyl-D-aspartate glutamate receptor (NMDAR) in striatonigral MSNs whereas D2R stimulation alters glutamate receptor function, including decreased AMPA receptor currents and diminution of presynaptic

  comprised of 7 known subunits: NR1, NR2A-D, NR3A-B. In the brain, NMDARs are activated by glutamate and glycine and they form heteromers, composed of NR1, which contains the glycine binding site and forms the receptor channel, and NR2 subunit, which contains the glutamate binding site and conditions the functional features of NMDAR, with possible co-expression of NR3. The state of phosphorylation of these subunits determines the functional properties and trafficking signaling mechanisms of NMDARs (reviewed in[START_REF] Chen | Regulation of NMDA Receptors by Phosphorylation[END_REF]).For many years now, NMDARs have been a popular target in the treatment of LID as coadministration of NMDAR antagonists alongside with L-DOPA treatment has been widely

  is classically thought that cholinergic and dopaminergic systems exert opposite functions in BG, with DA stimulating the direct pathway through D1R and acetylcholine (ACh) activating the indirect pathway via muscarinic ACh receptors (mAChRs) subtype 1 (M1R). Conversely, DA inhibits the indirect pathway through D2R and ACh decreases firing rate of the direct pathway via muscarinic ACh receptors subtype 4 (M4R) ultimately resulting in decreased activity in the motor cortex and therefore inhibition of ongoing movements (for review[START_REF] Oldenburg | Cholinergic modulation of synaptic integration and dendritic excitability in the striatum[END_REF]). In 6-OHDA-lesioned rodents, severe DA depletion led to a reduction in DAergic inhibition of cholinergic interneurons (ChIs) via D2R resulting in an increase in striatal ACh levels and an elevated ChI excitability and firing rate[START_REF] Kish | Multiple single-unit recordings in the striatum of freely moving animals : effects of apomorphine and D -amphetamine in normal and unilateral 6hydroxydopamine-lesioned rats[END_REF][START_REF] Sanchez | Reduction of an Afterhyperpolarization Current Increases Excitability in Striatal Cholinergic Interneurons in Rat Parkinsonism[END_REF]. Irregular, low-frequency firing rate via reduced burst firing rate in ChIs but with an increased ACh/DA ratio has been described in a mouse model with progressive DA deficiency[START_REF] Mckinley | Dopamine Deficiency Reduces Striatal Cholinergic Interneuron Function in Models of Parkinson's Disease[END_REF]. In the classical view of BG pathophysiology, both DA deficiency and excessive ACh lead to imbalanced direct and indirect pathway signaling in which the direct pathway is hypoactive while the indirect pathway is pathologically hyperactive resulting in parkinsonian motor impairments. In line with this hypothesis, a recent study showed that ChIs enhanced thalamostriatal excitation selectively in the indirect pathway, through
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 4555 Cannabinoid receptorsTwo major subtypes of cannabinoid receptors (CB1R and CB2R) and endogenous activators of these receptors (endocannabinoids anandamide and 2-arachidonylglycerol (2AG)) have been described. The majority of cannabinoid effects within the brain are thought to be mediated by CB1 receptors, as they are almost exclusively expressed on axon terminals, are present in high density within the striatum

Figure 16 :

 16 Figure 16: Stimulation protocols A. Schematic of the different stimulation paradigms and their associated pattern of theta burst stimulations (TBS) which consists of three pulses of stimulations given at 50 Hz, repeated every 200 ms. In the intermittent TBS (iTBS) pattern, a 2s train of TBS is repeated every 10s for a total of 190s (600 pulses total). In the continuous TBS (cTBS), a 40s train of uninterrupted TBS is given (600 pulses total). From Suppa et al. 2016. B. Effects of iTBS and cTBS on normalized motor-evoked potential (MEP). iTBS induces a potentiation effect around 20min whereas cTBS, both for 20s or 40s, induces a depressive effect for 20min (20s) and 60min (40s), respectively. From Suppa et al. 2016. C. Schematic of neuronal activation during repetitive transcranial stimulation (rTMS). The electrical current in the coil (purple arrow) and the current induced in the brain by the magnetic field (stripped purple arrows) both flows tangentially at skull-brain surface (inset). The green arrow represents the axon that is stimulated, the blue arrows represent the parallel eddy current (induced by the magnetic field) in the brain, the blue dots mark the optimal site for neuronal stimulation. From Edwards, Talelli and Rothwell, 2008
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 24711 The cerebellum and the Parkinson's disease hallmark: dopaminergic denervation Although the basal ganglia and the cerebellum are only recently viewed as an interacting network[START_REF] Bostan | The basal ganglia and the cerebellum: Nodes in an integrated network[END_REF], the first evidence of functional connections between those two structures goes back to the late seventies and early eighties. Electrical stimulations of the DCN in anesthetized cats have indeed been demonstrated to induce long-lasting changes in

Figure 17 :

 17 Figure17: Basal ganglia-thalamo-cortical, cerebello-thalamo-cortical, cerebello-thalamo-striatal loops and their interactions in health, Parkinson's disease and levodopa-induced dyskinesia Simplified schematic of basal ganglia-thalamo-cortical (in blue), cerebello-thalamo-striatal (in purple), cerebello-thalamo-cortical (in green) loops and their interactions. Orange arrows are dopaminergic projections, black arrows are glutamatergic projections and flat arrows are inhibitory connections. In healthy beings (top), all loops are balanced. In Parkinson's disease (PD), the imbalance between the direct and indirect pathway leads to hypoactivation of the thalamus and the motor cortex (M1). The subthalamic nucleus (STN) is hyperactive in PD, however, M1 is hypoactive. The resulting effects on pontine nuclei are unclear. Some Purkinje cells (PC) of the cerebellar cortex have been shown to be hypoactive in PD leading to a hyperactivity of the three cerebellar output nuclei. In levodopa-induced dyskinesia, following exogenous levodopa administration, the imbalance in the basal ganglia is inverted, leading to hyperactivity in the thalamus and M1. The hyperactivated M1 can lead to hyperactivity in the pontine nuclei and STN through the hyperdirect pathway, leading to increased activity in the cerebellar cortex, which in turn inhibits the output nuclei. Adapted fromKishore et al. 2014 

Fig. 1

 1 Fig. 1 Optogenetic stimulations of Crus II Purkinje cells both reduce and prevent severe oral peak-dose dyskinesia. a Experimental timeline. Dyskinetic mice (LID, magenta): 6 weeks of levodopa treatment. Preventive mice (LID_PREV, blue): 6 weeks of levodopa treatment + 4 weeks of cerebellar stimulations. Corrective mice (LID_CORR, green): 6 weeks of levodopa treatment + 2 weeks of cerebellar stimulations. b Sagittal schematic of a mouse brain showing cerebello-thalamo-cortical and -striatal pathways, ChR2-YFP in Purkinje cells (PC+ChR2, green), and injection site of 6-OHDA or saline. M1: Primary motor cortex, ST: striatum, VAL: Ventroanterior-ventrolateral complex of the thalamus, PF: Parafascicular nucleus of the thalamus, SNc: Substantia nigra pars compacta, DCN: deep cerebellar nuclei, CrusII: Crus2 of the ansiform lobule. c Upper panel: Coronal section from a mouse unilaterally-lesioned with 6-OHDA stained with anti-tyrosine hydroxylase (TH). Scale bar: 0.5 mm. M1: Primary motor cortex, ST: Striatum. Bottom panel: Loss of striatal TH-positive fibers (%) between the lesioned and the intact striatum in control mice (grey, N=17) and parkinsonian animals (red, N=40). d Examples of orolingual (top), axial (middle), and limb (bottom) levodopa-induced dyskinesia in dyskinetic mice. e Boxplot showing the sum of oral LID scores across the 6 weeks of levodopa treatment (light grey bar) for SHAM (grey, N=18), LID (magenta, N=19); LID_CORR (green, N=17); LID_PREV (bleu, N=24). Stripped blue lines: weeks of theta-burst PC stimulations. f Boxplot showing the sum of axial LID across the 6 weeks of levodopa treatment (light grey bar) for SHAM (grey, N=12), LID (magenta, N=8), LID_CORR (green, N=14), LID_PREV (bleu, N=6). Stripped blue lines: weeks of theta-burst PC stimulations. g Boxplot showing the sum of limb LID scores across the 6 weeks of levodopa treatment (light grey bar) for SHAM (grey, N=14), LID (magenta, N=9), LID_CORR (green, N=15), LID_PREV (bleu, N=9). Stripped blue lines: weeks of theta-burst PC stimulations. Boxplots represents the lower and the upper quartiles as well as the median of LID score. Kruskal-Wallis test with pairwise Wilcoxon test and Benjamini & Hochberg correction. ***p < 0.001; **p < 0.01; *p < 0.05; * compared to SHAM; # compared to LID. See also TableS1.

  cerebellum, we chronically recorded neurons in the three deep cerebellar nuclei (DCN): the interposed nucleus (IN), the dentate nucleus (DN), and the fastigial nucleus (FN) (Figures 2b,

Fig. 2

 2 Fig. 2 Purkinje cell stimulations normalize firing rate and regularize pattern of activity in the interposed nucleus. a Left: Experimental timeline. Right: Schematic of electrode implantation in the interposed nucleus (IN), ChR2-YFP expression in Purkinje cells (PC+ChR2, green) and injection site of 6-OHDA or saline. ST: Striatum; SNc: substantia nigra pars compacta; M1: Primary motor cortex; PF: Parafascicular nucleus of the thalamus. b Top: Coronal section from L7-ChR2-YFP mouse. Red lines: electrode's trajectory. Dotted white lines: IN and fastigial (FN) nuclei. Scale bar: 0.5 mm. Crus2: Crus2 of the ansiform lobule, DN: Dentate cerebellar nucleus. Bottom: PC expressing YFP. Scale bar: 20µm. c Top: Thetaburst protocol. Middle: Raster plot of a deep cerebellar nuclei (DCN) neuron for each stimulation. Dotted line: Basal firing rate (FR) before the onset of stimulations. Blue box: Time of optogenetic stimulation. Bottom: Summary of DCN firing profiles (n=27; N=3) exhibiting a strong inhibition (>90%) during PC stimulations. The firing rate of each unit was normalized to its baseline. Shaded lines: mean +/-std. d Firing rate (Hz) across 9 weeks in the IN. Boxplots show the median rate (horizontal bars) over 4 categories of weeks. First boxplot: 2 nd and 3 rd weeks; second boxplot: 4 th and 5 th weeks when levodopa begins; third boxplot: 6 th and 7 th weeks; last boxplot: 8 th and 9 th weeks when stimulations stopped. Grey = SHAM (N=5); Magenta = LID (N=3); Green = LID_CORR (N=4); Blue = LID_PREV (N=3). Light grey lines: 6 weeks of levodopa treatment (3 boxplots). Stripped blue lines: weeks of theta-burst stimulations. e Coefficient of variation 2 (cv2.isi) across 9 weeks in the IN. Same order of boxplot as panel d. Grey = SHAM (N=5); Magenta = LID (N=3); Green = LID_CORR (N=4); Blue = LID_PREV (N=3). Light grey lines: 6 weeks of levodopa treatment (3 boxplots). Stripped blue lines: weeks of theta-burst stimulations. Boxplots represents the lower and the upper quartiles. Welch Anova with Games Howell post-hoc test and one-way Anova's with Tukey post-hoc test based on Levene test. ***p < 0.001; **p < 0.01; *p < 0.05; ns: p > 0.5. See also TablesS2, S3, and S4.

