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Résumé

La capacité à produire des mouvements adaptés à notre environnement est cruciale dans notre vie quotidienne. Des années de recherche pour comprendre cette fonction capitale à notre survie ont ainsi placé la dopamine (DA) au centre des processus de sélection et d'exécution des mécanismes moteurs. Cette fonction capitale s'illustre clairement dans la maladie de Parkinson (MP), où la mort des neurones dopaminergiques induit des déficits moteurs marqués tels qu'une difficulté à initier les mouvements (akinésie) et leur ralentissement (bradykinésie). Cependant, les mécanismes neuronaux qui soustendent ses comportements moteurs, ainsi que la contribution spatio-temporelle de la DA dans ces processus ne sont pas totalement élucidés. Cette thèse a eu pour objectif d'apporter des réponses à ses questions fondamentales.

Dans une première partie de mon projet, nous avons développé une tache motrice de type 'reach-and-grasp' dans laquelle les rats doivent appuyer avec leurs pattes sur le bon levier (gauche ou droit) suivant un stimulus auditif (son grave ou aigu), afin d'obtenir une récompense (sucrose 5%). Nous avons ensuite caractérisé ce comportement via l'utilisation d'approches lésionnelles irréversibles (acide iboténique) ou pharmacologiques réversibles (muscimol) associées à l'analyse des performances. Nos résultats montrent tout d'abord que les rats, bien que devenus experts suite à un apprentissage intensif utilisent toujours une stratégie d'exécution motrice 'dirigée vers un but'. De plus, la réalisation optimale du mouvement dépendait de l'intégrité du cortex moteur et des structures de sortie des ganglions de la base, confirmant ainsi leur importance dans l'exécution de mouvements dextres dirigés vers un but. Cependant, ces régions, tout comme la région dorso-médiale du striatum (DMS), n'étaient pas indispensables pour la simple genèse du mouvement d'appui.

A l'inverse, l'intégrité de la région dorso-latérale (DLS) était cruciale pour l'exécution d'un mouvement précis. Cette étude souligne ainsi le rôle clef du DLS dans la genèse des mouvements et questionne celui classiquement décrit du DMS (vs. du DLS) dans les mouvements dirigés vers un but.

Dans la deuxième partie de ma thèse, nous avons étudié les conséquences du manque de DA sur l'exécution du mouvement. Pour cela, nous avons utilisé un modèle toxique de la MP via l'injection de 6-OHDA dans le striatum (STR) afin de caractériser le décours spatio-temporel de l'apparition des déficits moteurs. Nous avons tout d'abord montré en utilisant des senseurs à la DA que l'injection de 6-OHDA induit rapidement une diminution drastique de la libération de la DA striatale. Cependant, les déficits moteurs sont relativement modérés dans les minutes suivant l'injection. Ceux-ci ne sont par ailleurs présents que pour une déplétion dans le DLS (en opposition au DMS). Les symptômes

Abstract

The ability to produce movements adapted to our environment is crucial in our daily lives.

Years of research to understand this function, which is crucial to our survival, have placed dopamine (DA) as key in the motor selection and execution processes. Indeed, beyond its role in the reward circuit, this neuromodulator is known to be central in motor control. This capital function is well-illustrated in Parkinson's disease (PD), where, the death of dopaminergic neurons induces severe motor symptoms, such as difficulty in initiating movements (akinesia), and their slowness (bradykinesia). Importantly, the neurophysiological mechanisms underlying motor execution, as well as the spatio-temporal contribution of DA in these processes are not fully elucidated. This PhD aimed at providing answers to these fundamental questions.

In the first part of my PhD project, we developed a "reach-and-grasp" motor task, in which rat, after an auditory stimulus (low or high pitch), must press with its paw a lever (right or left) to obtain a reward (sucrose, 5%). Then, we characterized the neurophysiology via lesional approaches, either irreversible (ibotenic acid) or reversible (muscimol) associated with motor performance analysis. It allowed us to test the necessity of the motor cortex, the striatum (STR) and the basal ganglia output structures for this motor execution. Thus, we first demonstrated that after extensive learning, rats still used a "goal-directed" movement strategy. In addition, the optimal execution relies on the integrity of the motor cortex and output structures of basal ganglia. However, these regions, as well as the dorsomedial portion of the STR (DMS), were not critical for a lever press movement execution. On the opposite, the dorsolateral region (DLS) integrity was crucial for motor execution. These results thus highlight the necessity of the DLS for movement and questioned the standard description of the DMS function in goal-directed movement execution.