Fig. 3

 3 Fig. 3 Aberrant activity in the motor cortex and the parafascicular nucleus of the thalamus in dyskinesia is restored by Purkinje cell stimulations. a Top: Experimental timeline. Bottom: Schematic of electrode implantation in the primary motor cortex (M1) and the parafascicular nucleus of the thalamus (PF), ChR2-YFP expression in the Purkinje cells (PC+ChR2, green), and injection site of 6-OHDA or saline. ST: Striatum; SNc: substantia nigra pars compacta; DCN: deep cerebellar nuclei: VAL: Ventroanterior-ventrolateral complex of the thalamus. b Top: Coronal section from L7-ChR2-YFP mouse showing the electrode's trajectory (dotted yellow line) and the lesion site (red circle) in layer 5 of the oral M1 (oM1). Scale bar: 0.5 mm. Bottom: Coronal section from L7-ChR2-YFP mouse showing the electrode's trajectory (dotted yellow line) and the lesion site (red circle) in the parafascicular nucleus of the thalamus (PF). Scale bar: 0.5 mm. c Firing rate (Hz) across 9 weeks in M1. Boxplots show the median rate (horizontal bars), over 4 categories of weeks. First boxplot: 2 nd and 3 rd week of the protocol, second boxplot: 4 th and 5 th weeks when levodopa begins, third boxplot: 6 th and 7 th weeks, last boxplot: 8 th of the protocol when stimulations stopped. Grey = SHAM (N=5); Magenta = LID (N=4); Green = LID_CORR (N=6); Blue = LID_PREV (N=8). Light grey lines: 6 weeks of levodopa treatment (3 boxplots). Stripped blue lines: weeks of theta-burst PC stimulations. d Firing rate (Hz) across 9 weeks in the parafascicular nucleus of the thalamus (PF). Same order of boxplot as panel c. Grey = SHAM (N=5); Magenta = LID (N=4); Green = LID_CORR (N=6); Blue = LID_PREV (N=8). Light grey lines: 6 weeks of levodopa treatment (3 boxplots). Stripped blue lines: weeks of theta-burst PC stimulations. Boxplots represents the lower and the upper quartiles. One-way Anova with Tukey HSD post-hoc test. ***p < 0.001; **p < 0.01; *p < 0.05; ns: p > 0.5. See also TablesS5 and S6.

  1 ± 9.0 % of projecting neurons in IN, 41.4 ± 2.6 % of neurons in DN, and 16.5 ± 1.7 % of neurons in FN (N=6, Figure 4b-d), suggesting that IN and DN might have an important contribution in the cerebellar control of PF activity.Moreover, PF-projecting DCN neurons were localized along the entire antero-posterior axis in the three nuclei (Figure4b,c,e).To confirm the presence of DCN synaptic terminals in PF neurons, we localized the synaptic terminals of DCN neurons projecting to PF using Cre-dependent viral expression of the presynaptic marker synaptophysin (SynP)-GFP in combination with the expression of Crerecombinase obtained by retrograde viral injections in PF (Figure4f). Large amount of DCN terminals expressing SynP-GFP were found in PF (Figure4g,h), and much less in other thalamic nuclei as VAL (Figure4i,j). Overall, these results confirm the presence of cerebellar projections to PF and demonstrate that they originate from a population distinct from the one projecting to VAL.

Fig. 4

 4 Fig. 4 DCN monosynaptic inputs to PF and collaterals. a Retrograde labeling strategy by viral injection of retrograde AAV-syn-GFP in the parafascicular nucleus of the thalamus (PF). b Anterior to posterior cerebellar sections showing retrograde labeled neurons in the three deep cerebellar nuclei (DCN): dentate (DN), interposed (IN), and fastigial (FN). Scale bar: 1 mm. c High-magnification on DCN from b. Scale bar: 0.5 mm. d Quantification of the cell fraction (%) of retrograde labeled DN, IN and FN neurons projecting to PF. e Distribution of retrograde labeled DCN neurons projecting to PF in each nucleus. f Tracing of axon collaterals from DCN-PF projecting neurons by expression of retrograde AAV-Cre in PF, AAV-DIO-SynP-GFP and AAV-DIO-tdTomato in IN, FN, and DN. g Posterior thalamic section showing DCN neurons projecting to PF expressing Cre-dependent Synaptophysin (SynP)-GFP and tdTomato. Scale bar: 1mm. h Zoom-in of PF section exhibiting synaptic boutons (arrows) in DCN inputs Scale bar: 100 µm. i-j Anterior thalamic section showing axon collaterals within the thalamus. Scale bar: 1mm. j Zoom-in from i of VAL section exhibiting some synaptic boutons (arrows) from DCN-PF axon collaterals. Scale bar: 1mm.

Fig. 5

 5 Fig. 5 DCN to PF pathway inhibition counteracts the effects of Purkinje cells stimulation on the severity of oral dyskinesia in preventive mice a Experimental timeline. b Schematic of mouse coronal sections showing the injection site of the retrograde CAV2-Cre-GFP in the parafascicular nucleus of the thalamus (PF, green) ipsilateral-to-the-lesion (top, left) and the injection site of the anterograde Cre-dependent AAV-hSyn-DIO-hM4Di-mCherry in the three deep cerebellar nuclei (DCN, red) contralateral-to-the-lesion. c Coronal section from L7-ChR2-YFP mouse showing the injection site of retrograde CAV2-Cre-GFP in PF. Red dotted lines: needle's trajectory. White dotted lines highlight the limits of PF within the thalamus. Scale bar: 100 μm. d Coronal section from L7-ChR2-YFP mouse showing the expression of anterograde pAAV-hSyn-DIO-hM4Di-mCherry in neurons (red) of DCN. Med: medial cerebellar nucleus; IntP: interposed cerebellar nucleus, posterior part; IntA: interposed cerebellar nucleus, anterior part; IntDL: interposed cerebellar nucleus, dorsolateral hump; Lat: lateral cerebellar nucleus. Blue = DAPI; green = GFP; Red = mCherry. Scale bar: 100 μm. Insert: Postmortem histology showing hM4Di-mCherry-expressing neurons in the fastigial nucleus (i, FN), the interposed nucleus (ii, IN), and the dentate nucleus (iii, DN). Scale bars: 20µm. e Boxplots showing the average score of oral LID severity at the point time corresponding to 40 minutes after levodopa injection, 50 minutes after CNO injection and right after chronic theta-burst stimulations of Purkinje cells. Average score comprises the 4 weeks of preventive cerebellar stimulations in two groups: light blue represents preventive animals receiving 4 weeks of cerebellar stimulations + daily injections of both levodopa and saline (LID_PREV saline, N=5), dark blue represents preventive animals receiving 4 weeks of cerebellar stimulations + daily injections of both levodopa and CNO (LID_PREV CNO, N=6). Horizontal bars in boxplots represent the median score. Boxplots represents the lower and the upper quartiles. Non-parametric Kruskal-Wallis test with pairwise Wilcoxon test and a Benjamini & Hochberg correction were used. ***p<0.001; **p < 0.01; *p < 0.05; ns: p > 0.05.

Fig. 6

 6 Fig. 6 Spike-timing dependent plasticity produce LTD instead of LTP in D1-expressing neurons following Purkinje cell stimulations a Left: Experimental timeline. Control mice (SHAM): 6 weeks of levodopa treatment. Preventive control mice (SHAM_PREV): 6 weeks of levodopa treatment + 4 weeks of cerebellar stimulations. Dyskinetic mice (LID): 6 weeks of levodopa treatment. Preventive mice (LID_PREV): 6 weeks of levodopa treatment + 4 weeks of cerebellar stimulations. Ex vivo experiments were realized on mice subjected to 4 conditions, i.e. SHAM, SHAM_PREV, LID and LID_PREV. Right: STDP pairings: A single spike evoked in the recorded MSN (post) was paired with a single cortical stimulation (pre); pairings were repeated 100 times at 1 Hz. b-e Averaged time courses of corticostriatal STDP in D1-MSNs and D2-MSNs induced by 100 post-pre pairings. b In SHAM, LTP induced by 100 post-pre pairings in D1-MSNs and D2-MSNs (n=21). c In SHAM_PREV, LTP induced by 100 post-pre pairings in D1-MSNs and D2-MSNs (n=20). d In LID, LTP induced by 100 post-pre pairings in D1-MSNs (n=12) and D2-MSNs (n=9). e In LID_PREV, LTP induced by 100 post-pre pairings in D1-MSNs (n=10) and the same protocol induced LTD in D2-MSNs (n=9). Synaptic strength was determined 34-44 min after pairings. Error bars represent the SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001 by one sample t test.

Fig. 7

 7 Fig. 7 Striatal overexpression of the dyskinetic marker FosB/ΔFosB is restored by Purkinje cell stimulations. a Sagittal schematic showing neurons in the striatum expressing the dyskinetic marker FosB/ΔFosB (green). The cerebello-thalamo-cortical and cerebello-thalamo-striatal pathways are represented in mice expressing ChR2-YFP in Purkinje cells (PC+ChR2, green) as well as the injection site 6-OHDA or saline (grey). ST: Striatum; SNc: substantia nigra pars compacta; M1: Primary motor cortex, VAL: Ventroanterior-ventrolateral complex of the thalamus, PF: Parafascicular nucleus of the thalamus, DCN: deep cerebellar nuclei, CrusII: Crus2 of the ansiform lobule. Insets: Postmortem histology showing FosB-expressing neurons (i), DAPI (ii), and merged (iii). Scale bars: 20µm. b Boxplots showing the ratio of cells expressing FosB between the striatum ipsilateral to the lesion and the striatum contralateral to the lesion in percentage (%) in the 4 different conditions (magenta = LID, N=10; grey = SHAM, N=10; green = LID_CORR, N=7; and blue = LID_PREV, N=10). Horizontal bars in boxplots represent the median. Magenta inset: Postmortem histology showing FosBexpressing neurons in dyskinetic animals in the striatum ipsilateral to the lesion (left box) and in the striatum contralateral to the lesion (right box). Scale bars: 20µm. Blue inset: Postmortem histology showing FosBexpressing neurons in preventive animals in the striatum ipsilateral to the lesion (left box) and in the striatum contralateral to the lesion (right box). Scale bars: 20µm. Boxplots represents the lower and the upper quartiles. Student t-test. ***p < 0.001; **p < 0.01; *p < 0.05. * Compared to SHAM; # compared to LID. See also TableS7.

  . Each mouse was placed in a glass cylinder surrounded by 2 mirrors to detect AIMs in every angle and was recorded with a video camera (Allied Vision Prosilica GigE GC650, Stemmer Imaging) for 4 minutes every 20 minutes over a 2-hours period, starting 20 minutes before L-DOPA injection. Post-hoc scoring was performed for 2 minutes every 20 minutes. The mice were then evaluated a total of 8 times during the whole recording. Movements were identified as dyskinetic only when they were repetitive, affected the side of the body contralateral to the lesion, and could be clearly distinguished from naturally occurring behaviors such as grooming, sniffing, rearing, and gnawing. Specifically, AIMs were classified into three categories based on their topographic distribution: axial, forelimb, and orolingual. Forelimb dyskinesia are defined as hyperkinetic and/or dystonic movements of the contralateral forelimb on the sagittal or frontal plane. Axial AIMs are considered a twisted posture of the neck and upper body towards the side contralateral to the lesion. Finally, orolingual AIMs are defined as repetitive and empty chewing movements of the jaw, with or without tongue protrusion. Each subtype of AIMs were scored on a severity scale from 0 to 4 where: 0 = absent; 1 = occasional occurrence, less than half of the observation period; 2 = frequent occurrence, more than half of the observation time; 3 = continuous but interrupted by sensory stimuli; and 4 = continuous and not suppressible by sensory distraction53 . AIM scores were averaged per time point or per session. Non-parametric Kruskal-Wallis test with pairwise Wilcox test and a Benjamini & Hochberg correction were used to compared the average scores across time and between conditions for peak-dose and average off-period dyskinesia scores.

9x10 13 GC 3 (

 133 /mL, Vol: 100μL, Lot: v54499; Addgene) in IN, DN, and FN (150nL per nucleus)contralaterally-to-the-lesion, in complementation with 300nL CAV2-Cre-GFP (Titer: 6.4 x 1012 , dilution 1/10, Plateforme de Vectorologie de Montpellier) viral infusion in ipsilateralto-the-lesion PF. CAV2-Cre-GFP injections' surgeries were performed 1 week before the injections of pAAV-hSyn-DIO-hM4DimCherry and the MFB lesion. After 3 weeks, to allow good expression of the viruses and to reproduce our Parkinsonian model, the animals start the levodopa treatment for 6 weeks and the cerebellar stimulations for 4 weeks (LID_PREV). The severity of their orolingual LID was scored 40 minutes after levodopa injection (at the peak dose) and right after cerebellar stimulation. Scores were averaged across the 4 weeks of preventive stimulations. For neuronal modulation of animals expressing DREADDs, Clozapine N-oxide (1.25 mg/kg, Tocris Bioscience) was diluted in saline and injected I.P 10min prior L-DOPA. Control group is injected with saline.Perfusion, Immunohistochemistry, Microscopy, and Cell countingMice were anesthetized with ketamine/xylazine I.P and transcardially perfused with 4% paraformaldehyde in PBS (Formalin solution, neutral buffer 10%, Sigma-Aldrich). Brains were dissected and post-fixed for 24h in 4% PFA, 24h in 20% sucrose (Merck) and 24h in 30% sucrose. Coronal 20µm sections were cut using a freezing microtome (Leica) and mounted on Superfrost glass slides (Superfrost Plus, Thermo Fisher) for imaging.For immunohistochemistry, the tissue was blocked with 3% normal donkey serum (NDS, JacksonImmunoResearch) or normal goat serum (NGS, JacksonImmunoResearch) and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 2 hours at room temperature on a shaker. Primary antibodies: Guinea pig anti-TH (Synaptic System, 1:500) and Rabbit anti-FosB (Santa Cruz, 1:100) were added to 1% NDS or NGS and incubated overnight at 4°C on a shaker. Secondary antibodies: donkey anti-Guinea Pig Cy3 (JacksonImmunoResearch, 1:400) and goat anti-Rabbit Alexa 488 (JacksonImmunoResearch, 1: 200) were added in 1% NDS/NGS for 2 hours at room temperature on a shaker. The slices were then washed, incubated with Hoechst (Invitrogen, ThermoFisher scientific, 1:10 000), and mounted onto slides for visualization and imaging. The color reaction was acquired under a dissecting microscope (Leica) and 5, 20, 40 or 64x images were taken. For FosB/ΔFosB quantification, images were taken using confocal microscope (SP8, Leica) with 40x objective. Exposure time were matched between images of the same type. Individual images were stitched together to produce an entire coronal image of both striatum. FIJI/ImageJ software was used to count cells using manual counting. Student t-test was used for statistics. The extend of the dopaminergic lesion was quantified using an optical density analysis on TH staining between the two striatum. Mean density of fluorescence of each striatum was normalized on the mean density of fluorescence of the ipsilateral corpus collasum. Only animals with >50% dopamine depletion were included in this study.Ex vivo whole-cell patch-clamp electrophysiologySHAM, SHAM_PREV, LID, and LID_PREV mice were anaesthetized using isofluorane and their brain removed from the skull. Horizontal striatal slices (270 μm-thick), containing the dorsal lateral striatum, were cut using a VT1000S vibratome (VT1000S, Leica Microsystems, Nussloch, Germany) in ice-cold oxygenated solution (ACSF: 125 mM NaCl, 2.5 mM KCl, 25 mM glucose, 25 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 1 mM pyruvic acid). Slices were then incubated at 32-34°C for 60 minutes before returning to room temperature in holding ACSF. For whole-cell recordings, borosilicate glass pipettes of 4-8 MΩ resistance were filled with a potassium gluconate-based internal solution consisting of (in mM): 122 K-gluconate, 13 KCl, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 0.3 EGTA (adjusted to pH 7.35 with KOH, osmolarity 296 ± 3.8 mOsm). Signals were amplified using with EPC10-2 amplifiers (HEKA Elektronik, Lambrecht, Germany). All recordings were performed at 32-34°C, using a temperature control system (Bath-controller V, Luigs&Neumann, Ratingen, Germany) and slices were continuously superfused with extracellular solution at a rate of 2 ml/min. Recordings were sampled at 10 kHz, using the Patchmaster v2×32 program (HEKA Elektronik). D2 + -MSNs were visualized under direct interference contrast with an upright BX51WI microscope (Olympus, Japan), with a 40x water immersion objective combined with an infra-red filter, a monochrome CCD camera (Roper Scientific, The Netherlands) and a compatible system for analysis of images as well as contrast enhancement.Spike-timing-dependent plasticity (STDP) protocols of stimulations were performed with one concentric bipolar electrode (Phymep, Paris, France; FHC, Bowdoin, ME) placed in the layer 5 of the somatosensory cortex while whole-cell recording MSN in the dorsolateral striatum.Electrical stimulations were monophasic, at constant current (ISO-Flex stimulators, AMPI, Jerusalem, Israel). Currents were adjusted to evoke 100-300 pA EPSCs. STDP protocols consisted of pairings of post-and presynaptic stimulations separated by a specific time interval (~20 ms); pairings being repeated at 1 Hz. The postsynaptic stimulation of an action potential evoked by a depolarizing current step (30 ms duration) in the recorded MSN preceded the presynaptic cortical stimulation, in a post-pre pairing paradigm. Post-pre pairings was repeated 100 times at 1 Hz (Figure6a1). Recordings on neurons were made over a period of 10 minutes at baseline, and for at least 40 minutes after the STDP protocols; long-term changes in synaptic efficacy were measured in the last 10 minutes. Experiments were excluded if the mean input resistance (Ri) varied by more than 20% through the experiment.Off-line analysis was performed with Fitmaster (HEKA Elektronik), IGOR Pro 6.0.WaveMetrics, Lake Oswego, OR, USA). Statistical analyses were performed with Prism 7.00 software (San Diego, CA, USA). All results are expressed as mean ± SEM. Statistical significance was assessed in one-sample t tests, unpaired t tests as appropriate, using the indicated significance threshold (p).

  , fitting thus the observed responses in the three DCN. Previous evidence demonstrated that this rebound activation propagated in the upper motor network (Proville et al., 2014). Even though, rebound activation was observed in the three DCN, normalization of the global activity was only observed in IN in preventive mice (Figure 2D, S5D-F of the article). The observed modulations of DCN activity following PC opto-stimulations indicate that other phenomenon's than the classic inhibitionexcitation balance might come into play, such as rebound activation, asynchronoussynchronous balance between several populations of PC, and changes in synaptic plasticity's.In addition, PC theta-burst opto-stimulations also prevented irregular pattern of activity in IN (Figure2Eof the article), suggesting a prominent role in this nucleus in the alleviation of the dyskinetic phenotype. Chronic stimulations of PC were expected to decrease activity in DCN as PC-DCN synapse is inhibitory. However, asynchrony/synchrony balance in PC(Person and Raman, 2011) and rebound activation in DCN[START_REF] Tadayonnejad | Rebound discharge in deep cerebellar nuclear neurons in vitro[END_REF][START_REF] Zheng | Synaptic Inhibition, Excitation, and Plasticity in Neurons of the Cerebellar Nuclei[END_REF] Proville et al., 2014;[START_REF] Lee | Circuit Mechanisms Underlying Motor Memory Formation in the Cerebellum[END_REF] might explain the long-term increase in DCN activity following chronic PC stimulations. In addition to the normalization of the global activity in IN, PC theta-burst opto-stimulations also normalized the global activity in PF and oM1 (Figure 3C-D of the article). Compared to dyskinetic mice, PC opto-stimulations prevented the decreased activity in both IN and PF,

  severe striatal dysfunctions associated with LID. With this work (and futures), I hope it might contribute someday, somehow, to increase the quality of life of dyskinetic patients.I now wish to discuss some limitations related to the experiments performed in this thesis and what could be done in the future in order to circumvent them. If I manage to write this thesis correctly, I hope that I convinced the readers that every structure that I detailed earlier is much more complicated than what we might first think. DCN, PF, VAL, BG, and M1 are way less homogenous than what I might have described in the article related to this Ph.D. For example, DCN have at least 5 different types of neuronal populations, or even way more[START_REF] Fujita | Modular output circuits of the fastigial nucleus for diverse motor and nonmotor functions of the cerebellar vermis[END_REF] and PF can be subdivided into (at least) 3 regions with different transcriptional and electrophysiological characteristics(Mandelbaum et al., 2019).Even though a global description of the alterations occurring in upper motor circuits were first necessary to identify potential important structures in LID and LID prevention, further experiments could aim at characterizing the alterations occurring in specific neuronal populations. Moreover, it might even unravel modulations in structures in which global analyses failed to describe any ongoing changes. For example, in DCN, it would be very interesting to analyze the changes in activity of the different neuronal populations, based on their spike shapes, electrophysiological and transcriptional characteristics, and connectivity in dyskinetic and preventive animals. Indeed, we characterized the global changes occurring in the three DCN, however, the nucleo-olivary neurons, the projection neurons, and the interneurons are probably not similarly affected in both LID and following PC opto-stimulations.It could for example unravel more subtle changes occurring in FN and DN in dyskinetic and preventive mice. As we pointed towards a specific involvement of IN in LID prevention, another interesting aspect would be to separate IN into its anterior and posterior regions as they constitute different structures in primates and humans and therefore, these two parts might be differently affected in LID and play a different role in LID prevention. The same accounts for PF; we characterized the global changes occurring in PF but the lateral region of PF, which is part of the somatosensory circuit, might be more recruited in the alleviation of the dyskinetic phenotype.In the future, using viral tracing techniques and different mouse lines, we could further characterize DCN to PF projections with more precision and answer several questions: are DCN projections to PF originate from and/or form distinct territories? Are they topographically segregated? Do they match the topographical organization of the striatum? In addition, as our experiments suggest that IN plays a primary role in the alleviation of oral LID, it would be interesting to further inhibit the specific IN-parafascicular-striatal projection neurons simultaneous with PC opto-stimulations in order to further determine the specific involvement of this pathway in the prevention of oral LID.

Fig. 1 a

 1 Fig. 1 Optogenetic stimulations of Crus II Purkinje cells both reduce and prevent severe oral peak-dose dyskinesia.

Fig. 2

 2 Fig. 2 Purkinje cell stimulations normalize firing rate and regularize pattern of activity in the interposed nucleus.

Fig. 3

 3 Fig. 3 Aberrant activity in the motor cortex and the parafascicular nucleus of the thalamus in dyskinesia is restored by Purkinje cell stimulations.