In the second part of my PhD, we studied the effect of a lack of DA on dexterous movement execution. We mimicked neuronal death observed in PD via the injection of 6-OHDA in the STR. This aimed at characterizing the spatio-temporal dynamic of motor symptoms development. First, via the use of dopaminergic sensors, we showed that 6-OHDA lesioning induces a fast and drastic decrease of DA release following the injection. However, the motor deficits appear only in the minutes following the injection, and this, specifically during dopaminergic depletion in the DLS (as opposed to the DMS). Then, they worsen with the development of pronounced akinesia. Despite the severity of the syndromes, we observed a clear improvement of motor parameters in the following days. This recovery was correlated to the extent of the dopaminergic lesion but does not seem to rely on a functional relocation, nor on a recovery of the dopaminergic transmission. Thus, to better understand this recovery, we monitored the calcium activity of STR projection neurons in D1-cre and A2a-cre rats. These results question the necessity of fast-scale DA dynamics to control online motor execution. In contrast, DA transmission at a slower time scale seems to be important for the reinforcement and the maintenance of the striatal neuronal activity that is necessary for optimal motor execution. Additionally, our results illustrate the resilience capacity of the DLS to the lack of DA. Understanding the compensatory mechanisms will require further investigations, but its characterization could bring innovative ideas to develop new therapeutic strategies for PD. RPE: Reward Prediction Error SN: Substantia nigra SNc: Substantia nigra pars compacta SNr: Substantia nigra pars reticulata S-R: Stimulus-Response STN: Subthalamic Nucleus STR: Striatum TANs: Tonically active neurons TH: Tyrosine hydroxylase THINs: Thyrosine hydroxylase expressing interneurons TS: Tail of the striatum VA : Ventro-anterior nucleus of the thalamus VL: Ventro postero lateral nucleus of the thalamus VM: Ventro postero medial nucleus of the thalamus VMAT2: vesicular monoamine transporter 2 VTA: Ventral tegmental area

Preface

The ability to produce voluntary movements is crucial for survival and interactions in our daily life. Their successfulness will rely on an adapted sensory-motor transformation. For example, typing your manuscript on your computer is a motor sequence that requires first learning as well as a fine control of your fingers' movements. This complex sequence of movements depends upon the selection of the appropriate motor planning, action selection, and execution optimized with practice, in order to get the expected outcome. These processes are controlled by a group of subcortical nuclei, called the Basal Ganglia (BG).

Based on the pathophysiology and movement disorders, this set of brain structures has been initially associated to motor actions (learning, selecting and executing), but is now largely admitted to take part of cognitive (decision-making and action planning) and limbic functions (emotion and mood control) as well. Even more importantly than being able to execute an action, being able to adapt it is crucial in our ever-changing environment. This is what defined a goal-directed action. Switching from French to English keyboard will require a movement adaptation in order to still type the right words without doing any typing errors. On the opposite, habitual behaviors are defined by a lack of flexibility. If you are highly used to type with a French keyboard, the adaptation will take much more time. Among the different actors that have been identified, dopamine (DA) is proposed to be a major neurotransmitter modulating the activity of those circuits. Indeed, massively released in the main input structure of BG, the striatum (STR), this neuromodulator is closely associated with the same wide range of daily functions, including encoding the reward value, reinforcement learning and motor control. Its necessity in motor control is illustrated in Parkinson's disease (PD), in which the neurodegeneration of DA neurons have been associated to a triad of motor symptoms among them the bradykinesia (slowness of movements) and akinesia (inability to initiate movements). Additionally, these motors deficits are alleviated by chronic L-Dopa treatment, a precursor of DA. Thus, it highlights the critic role of DA in motor control.

DA neurons originating from the substantia nigra pars compacta (SNc) densely innervate the dorsal region of the STR. Importantly this striatal region can be subdivided depending on cortico-thalamic afferences and their contribution to movements. Indeed, while the lateral area (DLS) is a hub for sensorimotor integration and receives glutamatergic inputs from cortical regions associated to forelimbs, the medial area (DMS) is described as the associative region [START_REF] Hintiryan | The mouse corticostriatal projectome HHS Public Access[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF]. Correlated to these specific inputs segregation, the DMS has been shown to be necessary for goal-directed action, while the DLS is associated to habit formation. Therefore across over-training, a switch from the DMS to the DLS occurs [START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF]. However, recent studies have questioned the clear-cut contribution of DA in each striatal sub-regions [START_REF] Seiler | Dopamine signaling in the dorsomedial striatum promotes compulsive behavior[END_REF]van Elzelingen et al., 2022a).