Fig. 4

 4 Fig. 4 DCN monosynaptic inputs to PF and collaterals.

Fig. 5

 5 Fig. 5 DCN to PF pathway inhibition counteracts the effects of Purkinje cells stimulation on the severity of oral dyskinesia in preventive mice

Fig. 6

 6 Fig. 6 Spike-timing dependent plasticity produce LTD instead of LTP in D1-expressing neurons following Purkinje cell stimulations

  Figure 1

  Figure 2

PC stimulations during 4

 4 weeks prevented the decreased of the burst rate in the IN during periods of locomotor activity (Supplementary Figure 8a, left panel). Changes, although less consistent, were also observed as a function of the motor state in the DN and FN (Supplementary Figure 8a, middle and right panels). Only mild differences were observed in the burst rate in the IN, DN or FN in the different groups during periods of locomotor inactivity (Supplementary Figure 8b).
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thalamo-cerebral loops involved different thalamic nuclei and cortical areas; o Cortico-basal ganglia-thalamo-cortical loops connecting

  the cerebral cortex and the basal ganglia through the thalamus;

	As mentioned at several levels during the anatomical and functional description of the principal
	motor structures involved in motor control, reciprocal and functional connections between
	these areas form what is called the upper motor circuits of the brain. Indeed, it exists many
	different recurrent loops:
	o Cortico-cerebral loops are the reciprocal connections between different cortical
	areas;
	o Cortico-

.2 Symptoms of Parkinson's disease

  

	. Shaking Palsy did not gather much interest
	before Jean Martin Charcot (1825-1893), a French neurologist, published a detailed
	description in French of Paralysis Agitans, in 1861 and gave it the name of Parkinson's disease
	in James Parkinson's honor.
	Nowadays, Parkinson's disease (PD) is the second most common neurodegenerative disease,
	after Alzheimer disease, and the most common movement disorder in the human population.
	It affects 1-2 per 1000 in unselected populations, affects 1% of the population over 60 years
	(reviewed in (Storstein, 2017)), and more than 10 million people worldwide are living with PD.
	PD is usually diagnosed between ages 60 to 70 years. Onset before the age of 40, called early-
	onset Parkinson's disease, is observed but only affects 4% of patients. Indeed, PD is a
	progressive neurodegenerative disease, therefore, the first risk factor is age. However, several
	other diseases called "atypical parkinsonism", including progressive supranuclear palsy,
	multiple system atrophy, dementia with Lewy bodies, and corticobasal degeneration (reviewed
	in (Williams and Litvan, 2013)), distinct from PD, as well as environmental factors such as
	pesticides and drugs (reviewed in (Ascherio and Schwarzschild, 2016)), induce parkinsonism-
	like symptoms, which render difficult the diagnosis of Parkinson's disease and blur its exact
	prevalence in populations.
	1.7

2 CHAPTER II. LEVODOPA-INDUCED DYSKINESIA 2.1 A (BRIEF) HISTORY OF LEVODOPA 2.1.1 Two related but trivial compounds: dopamine and levodopa

  

	Levodopa or L-DOPA is a naturally occurring levorotatory isomer, or L-isomer, of the amino
	acid D, L-dihydroxyphenylalanine, with an opposite chirality, dextrodopa or D-DOPA. For a
	long time, these compounds were thought to be biologically inactive and therefore of less
	interest for researchers. L-DOPA was first isolated from the plant Vicia faba by Torquato
	Torquati in 1910-11

From Calabresi et al. 2010.

  

Abbreviations: AC: adenylyl cyclase; Ca 2+ =calcium ions; CB1: endocannabinoid receptor subtype 1; pCREB=cAMP response element-binding protein; D1: dopamine receptor subtype 1. DARPP-32: dopamine-and cAMP-regulated phosphoprotein of 32kDa, also called PPP1R1B= protein phosphatase1 regulatory subunit 1B; eCB=endogenous cannabinoid; ERK: extracellular signal-regulated kinase 1/2; Glu: glutamate; mGluR: metabotropic glutamate receptor; PKA: protein kinase A; PKC: protein kinase C

Kishore et al. 2014

  

Abbreviations: DMS: dorsomedial striatum; DLS: dorsolateral striatum; D1: D1-expressing striatal projection neurons; D2: D2-expressing striatal projection neurons; GPe: globus pallidus pars externus; GPi: globus pallidus pars internus; SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; STN: subthalamic nucleus; VTA: ventral tegmental area; NAc: nucleus accumbens; VAL: ventroanterior-ventrolateral complex of the thalamus; PF: parafascicular nucleus of the thalamus; M1: primary motor cortex; PC: Purkinje cells; DN: dentate nucleus; IN: interposed nucleus; FN: fastigial nucleus

Table S1 : Precision measures, exact p-values, and replicate data relevant to Figure 1, and Supplementary Figure 1c

 S1 

	Fig. 1e Supp.	Oral Oral	7 8	LID LID_PREV LID_PREV LID_CORR LID_CORR LID	SHAM LID_CORR 2.40 8.37 LID 2.67 LID 1.53 SHAM 1.20 SHAM 1.12	0.20 5.07 4.37 4.22 0 0.33	19 5 6 15 5 8		*** ns ns ### ns ns	< 0.001 0.219 0.628 <0.001 0.150 0.490
	Fig1c									
	Fig. 1f	Axial	5	LID_CORR LID LID_PREV LID_PREV LID_PREV LID_CORR	SHAM SHAM LID_CORR 2.67 1.87 9.00 LID 2.89 SHAM 0 SHAM 0.17	0.20 0 1.36 4.22 0 0.33	23 6 6 9 5 6		*** *** && ns -ns	< 0.001 <0.001 0.001 0.476 -0.590
	Fig Fig. 1f	Param Axial	Week Group1 LID_PREV LID_CORR 9 LID LID_PREV LID_CORR LID_PREV	Group2 SHAM SHAM SHAM LID_CORR 2.89 Mean1 0.78 5.40 5.85 LID 1.20 SHAM 0	Mean2 0.20 0 0 1.53 0.62 0.33	n1 18 5 8 9 5 6	n2	Sum ns *** *** && ns ns	Adjusted 0.127 <0.001 <0.001 0.003 0.370 0.350
											p Value
	Fig. 1g	Limb	7	LID_CORR LID_PREV LID_CORR LID LID_PREV LID_CORR	LID SHAM SHAM SHAM LID LID	1.87 5.83 1.27 3.44 0 0.17	8.37 0 0 0.08 0.62 1.12	23 6 11 9 5 6		### *** ** *** ns ns	< 0.001 <0.001 0.005 <0.001 0.210 0.350
	Fig. 1c	6OHDA	/	6-OHDA	SHAM	80.93	11.05	40		***	< 0.001
				LID_PREV LID_CORR LID_PREV LID_CORR LID_PREV LID_PREV	LID LID SHAM SHAM LID_CORR 0 0.78 5.40 2.83 0.86 LID 0	8.37 9.00 0 0.08 1.20 1.12	18 5 6 14 5 6		### ns *** ** ns ns	< 0.001 0.190 <0.001 0.004 0.160 0.350
		lesion								
	Supp.	Oral	5	LID_PREV LID_PREV LID_CORR LID_PREV LID LID_PREV	LID_CORR 0.78 LID 5.83 LID 1.27 SHAM 1.22 SHAM 0.62 LID_CORR 0	1.87 9.00 5.85 0.08 0 0.17	18 6 11 9 8 6		& ns ## *** ns ns	0.010 0.190 0.001 <0.001 0.157 0.49
	Fig. 1e	Oral	4	LID	SHAM	8.84	0.42	19		***	< 0.001
	Fig1c									
	Fig. 1e Supp.	Oral Oral	8 9	LID LID_PREV LID_PREV LID_CORR LID_CORR LID	SHAM LID_CORR 5.83 8.74 LID 2.83 LID 0.86 SHAM 0.83 SHAM 1.12	0.35 5.40 5.85 3.44 0 0.33	19 6 6 14 6 8		*** ns ns ### ns ns	< 0.001 0.980 0.246 <0.001 0.067 0.550
				LID_CORR	SHAM	7.96	0.42	23		***	< 0.001
	Fig1c									
	Fig. 1f	Axial	6	LID_CORR LID LID_PREV LID_PREV LID_PREV LID_CORR	SHAM SHAM LID_CORR 2.83 0.91 4.25 LID 1.22 SHAM 0 SHAM 0.33	0.35 0 1.27 3.44 0 0.33	23 8 6 9 6 6		ns *** & # -ns	0.16 <0.001 0.021 0.018 -0.900
				LID_PREV	SHAM	1.59	0.42	17		*	0.035
	Fig. 1g	Limb	4	LID_PREV LID_CORR LID LID_PREV LID_CORR LID_PREV	SHAM SHAM SHAM LID_CORR 1.22 0.78 1.50 3.89 LID 0.83 SHAM 0.50	0.35 0 0.07 0.86 0.62 0.33	18 14 9 9 6 6		ns ** *** ns ns ns	0.43 0.006 <0.001 0.302 0.575 0.920
				LID_CORR	LID	7.96	8.84	23		ns	0.711
	Fig. 1g	Limb	8	LID_CORR LID_PREV LID_CORR LID LID_PREV LID_CORR	LID SHAM SHAM SHAM LID LID	0.91 4.00 1.20 2.22 0 0.33	8.74 0 0.07 0.08 0.62 1.12	23 6 15 9 6 6		### *** *** *** ns ns	< 0.001 <0.001 <0.001 <0.001 0.157 0.550
				LID_PREV	LID	1.59	8.84	17		###	< 0.001
				LID_PREV LID_CORR LID_PREV LID_CORR LID_PREV LID_PREV	LID LID SHAM SHAM LID_CORR 0 0.78 1.50 3.12 0.28 LID 0.50	8.74 4.25 0.07 0.08 0.83 1.12	18 14 8 14 6 6		### ## *** ns ns ns	< 0.001 0.002 <0.001 0.264 0.067 0.590
				LID_PREV	LID_CORR 1.59	7.96	17		&&&	< 0.001
	Supp.	Oral	6	LID_PREV LID_PREV LID_CORR LID_PREV LID LID_PREV	LID_CORR 0.78 LID 4.00 LID 1.20 SHAM 2.00 SHAM 0.75 LID_CORR 0.50	0.91 4.25 3.89 0.08 0.17 0.33	18 6 15 9 8 6		ns ns ## *** ns ns	0.43 0.610 0.003 <0.001 0.330 0.900
	Fig. 1e	Oral	5	LID	SHAM	7.79	0.23	19		***	< 0.001
	Fig1c									
	Fig. 1e	Oral	9	LID LID_PREV LID_PREV LID_CORR LID_CORR	SHAM LID_CORR 4.00 6.42 LID 3.12 LID 0.28 SHAM 0	0.36 1.50 3.89 2.22 0.17	19 6 8 14 6		*** &&& ns ### ns	< 0.001 <0.001 0.981 <0.001 0.400
				LID_CORR	SHAM	9.20	0.23	15		***	< 0.001
	Fig. 1f	Axial	7	LID_CORR LID LID_PREV LID_PREV LID_PREV	SHAM SHAM LID_CORR 3.12 1.31 4.62 LID 2.00 SHAM 0	0.36 0 1.20 2.22 0.17	16 8 8 9 6		ns *** && ns ns	0.053 <0.001 0.002 0.852 0.400
				LID_PREV	SHAM	1.83	0.23	18		**	0.002
	Fig. 1g	Limb	5	LID_PREV LID_CORR LID LID_PREV LID_CORR	SHAM SHAM SHAM LID_CORR 2.00 1.92 1.36 3.57 LID 0	0.36 0 0.09 0.28 0.75	13 14 7 9 6		** * *** &&& ns	0.004 0.014 <0.001 <0.001 0.160
				LID_CORR	LID	9.20	7.79	15		ns	0.425
	Fig. 1g	Limb	9	LID_CORR LID_PREV LID_CORR LID LID_PREV	LID SHAM SHAM SHAM LID	1.31 1.33 0.83 1.89 0	6.42 0 0.09 0.08 0.75	16 6 6 9 6		### ** * *** ns	< 0.001 0.004 0.034 <0.001 0.160
				LID_PREV	LID	1.83	7.79	18		###	< 0.001
				LID_PREV LID_CORR LID_PREV LID_CORR LID_PREV	LID LID SHAM SHAM LID_CORR 0 1.92 1.36 2.67 0.09	6.42 4.62 0.09 0.08 0	13 14 9 11 6		### ## *** ns -	< 0.001 0.002 <0.001 0.936 -
				LID_PREV	LID_CORR 1.83	9.20	18		&&&	< 0.001
	Supp.	Oral	7	LID_PREV LID_PREV LID_CORR LID_PREV LID	LID_CORR 1.92 LID 1.33 LID 0.83 SHAM 0.87 SHAM 1.12	1.31 4.62 3.57 0.08 0.17	13 6 6 8 8		ns # ## * *	0.219 0.030 0.004 0.014 0.028
	Fig. 1e	Oral	6	LID	SHAM	8.31	0.23	19		***	< 0.001
	Fig1c									
	Fig. 1f	Axial	4	LID LID_PREV LID_PREV LID_CORR LID_CORR	SHAM LID_CORR 1.33 8.12 LID 2.67 LID 0.09 SHAM 0.17	0 1.36 3.57 1.89 0.17	8 6 9 11 6		*** ns ns ### ns	<0.001 0.586 0.375 <0.001 1
				LID_CORR	SHAM	2.71	0.23	24		***	< 0.001
	Fig. 1f	Axial	8	LID_CORR LID LID_PREV LID_PREV LID_PREV	SHAM SHAM LID_CORR 2.67 5.07 4.37 LID 0.87 SHAM 0.17	0 0 0.83 1.89 0.17	14 8 9 8 6		*** *** & ns ns	<0.001 <0.001 0.015 0.291 1
				LID_PREV	SHAM	0.94	0.23	18		*	0.048
	Fig. 1g	Limb	6	LID_PREV LID_CORR LID LID_PREV LID_CORR	SHAM SHAM SHAM LID_CORR 0.87 2.40 1.36 4.22 LID 0.17	0 0 0 0.09 1.12	5 14 9 8 6		*** * *** & #	<0.001 0.011 <0.001 0.018 0.028
				LID_CORR	LID	2.71	8.31	24		###	< 0.001
	Supp.	Oral	4	LID_CORR LID_PREV LID_CORR LID LID_PREV	LID SHAM SHAM SHAM LID	5.07 2.67 1.53 0.62 0.17	8.12 0 0 0 1.12	14 6 15 8 6		ns *** *** ns #	0.077 <0.001 <0.001 0.160 0.028
				LID_PREV	LID	0.94	8.31	18		###	< 0.001
	Fig1c									
				LID_PREV LID_CORR LID_PREV LID_PREV	LID LID SHAM LID_CORR 0.17 2.40 1.36 2.89	8.12 4.37 0 0.17	5 14 9 6		# ## *** ns	0.018 0.001 <0.001 1
				LID_PREV	LID_CORR 0.94	2.71	18		&&	0.002

Table S2 : Number of cells and mice in each condition per week for the three deep cerebellar nuclei. Related to Figure 2 and Supplementary Figure 5.

 S2 

		W6-W7 n=12	N=2	n=10	N=1	n=20	N=3
		W8-W9 n=11	N=2	n=12	N=1	n=17	N=3
	LID_PREV	W2-W3 n=31	N=3	n=34	N=3	n=31	N=3
		W4-W5 n=32	N=3	n=26	N=3	n=32	N=3
		W6-W7 n=26	N=3	n=25	N=3	n=32	N=3
		W8-W9 n=27	N=3	n=16	N=3	n=29	N=3
	All cell (DCN)	Region	Interposed		Dentate		Fastigial
	Groupe	Weeks	Cells	Mice	Cells	Mice	Cells	Mice
	SHAM	W2-W3 n=10	N=1	n=28	N=2	n=7	N=1
		W4-W5 n=11	N=1	n=30	N=2	n=8	N=1
		W6-W7 n=10	N=1	n=24	N=2	n=3	N=1
		W8-W9 n=9	N=1	n=28	N=2	n=3	N=1
	LID	W2-W3 n=25	N=3	n=41	N=4	n=41	N=5
		W4-W5 n=8	N=2	n=33	N=4	n=42	N=5
		W6-W7 n=10	N=3	n=24	N=3	n=49	N=6
		W8-W9 n=13	N=3	n=30	N=4	n=27	N=4
	LID_CORR	W2-W3 n=19	N=2	n=12	N=1	n=15	N=3
		W4-W5 n=24	N=3	n=17	N=2	n=22	N=3

Table S3 : Precision measures, exact p-values, and replicate data relevant to Figure 2d and Supplementary Figures 5d and 5f.

 S3 

	Fig.	DN	LID	W2-W3 W6-W7	W4-W5 W8-W9	27.49 Hz 13.85 Hz	17.61 Hz 12 14.75 Hz 49		* ns	0.015 0.754
	Supp5d Fig.	FN	CORR LID	W2-W3 W2-W3	W6-W7 W4-W5	27.49 Hz 29.90 Hz	17.15 Hz 12 12.07 Hz 15		** ns	0.002 0.075
	Supp5d		CORR	W2-W3 W2-W3	W8-W9 W6-W7	27.49 Hz 29.90 Hz	22.39 Hz 12 20.21 Hz 15		ns ns	0.181 0.898
				W4-W5 W2-W3	W6-W7 W8-W9	17.61 Hz 29.90 Hz	17.15 Hz 17 16.44 Hz 15		ns ns	0.866 0.679
				W4-W5 W4-W5	W8-W9 W6-W7	17.61 Hz 12.07 Hz	22.39 Hz 17 20.21 Hz 22		ns *	0.137 0.042
				W6-W7 W4-W5	W8-W9 W8-W9	17.15 Hz 12.07 Hz	22.39 Hz 10 16.44 Hz 22		ns *	0.089 0.041
	Fig.	DN	LID	W2-W3 W6-W7	W4-W5 W8-W9	13.77 Hz 20.21 Hz	18.40 Hz 34 16.44 Hz 20		* ns	0.017 0.935
	Fig Supp5d Fig.	Reg Group PREV FN LID	Weeks1 W2-W3 W2-W3	Weeks2 W6-W7 W4-W5	Mean1 13.77 Hz 15.11 Hz	Mean2 15.73 Hz 34 n1 19.29 Hz 31	n2 Sum ns ns	Adjusted 0.431 0.095
	Supp5d		PREV	W2-W3 W2-W3	W8-W9 W6-W7	13.77 Hz 15.11 Hz	11.77 Hz 34 12.95 Hz 31		ns ns	p Value 0.586 0.212
	Fig. 2d	IN	SHAM	W2-W3 W4-W5 W2-W3	W4-W5 W6-W7 W8-W9	19.68 Hz 18.40 Hz 15.11 Hz	14.05 Hz 10 15.73 Hz 26 11.77 Hz 31	11 ns ns *	0.973 0.520 0.016
				W2-W3 W4-W5 W4-W5	W6-W7 W8-W9 W6-W7	19.68 Hz 18.40 Hz 19.29 Hz	9.24 Hz 11.77 Hz 26 10 12.95 Hz 32	10 ns ** **	0.283 0.002 0.001
				W6-W7 W4-W5	W8-W9 W8-W9	15.73 Hz 19.29 Hz	11.77 Hz 25 11.77 Hz 32		ns ***	0.075 <0.001
				W2-W3	W8-W9	19.68 Hz	20.48 Hz 10	9	ns	0.841
	Fig.	FN	SHAM	W2-W3 W6-W7	W4-W5 W8-W9	17.24 Hz 12.95 Hz	15.96 Hz 7 11.77 Hz 32		ns ns	1 0.960
	Supp5f			W4-W5 W2-W3	W6-W7 W6-W7	14.05 Hz 17.24 Hz	9.24 Hz 7.49 Hz	11 7	10 ns ns	0.492 0.191
				W4-W5 W2-W3	W8-W9 W8-W9	14.05 Hz 17.24 Hz	20.48 Hz 11 12.48 Hz 7	9	ns ns	0.591 0.807
				W6-W7 W4-W5	W8-W9 W6-W7	9.24 Hz 15.96 Hz	20.48 Hz 10 7.49 Hz 8	9	ns ns	0.063 0.193
	Fig. 2d	IN	LID	W2-W3 W4-W5	W4-W5 W8-W9	17.35 Hz 15.96 Hz	9.75 Hz 12.48 Hz 8 25	8	ns ns	0.338 0.821
				W2-W3 W6-W7	W6-W7 W8-W9	17.35 Hz 7.49 Hz	8.50 Hz 12.48 Hz 3 25	10 * ns	0.023 0.739
	Fig.	FN	LID	W2-W3 W2-W3	W8-W9 W4-W5	17.35 Hz 14.84 Hz	10.64 Hz 25 11.20 Hz 41	13 ns ns	0.147 0.467
	Supp5f			W4-W5 W2-W3	W6-W7 W6-W7	9.75 Hz 14.84 Hz	8.50 Hz 13.85 Hz 41 8	10 ns ns	0.812 0.998
				W4-W5 W2-W3	W8-W9 W8-W9	9.75 Hz 14.84 Hz	10.64 Hz 8 14.75 Hz 41	13 ns ns	0.999 0.843
				W6-W7 W4-W5	W8-W9 W6-W7	8.50 Hz 11.20 Hz	10.64 Hz 10 13.85 Hz 42	13 ns ns	0.818 0.527
	Fig. 2d	IN	LID	W2-W3 W4-W5	W4-W5 W8-W9	26.52 Hz 11.20 Hz	18.81 Hz 19 14.75 Hz 42	24 * ns	0.031 0.150

Table S4 : Precision measures, exact p-values, and replicate date relevant to Figure 2e and Supplementary Figures 5e and 5g.