The release of DA in the STR has been shown to modulate action initiation and movement vigor. Indeed, while the precise mechanisms of DA action and their timing remains to be elucidated, DA release is known to modulate the activity of medium spiny neurons (MSNs); the projections neurons of the STR. This neuronal population is well established as being essential in neuronal mechanisms of motor actions. Their specific role in its function is determined on their target projections on downstream structure in the BG circuitry. Therefore, it is classically described that MSNs projecting to BG output structures (internal segment of the globus pallidus, GPi and the substantia nigra pars reticulata, SNr) form the direct pathway (dMSNs), which tend to promote movement execution. On the opposite, MSNs of the indirect pathway (iMSNs) projects to the external segment of the GP, and via the subthalamic nucleus (STN) disinhibition tends to inhibit movements. More precisely, manipulating one or the other pathway, using optogenetic tools, have shown their role on movement parameters. Activating the direct pathway increases movement vigor, while activating the indirect pathway tends to decrease movement amplitude and vigor [START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF][START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF][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].

Besides these opposed effects on movement and opposed projections, MSNs expressed differently dopaminergic receptors (DR). They are therefore differently modulated by DA: via its action on D1-R, DA tends to increase dMSNs activity, while via its action on D2-R, DA tends to decrease iMSNs activity [START_REF] Flores-Barrera | Dopaminergic modulation of corticostriatal responses in medium spiny projection neurons from direct and indirect pathways[END_REF][START_REF] Boccalaro | Dopamine depletion induces neuron-specific alterations of GABAergic transmission in the mouse striatum[END_REF][START_REF] Lahiri | Dopaminergic Transmission Rapidly and Persistently Enhances Excitability of D1 Receptor-Expressing Striatal Projection Neurons[END_REF]. These opposed effects will have an indirect consequence on movement parameters modulation. However, these results are debated. Indeed, studies have shown a bidirectional contribution to action of the two pathways [START_REF] Yttri | Opponent and bidirectional control of movement velocity in the basal ganglia[END_REF][START_REF] Lopez-Huerta | Striatal bilateral control of skilled forelimb movement[END_REF]. They show the participation of the direct pathway to inhibit movement, and of the indirect pathway to promote it. Therefore, the opposed contribution of each pathway seems to mainly depend on the context where the striatal network is and of local plasticity mechanisms that have occurred during motor learning.

Evidences have shown the specific contribution of DA into motor control. Indeed, electrophysiological recordings of DA neurons of the SNc have described a correlated activity to movement. However, while some show a pause of the firing, others have reported an increased activity and DA release in rewarded movements. These differences could be partly explained by the behavioral task. Indeed, the increased activity is associated to a rewarded action, while the inhibition is observed in self-initiated locomotion. Importantly, dopaminergic projections to the STR have been shown to participate to the motor motivation [START_REF] Mazzoni | Why don't we move faster? Parkinson's disease, movement vigor, and implicit motivation[END_REF]. In addition, optogenetic excitations of dopaminergic striatal fibers have shown to modulate local striatal activity and movement parameters. Therefore, it seems necessary to isolate motivational signals from action, in order to determine the contribution of DA into motor execution.

Going further into the causal contribution of DA into movements, the inhibition of DA neurons impaired the motor sequence initiation without affecting ongoing movement parameters. However, their inhibition during few milliseconds was not sufficient to modulate movement. It is therefore questioning the precise necessity in time of DA, while it seems necessary to elucidate it in order to better prevent motor deficits.

In this context, my PhD project aimed at understanding the dynamic of DA, in both space and time dimension.

The first objective was to characterize our newly designed reach-and-grasp lever press task. This task requires a few weeks learning in order for rats to produce highly stereotyped actions, with stable movements parameters. We showed that it relies on the integrity of the STR, while the cortex or the output nuclei of BG did not seem crucial for optimized movement execution. Then, we demonstrated that rats performed this task using a goal-directed strategy. Additionally, we dissected the contribution of the DLS vs. the DMS via GABAA agonists injections. This set of experiments revealed the necessity of the DLS for the fine movements execution.

The second objective was to study the contribution in time and space of DA in the goal-directed task. To do so, we depleted DA fibers, with 6-OHDA injections, in the DLS and the DMS and monitored movements parameters in time. The toxin was injected via cannulas implanted in the STR of trained rats. Therefore, we were able to track changes of the reaction time and the movement time at the scale of minutes. Additionally, we recorded movement trajectories. We showed the necessity of DA, especially in the DLS, for correct motor execution. Indeed, movement slowness occurred in the range of tens of minutes, thus highlighting the DA necessity in a relative long time scale. However, while monitoring DA release with dopaminergic sensors, we demonstrated that DA depletion occurs in the range of seconds. It exists therefore a gap, where DA release is disrupted but movements are still correctly performed. In the following days, rats developed more severe motor deficits and presented akinesia. Surprisingly, we observed on average 7 days after the lesion a significant improvement. We showed that this functional recovery was correlated to the extent of the lesion, depended on time and relied on the correct striatal activity of the DAdepleted area.