 S4 

	Fig. 2e	IN	LID	W2-W3 W6-W7 W4-W5	W4-W5 W8-W9 W8-W9	0.859 0.920 0.903	1.017 0.943 0.967	25 24 ns ** 8 ns	0.003 0.603 0.275
	Fig.	DN	LID	W2-W3 W2-W3 W6-W7	W6-W7 W4-W5 W8-W9	0.859 0.920 0.948	1.023 0.961 0.967	25 *** 41 *** 3 ns	<0.001 <0.001 0.966
	Supp5e Fig.	FN	LID	W2-W3 W2-W3 W2-W3	W8-W9 W6-W7 W4-W5	0.859 0.920 0.919	1.018 0.961 0.977	25 *** 41 *** 41 ***	<0.001 <0.001 <0.001
	Supp5f			W4-W5 W2-W3 W2-W3	W6-W7 W8-W9 W6-W7	1.017 0.920 0.919	1.023 0.956 0.957	8 41 ** ns 41 **	0.999 0.001 0.004
				W4-W5 W4-W5 W2-W3	W8-W9 W6-W7 W8-W9	1.017 0.961 0.919	1.018 0.961 0.950	8 33 ns ns 41 ns	1 1 0.076
				W6-W7 W4-W5 W4-W5	W8-W9 W8-W9 W6-W7	1.023 0.961 0.977	1.018 0.956 0.957	10 ns 33 ns 42 ns	0.999 0.947 0.254
	Fig. 2e	IN	LID	W2-W3 W6-W7 W4-W5	W4-W5 W8-W9 W8-W9	0.855 0.961 0.977	0.932 0.956 0.950	19 * 24 ns 42 ns	0.031 0.959 0.154
			CORR						
	Fig.	DN	LID	W2-W3 W2-W3 W6-W7	W6-W7 W4-W5 W8-W9	0.855 0.862 0.957	0.834 0.906 0.950	19 ns 12 ns 49 ns	0.906 0.086 0.947
	Supp5e Fig.	FN	CORR LID	W2-W3 W2-W3 W2-W3	W8-W9 W6-W7 W4-W5	0.855 0.862 0.835	0.914 0.925 0.935	19 ns 12 *** 15 ns	0.307 <0.001 0.080
	Supp5f		CORR	W4-W5 W2-W3 W2-W3	W6-W7 W8-W9 W6-W7	0.932 0.862 0.835	0.834 0.899 0.880	24 * 12 ** 15 ns	0.013 0.008 0.723
				W4-W5 W4-W5 W2-W3	W8-W9 W6-W7 W8-W9	0.932 0.906 0.835	0.914 0.925 0.923	24 ns 17 ns 15 ns	0.942 0.764 0.133
				W6-W7 W4-W5 W4-W5	W8-W9 W8-W9 W6-W7	0.834 0.906 0.935	0.914 0.899 0.880	12 ns 17 ns 22 ns	0.139 0.982 0.143
	Fig. 2e	IN	LID	W2-W3 W6-W7 W4-W5	W4-W5 W8-W9 W8-W9	0.891 0.925 0.935	0.894 0.899 0.923	31 ns 10 ns 22 ns	0.998 0.219 0.792
	Fig.	DN	PREV LID	W2-W3 W2-W3 W6-W7	W6-W7 W4-W5 W8-W9	0.891 0.934 0.880	0.895 0.926 0.923	31 ns 34 ns 20 ns	0.998 0.830 0.288
	Supp5e Fig.	FN	PREV LID	W2-W3 W2-W3 W2-W3	W8-W9 W6-W7 W4-W5	0.891 0.934 0.918	0.910 0.951 0.916	31 ns 34 ns 31 ns	0.713 0.284 0.993
	Supp5f		PREV	W4-W5 W2-W3 W2-W3	W6-W7 W8-W9 W6-W7	0.894 0.934 0.918	0.895 0.975 0.951	32 ns 34 ** 31 **	1 0.001 0.001
	Fig	Reg Group	Weeks1 W4-W5 W4-W5 W2-W3	Weeks2 W8-W9 W6-W7 W8-W9	Mean1 0.894 0.926 0.918	Mean2 n1 n2 Sum 0.910 32 ns 0.951 26 ns 0.962 31 ***	Adjusted 0.802 0.070 <0.001
										p Value
				W6-W7 W4-W5 W4-W5	W8-W9 W8-W9 W6-W7	0.895 0.926 0.916	0.910 0.975 0.951	26 ns 26 *** 32 ***	0.832 <0.001 <0.001
	Fig. 2e	IN	SHAM	W2-W3	W4-W5	0.882	0.947	10 ns	0.166
	Fig.	DN	SHAM	W2-W3 W6-W7 W4-W5	W4-W5 W8-W9 W8-W9	0.877 0.951 0.916	0.920 0.975 0.962	31 ns 25 ns 32 ***	0.069 0.143 <0.001
				W2-W3	W6-W7	0.882	0.959	10 ns	0.089
	Supp5e Fig.	FN	SHAM	W2-W3 W2-W3 W6-W7	W6-W7 W4-W5 W8-W9	0.877 0.875 0.951	0.920 0.903 0.962	31 ns 7 ns 32 ns	0.093 0.689 0.628
				W2-W3	W8-W9	0.882	0.929	10	ns	0.482
	Supp5f			W2-W3 W2-W3	W8-W9 W6-W7	0.877 0.875	0.943 0.948	31 ** 7 ns	0.002 0.185
				W4-W5	W6-W7	0.947	0.959	11 ns	0.982
				W4-W5 W2-W3	W6-W7 W8-W9	0.920 0.875	0.920 0.967	32 ns 7 ns	1 0.069
				W4-W5	W8-W9	0.947	0.929	11	ns	0.935
				W4-W5 W4-W5	W8-W9 W6-W7	0.920 0.903	0.943 0.948	32 ns 8 ns	0.552 0.563
				W6-W7	W8-W9	0.959	0.929	10	ns	0.791

Table S5 : Number of cells and mice in each condition per week in the motor cortex (M1), the parafascicular nucleus (PF) of the thalamus and the ventroanterior-ventrolateral complex (VAL) of the thalamus. Related to Figures 3c, 3d and Supplementary Figure 7d.

 S5 

	All cell	Region		M1		PF		VAL
	Groupe	Weeks	Cells	Mice	Cells	Mice	Cells	Mice
	SHAM	W2-W3	n=169	N=5	n=125	N=5	n=150	N=5
		W4-W5	n=137	N=5	n=107	N=5	n=136	N=5
		W6-W7	n=123	N=5	n=104	N=5	n=161	N=5
		W8	n=37	N=3	n=16	N=2	n=46	N=3
	LID	W2-W3	n=107	N=4	n=83	N=4	n=135	N=4
		W4-W5	n=73	N=3	n=80	N=3	n=81	N=3
		W6-W7	n=65	N=3	n=83	N=3	n=105	N=3
		W8	n=34	N=3	n=32	N=3	n=46	N=3
	LID_CORR	W2-W3	n=253	N=6	n=244	N=6	n=229	N=6
		W4-W5	n=255	N=6	n=282	N=6	n=278	N=6
		W6-W7	n=208	N=6	n=148	N=6	n=178	N=6
		W8	n=99	N=5	n=70	N=4	n=59	N=4
	LID_PREV	W2-W3	n=221	N=8	n=159	N=8	n=164	N=8
		W4-W5	n=172	N=8	n=168	N=8	n=154	N=8
		W6-W7	n=120	N=8	n=131	N=8	n=123	N=8
		W8	n=41	N=4	n=37	N=5	n=29	N=5

Table S6 : Precision measures, exact p-values, and replicate date relevant to Figures 3c, 3d and Supplementary Figure 7d.

 S6 

	Fig. Fig.	DN IN	SHAM SHAM	W4-W5 W4-W5 W2-W3 W4-W5 W2-W3 W2-W3 W4-W5	W8 W6-W7 W4-W5 W8-W9 W4-W5 W8-W9 W6-W7	0.93 Hz 0.71 Hz 2.82 Hz 22.64 Hz 11.99 Hz 1.25 Hz 0.65 Hz	0.85 Hz 0.68 Hz 2.66 Hz 26.47 Hz 30 123 107 28 10.13 Hz 12 0.22 Hz 25 0.32 Hz 42	49	ns ns ns ns ns ** *	0.772 0.966 0.406 0.718 0.561 0.006 0.025
	Supp7 Supp7		CORR	W6-W7 W4-W5 W2-W3 W6-W7 W2-W3 W4-W5 W4-W5	W8 W8 W6-W7 W8-W9 W6-W7 W6-W7 W8-W9	0.80 Hz 0.71 Hz 2.82 Hz 19.02 Hz 11.99 Hz 0.26 Hz 0.65 Hz	0.85 Hz 0.60 Hz 2.60 Hz 26.47 Hz 5 137 107 28 6.01 Hz 12 0.12 Hz 8 0.44 Hz 42	27	ns ns ns ns *** ns ns	0.491 0.994 0.742 0.685 < 0.001 0.400 0.310
	(upper) (lower)									
	Fig.3c Fig.	M1 DN	LID SHAM	W2-W3 W6-W7 W2-W3 W2-W3 W2-W3 W4-W5 W6-W7	W4-W5 W8 W8-W9 W4-W5 W8-W9 W8-W9 W8-W9	0.30 Hz 0.68 Hz 2.82 Hz 29.52 Hz 11.99 Hz 0.26 Hz 0.32 Hz	0.83 Hz 0.60 Hz 2.73 Hz 18.95 Hz 10 107 104 28 10.57 Hz 12 0.22 Hz 8 0.44 Hz 49	27	*** ns ns ** ns ns ns	<0.001 0.946 0.806 0.006 0.703 0.949 0.188
	Fig.3d Supp7 Fig.	PF FN	LID PREV LID	W2-W3 W2-W3 W4-W5 W2-W3 W4-W5 W6-W7 W2-W3	W6-W7 W4-W5 W6-W7 W6-W7 W6-W7 W8-W9 W4-W5	0.30 Hz 1.06 Hz 2.66 Hz 29.52 Hz 10.13 Hz 0.12 Hz 1.22 Hz	1.16 Hz 0.34 Hz 2.60 Hz 21.48 Hz 10 107 83 30 6.01 Hz 9 0.22 Hz 9 0.95 Hz 15	22	*** ns ns ns * ns ns	<0.001 0.053 0.998 0.060 0.047 0.053 0.940
	(middle)									
	Fig. Supp8a	IN	LID CORR	W2-W3 W2-W3 W4-W5 W2-W3 W4-W5 W2-W3 W2-W3	W8 W6-W7 W8-W9 W8-W9 W8-W9 W4-W5 W6-W7	0.30 Hz 1.06 Hz 2.66 Hz 29.52 Hz 10.13 Hz 0.70 Hz 1.22 Hz	1.39 Hz 0.31 Hz 2.73 Hz 19.48 Hz 10 107 83 30 10.57 Hz 9 2.70 Hz 19 0.56 Hz 15	20	*** * ns ** ns ns ns	<0.001 0.025 0.916 0.008 0.989 0.193 0.505
	Supp8a		CORR	W4-W5 W2-W3 W6-W7 W4-W5 W6-W7 W2-W3 W2-W3	W6-W7 W8 W8-W9 W6-W7 W8-W9 W6-W7 W8-W9	0.83 Hz 1.06 Hz 2.60 Hz 18.95 Hz 6.01 Hz 0.70 Hz 1.22 Hz	1.16 Hz 0.40 Hz 2.73 Hz 21.48 Hz 12 73 83 24 10.57 Hz 9 0.94 Hz 19 1.20 Hz 15	17	ns ns ns ns * ns ns	0.567 0.102 0.954 0.828 0.013 0.997 1
	Fig. Fig.	DN IN	SHAM SHAM	W4-W5 W4-W5 W2-W3 W4-W5 W2-W3 W2-W3 W4-W5	W8 W6-W7 W4-W5 W8-W9 W4-W5 W8-W9 W6-W7	0.83 Hz 0.34 Hz 3.14 Hz 18.95 Hz 15.70 Hz 0.70 Hz 0.95 Hz	1.39 Hz 0.31 Hz 2.15 Hz 19.48 Hz 12 73 80 10 6.49 Hz 18 2.10 Hz 19 0.56 Hz 22	20	ns ns *** ns *** ns ns	0.120 0.993 < 0.001 0.997 <0.001 0.664 0.791
	Supp7 Supp7		PREV PREV	W6-W7 W4-W5 W2-W3 W6-W7 W2-W3 W4-W5 W4-W5	W8 W8 W6-W7 W8-W9 W6-W7 W6-W7 W8-W9	1.16 Hz 0.34 Hz 3.14 Hz 21.48 Hz 15.70 Hz 2.70 Hz 0.95 Hz	1.39 Hz 0.40 Hz 2.08 Hz 19.48 Hz 11 65 80 10 8.38 Hz 18 0.94 Hz 24 1.20 Hz 22	17	ns ns *** ns ** ns ns	0.768 1 < 0.001 0.902 0.002 0.418 0.943
	(upper) (lower)									
	Fig.3c Fig.	M1 FN	LID SHAM	W2-W3 W6-W7 W2-W3 W2-W3 W2-W3 W4-W5 W6-W7	W4-W5 W8 W8-W9 W4-W5 W8-W9 W8-W9 W8-W9	0.58 Hz 0.31 Hz 3.14 Hz 24.46 Hz 15.70 Hz 2.70 Hz 0.56 Hz	1.28 Hz 0.40 Hz 2.57 Hz 25.18 Hz 7 253 83 10 10.02 Hz 18 2.10 Hz 24 1.20 Hz 20	17	*** ns * ns * ns ns	<0.001 0.992 0.024 0.988 0.036 0.956 0.494
	Fig.3d Supp7 Fig.	PF FN	CORR LID LID	W2-W3 W2-W3 W4-W5 W2-W3 W4-W5 W6-W7 W2-W3	W6-W7 W4-W5 W6-W7 W8-W9 W6-W7 W8-W9 W4-W5	0.58 Hz 1.11 Hz 2.15 Hz 24.46 Hz 6.49 Hz 0.94 Hz 2.27 Hz	0.93 Hz 0.82 Hz 2.08 Hz 19.50 Hz 7 253 244 12 8.38 Hz 23 2.10 Hz 12 1.09 Hz 31	32	*** ns ns ns ns ns ns	<0.001 0.057 0.982 0.737 0.307 0.825 0.120
	(middle)									
	Fig. Supp8a	IN	CORR LID PREV	W2-W3 W2-W3 W4-W5 W4-W5 W4-W5 W2-W3 W2-W3	W8 W6-W7 W8-W9 W8-W9 W8-W9 W4-W5 W6-W7	0.58 Hz 1.11 Hz 2.15 Hz 25.18 Hz 6.49 Hz 0.94 Hz 2.27 Hz	0.95 Hz 1.03 Hz 2.57 Hz 19.50 Hz 8 253 244 12 10.02 Hz 23 1.03 Hz 31 0.68 Hz 31	32	*** ns ns ns ns ns **	<0.001 0.896 0.126 0.662 0.074 0.979 0.001
	Fig. Supp8a	FN	SHAM PREV	W4-W5 W2-W3 W6-W7 W2-W3 W6-W7 W2-W3 W2-W3	W6-W7 W8 W8-W9 W4-W5 W8-W9 W6-W7 W8-W9	1.28 Hz 1.11 Hz 2.08 Hz 34.79 Hz 8.38 Hz 0.94 Hz 2.27 Hz	0.93 Hz 0.84 Hz 2.57 Hz 15.57 Hz 18 255 244 11 10.02 Hz 19 1.34 Hz 31 0.86 Hz 31	29	ns ns ns *** ns ns *	0.933 0.995 0.062 <0.001 0.703 0.407 0.031
	Fig. Supp7 Fig.	FN DN	SHAM PREV SHAM	W4-W5 W4-W5 W2-W3 W2-W3 W2-W3 W2-W3 W4-W5	W8 W6-W7 W4-W5 W6-W7 W4-W5 W8-W9 W6-W7	1.28 Hz 0.82 Hz 2.71 Hz 34.79 Hz 15.57 Hz 0.94 Hz 1.09 Hz	0.95 Hz 1.03 Hz 2.69 Hz 12.11 Hz 18 255 282 7 15.49 Hz 28 1.31 Hz 31 0.68 Hz 32	32	ns ns ns *** ns ns ns	0.999 0.280 0.228 1 <0.001 1 0.477 0.341
	(middle)			W2-W3	W6-W7	2.37 Hz	2.27 Hz	13		***	<0.001
	Supp7 Supp7			W6-W7 W4-W5 W2-W3 W2-W3 W2-W3 W4-W5 W4-W5	W8 W8 W6-W7 W8-W9 W6-W7 W6-W7 W8-W9	0.93 Hz 0.82 Hz 2.71 Hz 34.79 Hz 15.57 Hz 1.03 Hz 1.09 Hz	0.95 Hz 0.84 Hz 1.99 Hz 18.13 Hz 18 208 282 7 14.47 Hz 28 1.34 Hz 32 0.86 Hz 32	29	ns ns ns *** ns ns ns	0.914 0.234 0.191 <0.001 0.980 0.633 0.833
	(upper) (lower)			W2-W3	W8-W9	2.37 Hz	2.28 Hz	13		ns	0.472
	Fig.3c	M1	LID	W2-W3 W6-W7 W2-W3 W4-W5 W2-W3 W4-W5 W6-W7	W4-W5 W8 W8-W9 W6-W7 W8-W9 W8-W9 W8-W9	0.56 Hz 1.03 Hz 2.71 Hz 15.57 Hz 15.57 Hz 1.03 Hz 0.68 Hz	0.70 Hz 0.84 Hz 2.40 Hz 12.11 Hz 14 221 148 7 15.62 Hz 28 1.31 Hz 32 0.86 Hz 32	29	ns ns ns ns ns ns ns	0.594 0.984 0.808 0.774 1 0.708 0.751
				W4-W5	W6-W7	1.89 Hz	2.27 Hz	21		*	0.018
	Fig.3d	PF	PREV LID	W2-W3 W2-W3 W4-W5 W4-W5 W4-W5 W6-W7	W6-W7 W4-W5 W6-W7 W8-W9 W6-W7 W8-W9	0.56 Hz 1.11 Hz 2.69 Hz 15.57 Hz 15.49 Hz 1.34 Hz	0.85 Hz 0.58 Hz 1.99 Hz 18.13 Hz 14 221 159 8 14.47 Hz 30 1.31 Hz 26		ns ns ns ns ns ns	0.156 0.086 0.193 0.888 0.984 0.999
				W4-W5	W8-W9	1.89 Hz	2.28 Hz	21		ns	0.914
	Fig.	DN	PREV SHAM	W2-W3 W2-W3 W4-W5 W6-W7 W4-W5 W2-W3	W8 W6-W7 W8-W9 W8-W9 W8-W9 W4-W5	0.56 Hz 1.11 Hz 2.69 Hz 12.11 Hz 15.49 Hz 1.21 Hz	0.56 Hz 0.72 Hz 2.40 Hz 18.13 Hz 15 221 159 8 15.62 Hz 30 1.52 Hz 28		ns ns ns ns ns ns	0.574 0.146 0.821 0.320 1 0.853
				W6-W7	W8-W9	2.27 Hz	2.28 Hz	21		**	0.002
	Fig. Supp8a	IN	SHAM	W4-W5 W2-W3 W6-W7 W2-W3 W6-W7 W2-W3	W6-W7 W8 W8-W9 W4-W5 W8-W9 W6-W7	0.70 Hz 1.11 Hz 1.99 Hz 18.12 Hz 14.47 Hz 1.21 Hz	0.85 Hz 0.74 Hz 2.40 Hz 13.31 Hz 10 172 159 3 15.62 Hz 19 0.60 Hz 28		ns ns ns ns ns ns	0.833 0.672 0.739 0.749 0.977 0.825
	Fig.	IN	SHAM	W2-W3	W4-W5	2.84 Hz	1.92 Hz	18		***	< 0.001
	Fig Fig. Supp7 Fig. Supp7 Supp7 (lower) Supp7	Reg Group FN SHAM DN SHAM PREV PREV PREV	Weeks1 W4-W5 W4-W5 W2-W3 W2-W3 W2-W3 W2-W3 W6-W7 W4-W5 W2-W3 W2-W3 W2-W3 W2-W3 W4-W5	Weeks2 W8 W6-W7 W4-W5 W6-W7 W4-W5 W8-W9 W8 W8 W6-W7 W6-W7 W8-W9 W6-W7 W6-W7	Mean1 0.70 Hz 0.58 Hz 3.25 Hz 18.12 Hz 25.75 Hz 1.21 Hz 0.85 Hz 0.58 Hz 2.84 Hz 3.25 Hz 18.12 Hz 25.75 Hz 1.52 Hz	Mean2 0.56 Hz 0.72 Hz 2.34 Hz 7.41 Hz 8.78 Hz 1.74 Hz 0.56 Hz 0.74 Hz 2.14 Hz 1.99 Hz 18.49 Hz 10 n1 172 168 18 10 10 28 120 168 18 18 8.23 Hz 10 0.60 Hz 30	n2	Sum ns ns *** ns *** ns ns ns *** *** ns *** ns	0.983 0.996 <0.001 0.303 <0.001 0.538 Adjusted p Value 0.994 0.906 < 0.001 <0.001 1 <0.001 0.564
	(upper)									
	Fig.3c (upper) (lower) Fig.3d	M1 PF	SHAM SHAM	W2-W3 W2-W3 W2-W3 W6-W7 W2-W3 W4-W5 W2-W3 W4-W5	W4-W5 W8-W9 W4-W5 W8 W8-W9 W6-W7 W8-W9 W8-W9	1.01 Hz 2.84 Hz 0.91 Hz 0.72 Hz 3.25 Hz 13.31 Hz 25.75 Hz 1.52 Hz	0.93 Hz 2.32 Hz 0.71 Hz 0.74 Hz 2.28 Hz 7.41 Hz 12.22 Hz 10 169 137 18 125 131 18 11 1.74 Hz 30	ns * ns ns *** ns *** ns	0.016 0.989 0.662 0.958 <0.001 0.754 <0.001 0.942
	Fig.	VAL SHAM	W2-W3 W4-W5 W2-W3 W2-W3 W4-W5 W4-W5 W4-W5 W6-W7	W6-W7 W6-W7 W6-W7 W4-W5 W6-W7 W8-W9 W6-W7 W8-W9	1.01 Hz 1.92 Hz 0.91 Hz 0.92 Hz 2.34 Hz 13.31 Hz 8.78 Hz 0.60 Hz	0.80 Hz 2.14 Hz 0.68 Hz 0.72 Hz 1.99 Hz 18.49 Hz 11 169 123 23 125 150 14 8.23 Hz 12 1.74 Hz 5	ns ns ns ns ns ns ns ns	0.492 0.790 0.906 0.298 0.290 0.723 0.997 0.383
	Supp7d Fig.	DN	LID	W2-W3 W4-W5 W2-W3 W2-W3 W4-W5 W6-W7 W4-W5 W2-W3	W8 W8-W9 W8 W6-W7 W8-W9 W8-W9 W8-W9 W4-W5	1.01 Hz 1.92 Hz 0.91 Hz 0.92 Hz 2.34 Hz 7.41 Hz 8.78 Hz 1.27 Hz	0.85 Hz 2.32 Hz 0.60 Hz 0.72 Hz 2.28 Hz 18.49 Hz 5 169 37 23 125 150 14 12.22 Hz 12 0.25 Hz 41	ns ns ns ns ns ns ns ***	0.076 0.880 0.766 0.411 0.990 0.290 0.570 <0.001
				W4-W5 W6-W7	W6-W7 W8-W9	0.93 Hz 2.14 Hz	0.80 Hz 2.32 Hz	123 137 19	ns ns	0.934 0.716

Table S11 : Precision measures, exact p-values, and replicate date relevant to Supplementary Figure8b

 S11 

	Fig.	IN	SHAM	W2-W3 W4-W5	W4-W5 W8-W9	1.19 Hz 0.86 Hz	0.58 Hz 0.60 Hz	10 26		ns ns	0.504 0.192
	Supp8b			W2-W3 W6-W7	W6-W7 W8-W9	1.19 Hz 1.52 Hz	0.19 Hz 0.60 Hz	10 25		ns **	0.141 0.004
	Fig.	FN	SHAM	W2-W3 W2-W3	W8-W9 W4-W5	1.19 Hz 0.85 Hz	0.30 Hz 0.58 Hz	10 7		ns ns	0.211 0.383
	Supp8b			W4-W5 W2-W3	W6-W7 W8-W9	0.58 Hz 0.85 Hz	0.19 Hz 0.25 Hz	11 7		** ns	0.005 0.083
				W4-W5 W4-W5	W8-W9 W8-W9	0.58 Hz 0.58 Hz	0.30 Hz 0.25 Hz	11 8		ns ns	0.050 0.403
	Fig.	FN	LID	W6-W7 W2-W3	W8-W9 W4-W5	0.19 Hz 0.64 Hz	0.30 Hz 1.00 Hz	5 41		ns ns	0.173 0.435
	Fig. Supp8b	IN	LID	W2-W3 W2-W3	W4-W5 W6-W7	0.77 Hz 0.64 Hz	1.39 Hz 2.91 Hz	25 41		ns **	0.773 0.006
	Supp8b			W2-W3 W2-W3	W6-W7 W8-W9	0.77 Hz 0.64 Hz	1.01 Hz 1.27 Hz	25 41		ns ns	0.981 0.191
				W2-W3 W4-W5	W8-W9 W6-W7	0.77 Hz 1.00 Hz	1.53 Hz 2.91 Hz	25 42		ns *	0.507 0.019
				W4-W5 W4-W5	W6-W7 W8-W9	1.39 Hz 1.00 Hz	1.01 Hz 1.27 Hz	8 42		ns ns	0.960 0.670
				W4-W5 W6-W7	W8-W9 W8-W9	1.39 Hz 2.91 Hz	1.53 Hz 1.27 Hz	8 49		ns ns	0.997 0.073
	Fig.	FN	LID	W6-W7 W2-W3	W8-W9 W4-W5	1.01 Hz 1.65 Hz	1.53 Hz 0.73 Hz	9 15		ns ns	0.873 0.500
	Fig. Supp8b	IN	LID CORR	W2-W3 W2-W3	W4-W5 W6-W7	0.49 Hz 1.65 Hz	0.56 Hz 0.79 Hz	19 15		ns ns	0.974 0.559
	Supp8b		CORR	W2-W3 W2-W3	W6-W7 W8-W9	0.49 Hz 1.65 Hz	1.10 Hz 0.66 Hz	19 15		** ns	0.005 0.448
				W2-W3 W4-W5	W8-W9 W6-W7	0.49 Hz 0.73 Hz	0.60 Hz 0.79 Hz	19 22		ns ns	0.926 0.932
				W4-W5 W4-W5	W6-W7 W8-W9	0.56 Hz 0.73 Hz	1.10 Hz 0.66 Hz	24 22		** ns	0.009 0.948
				W4-W5 W6-W7	W8-W9 W8-W9	0.56 Hz 0.79 Hz	0.60 Hz 0.66 Hz	24 20		ns ns	0.992 0.685
	Fig.	FN	LID	W6-W7 W2-W3	W8-W9 W4-W5	1.10 Hz 0.71 Hz	0.60 Hz 0.99 Hz	12 31		ns ns	0.067 0.072
	Fig. Supp8b	IN	LID PREV	W2-W3 W2-W3	W4-W5 W6-W7	0.78 Hz 0.71 Hz	0.94 Hz 0.73 Hz	31 31		ns ns	0.641 0.993
	Supp8b		PREV	W2-W3 W2-W3	W6-W7 W8-W9	0.78 Hz 0.71 Hz	1.05 Hz 0.54 Hz	31 31		ns ns	0.126 0.136
				W2-W3 W4-W5	W8-W9 W6-W7	0.78 Hz 0.99 Hz	0.73 Hz 0.73 Hz	31 32		ns ns	0.976 0.134
				W4-W5 W4-W5	W6-W7 W8-W9	0.94 Hz 0.99 Hz	1.05 Hz 0.54 Hz	32 32		ns ***	0.871 <0.001
	Fig	Reg Group	Weeks1	Weeks2	Mean1	Mean2	n1	n2	Sum	Adjusted
				W4-W5 W6-W7	W8-W9 W8-W9	0.94 Hz 0.73 Hz	0.73 Hz 0.54 Hz	32 32		ns ns	p Value 0.421 0.105

Table S12 : STDP in D2 -and D2 + MSN from SHAM, SHAM_PREV, LID and LID_PREV mice. Related to Figure 6.

 S12 

	Group	D2	-MSN	D2	+ MSN
	SHAM (N=5)	149 ± 2, p<0.0001 (n=11)	142 ± 4, p<0.0001 (n=10)
	SHAM_PREV (N=5)	123 ± 1, p<0.0001 (n=10)	127 ± 1, p<0.0001 (n=10)
	LID (N=7)	172 ± 1, p<0.0001 (n=12)	132 ± 3, p<0.0001 (n=9)
	LID_PREV (N=5)	65 ± 1, p<0.0001 (n=9)	142 ± 6, p=0.0029 (n=10)
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RÉSUMÉ

La thérapie chronique à la lévodopa, le traitement de référence pour la maladie de Parkinson (MD), mène à l'apparition de douloureux mouvements involontaires anormaux, appelés dyskinésies induites par la lévodopa (DIL). Il a été démontré que des stimulations du cervelet réduisaient la sévérité des DIL chez les patients dyskinétiques. Cependant, les mécanismes sous-jacents ainsi que les circuits neuronaux impliqués dans cet effet restent inconnus. Dans cette étude, nous avons utilisé un modèle murin des DIL ainsi qu'une lignée de souris génétiquement modifiées nous permettant l'activation optogénétique d'une population neuronale spécifique du cortex cérébelleux : les cellules de Purkinje (CP), afin de déterminer comment les stimulations cérébelleuses soulagent les DIL. Dès lors, nous avons utilisé de courts trains de stimulations optogénétiques, dans la gamme de fréquence thêta, des CP sur des souris éveillées et se déplaçant librement à travers leur environnement. Nous avons démontré que ces stimulations sont suffisantes pour réduire la sévérité des DIL et même prévenir leur apparition, quand les stimulations commencent en même temps que le traitement à la lévodopa. Ce soulagement symptomatique est accompagné d'une normalisation de l'activité neuronale aberrante dans les noyaux cérébelleux profonds, le cortex moteur et le noyau parafasciculaire du thalamus. L'inhibition spécifique de la voie cérébelloparafasciculaire contre les effets bénéfiques des stimulations cérébelleuses. De plus, les stimulations cérébelleuses inversent le signe de la plasticité au niveau des synapses corticostriatales des neurones striatonigraux et normalisent la surexpression aberrante de FosB/ΔFosB, un facteur de transcription bien connu et lié de façon causale aux DIL. Ces résultats démontrent que le soulagement et la prévention des DIL par des stimulations journalières des CP sont accompagnés par la restauration de la fonction d'un large réseau cérébral et sont capables de restaurer des altérations profondes, intrinsèquement lié aux DIL, au niveau du striatum.

Annexes

Supplementary Figure S1: Optogenetic stimulations of Crus II Purkinje cells are sufficient to both reduce and prevent severe orolingual peak-dose dyskinesia. Related to Figure 1 

CEREBELLAR STIMULATIONS PREVENT LEVODOPA-INDUCED DYSKINESIA IN MICE AND NORMALIZE BRAIN ACTIVITY

Bérénice Coutant 1 , Jimena Laura Frontera 1,3 , Elodie Perrin 2,3 , Adèle Combes 1,3 , Thibault Tarpin 1 , Fabien Menardy 1 , Caroline Mailhes-Hamon 1 , Sylvie Perez 2 , Bertrand Degos 2 , Laurent Venance 2 , Clément Léna 1 , Daniela Popa 1

SUMMARY

Chronic Levodopa therapy, the gold-standard treatment of Parkinson's Disease (PD), leads to the emergence of involuntary movements, called levodopa-induced dyskinesia (LID).

Cerebellar stimulations have been shown to decrease LID severity in PD patients. Here, in order to determine how cerebellar stimulations induce LID alleviation, we performed daily short trains of optogenetic stimulations of Purkinje cells (PC) in freely moving mice. We demonstrated that these stimulations are sufficient to suppress LID or even prevent their development. This symptomatic relief is accompanied by the normalization of aberrant neuronal discharge in the cerebellar nuclei, the motor cortex and the parafascicular thalamus.

Inhibition of the cerebello-parafascicular pathway counteracted the beneficial effect of cerebellar stimulations. Moreover, cerebellar stimulations reversed plasticity in D1 striatal neurons and normalized the overexpression of FosB, a transcription factor causally linked to LID. These findings demonstrate LID alleviation and prevention by daily PC stimulations, which restore the function of a wide brain motor network, and may be valuable for LID treatment.

Finally, our work confirms the necessity to study LID as a network disorder involving abnormal signaling between the basal ganglia, cerebral cortex, thalamus and cerebellum 16, 44 .

METHODS

Animals and protocol

L7-ChR2;WT mice 52 were used for in vivo experiments, L7-ChR2;Drd2-GFP mice were used for ex vivo experiments. Animals were housed 1-3 per cage on a standard 12-hour light/dark cycle with ad libitum access to water and food. All behavioral manipulations took place during the light phase. All experiments were performed on mice aged 6-9 weeks, of either sex (35-45g), from the Institut de Biologie de l'Ecole Normale Supérieure, Paris, France and in accordance with the recommendations contained in the European Community Council Directives. All animals followed a 9 to 10-weeks experimental protocol. After surgical intervention, mice were carefully monitored during 1-1.5 weeks following a nursing protocol adapted from 88 to reduce post-surgery lethality. After 3 weeks, animals received daily intraperitoneal (I.P) injections of L3,4-dihydroxyphenylalanine methyl (L-DOPA, 3 day at 3mg/kg, then 6mg/kg, Sigma-Aldrich) and the peripheral DOPA decarboxylase inhibitor bensezaride hydrochloride (12mg/kg, Sigma-Aldrich) for 6 weeks (0.1mL/10g body weight).

Animals were separated into 4 groups: LID_PREV, received daily theta-rhythm cerebellar "preventive" stimulations from the first day of levodopa administration, LID_CORR, received daily theta-rhythm cerebellar "corrective" stimulations after 2 weeks of L-DOPA injections, LID, received daily L-DOPA injections alone, and control SHAM mice, received daily L-DOPA and either no stimulations or preventive or corrective theta-rhythm cerebellar stimulations.

Cerebellar stimulations were stopped simultaneously in all the groups and the last two weeks were assessed for long-term anti-dyskinetic effects. Every week, mice were behaviorally monitored (see below).

Surgical procedures

All surgical procedures were performed at 6-9 weeks of age. After subcutaneous (S.C) administration of buprenorphine (0.06mg/kg), animals were anesthetized with isoflurane (3%) and maintained with 0.5%-1.0% inhaled isoflurane. Mice were placed in a stereotaxic frame (David Kopf Instruments, USA) and pretreated with desipramine (25 mg/kg, I.P) (Sigma-Aldrich). Small holes were drilled over the left medial forebrain bundle (MFB: -1. 

In vivo freely moving chronic recordings

To record cell activity, we used bundles of electrodes consisting of nichrome wire (0.005 inches diameter, Kanthal RO-800) folded and twisted into bundles of 4-8 electrodes. Prior to surgical intervention, the bundles were pinned to an electrode interface board Neuralynx,Dublin,Ireland) according to the appropriate coordinates of the targeted structures. The microwires of each bundle were connected to the EIB-16 with gold pins (Neuralynx, Dublin, Ireland). The entire recording device was secured by dental cement. The impedance of every electrode was set to 200-500 kΩ using gold-plating (Cyanure-free gold solution, Sifco, France).

Electrical signals were acquired using a headstage and amplifier from TDT (RZ2, RV2, Tucker-Davis Technologies, Alachya, FL, USA), filtered, amplified, and recorded on Synapse System (Tucker-Davis Technologies, Alachya, FL, USA). Spike waveform were filtered at 3 Hz lowpass and 8000 Hz high-pass and digitized at 25 kHz. The experimenter manually set a threshold for storage and visualization of electrical events.

During recording sessions, after a 5-minutes open field and a 20-minutes recording baseline, L-DOPA (3-6 mg/kg) was injected IP and pontaneous activity was recorded for 1h30 and stimulated using a LED driver (Universal LED Controler, Mightex), an automatized commutator (ACO32 SYS3-32-CH motorized commutator, Tucker-Davis Technologies, Alachya, FL, USA), and controlled by TTL pulses from our behavioral monitoring system (RV2, Tucker-Davis Technologies, Alachya, FL, USA). At the end of recording sessions, animals were detached and returned to their home cages.

Single units were identified offline by manual spike sorting performed on Matlab (Mathworks, Natick, MA, USA) scripts based on k-means clustering on principle component analysis (PCA) of the spike waveforms 91 . One cluster was considered to represent a single-unit if the unit's spike waveform was different from other units on the same wire, in 3D PCA space. The unit's firing activity was analyzed from all structures. No statement is made whether the same cells were recorded across the 9-weeks session. For display purposes, the firing rate of single units was averaged per condition and per group of weeks using boxplots. Boxplots show the median rate in Hz, represented by horizontal bars, over 4 categories of weeks: first boxplot represents the 2 nd and 3 rd week of the protocol (pre-L-DOPA), second boxplot represents the 4 th and 5 th weeks when levodopa treatment has started as well as cerebellar stimulations for preventive mice, third boxplot represents the 6 th and 7 th weeks when corrective mice start receiving cerebellar stimulations, the last boxplot represents the 8 th and 9 th weeks of the protocol when S7. S6. 
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