Finally, the third objective was to study the response of the striatal network to movements and its adaptation to DA lesion. To do so, we used transgenic rats (e.g. D1-cre and A2a-cre) in order to monitor the activity of dMSNs vs. iMSNs with calcium sensors along the task and after DA depletion.

Introduction 1. Basal Ganglia: how this loop makes us move?

The Basal Ganglia (BG) circuitry is classically and widely associated to executive functions. Going from motor learning to limbic functions such as the control of emotions, this set of highly interconnected structures receives and compute motor, sensory and cognitive afferences. The BG receive glutamatergic afferences coming from cortical, thalamic and limbic regions and process these inputs according to a specific topographical organization and complex neuronal properties [START_REF] Smith | The neural network of the basal ganglia as revealed by the study of synaptic connections of identical neurones[END_REF][START_REF] Kress | Convergent cortical innervation of striatal projection neurons[END_REF]. These computational properties seem to be essential for the selection of the most optimized and appropriate motor solution best adapted to a given context. Considering the ever-changing environment, the selection capacity is a fundamental feature of our daily behavior, making this set of subcortical nuclei particularly well conserved across the phylogenic tree of vertebrates [START_REF] Grillner | The evolutionary origin of the vertebrate basal ganglia and its role in action selection[END_REF].

In this first part of the introduction, I will describe precisely the different nuclei of the BG, then detail its functional organization and finally specify its different functions, mainly focusing on its role into motor functions.

Actors: Neuroanatomy of the network

The first anatomical description of BG was published by the physician Thomas Willis in 1664. At that time, he identified and detailed the largest nucleus of BG, the corpus striatum, as the main structure integrating sensorimotor information. Later on, in the early XIX th century, the German neuroanatomist Karl Friederich Burdach provided the first anatomical description and illustration of most structures of BG [START_REF] Parent | The History of the Basal Ganglia: The Contribution of Karl Friedrich Burdach[END_REF]. Despite few weaknesses he provided a description used for two centuries. Since then, each structure has been studied in detail, from a functional and anatomical point of view.

General organization of the network

It is traditionally admitted that the BG are a set of six nuclei, located under the cortex.

Indeed, the term basal ganglia refers to nuclei deeply embedded in brain hemispheres. From a developmental point of view, the striatum (STR) and the globus pallidus (GP) originate from the telencephalon, while the subthalamic nucleus (STN) derives from the diencephalon and the substantia nigra (SN) from the mesencephalon. In the adult brain, we can differentiate input structures, from intrinsic structures and from output structures. The input nuclei are composed of the STR and Nucleus Accumbens (NAc), as well as the Subthalamic Nucleus (STN). They receive sensory, motor, and cognitive signals from the cortex and the thalamus.

These afferences topographically target the projections neurons of the STR [START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF]. These neurons integrate and transmit the information to the downstream structures of the BG via two pathways from the STR: (1) the direct pathway, projecting to the internal segment of the GP (GPi) and the substantia nigra pars reticulata (SNr), which are the output structures;

(2) the indirect pathway, recruiting the intrinsic structures composed of the external segment of the GP (GPe) and the STN. A third pathway, called the hyper-direct pathway is also described in which cortical fibers project to the STN. These 3 pathways end up to the output structures that send information back to the thalamus, the superior colliculus and the pedonculopontine nucleus. These neural circuits form the so-called cortico-thalamo-BG loops (Figure 1). Five have been identified: one motor, one oculomotor, two associative, and one limbic [START_REF] Albin | The Functional Anatomy of Basal Ganglia Disorders[END_REF][START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF][START_REF] Oh | A mesoscale connectome of the mouse brain[END_REF][START_REF] Foster | The mouse cortico-basal ganglia-thalamic network[END_REF]. I will mainly detail the motor circuit in this manuscript, but they all share common network organization and anatomical features.

Even if these loops are well conserved across evolution and the connectivity is highly preserved, some anatomical specificities remain between species. In humans and primates, while the STR is located, bilaterally, under the cortex, it can be separated in ( 1 structure for GPi. In birds, while the BG is called area X the same anatomical features are conserved. Finally, lower vertebrate species, as lampreys, utilize the same features of the mammalian brain, namely the striatum, a dorsal pallidum (homolog to GPe and GPi), the STN and the nucleus tuberculi posterior (homolog to the SNr) [START_REF] Robertson | The lamprey blueprint of the mammalian nervous system[END_REF]. Since all the experiments during my PhD were carried out in rodents, I will use the rodent nomenclature in this manuscript, and species specific features will only be mentioned if necessary.

Cortical and thalamic inputs

Afferences to the STR mainly arise from the cortex and the thalamus. More precisely and because it is of interest in this project, the motor function is supported by inputs coming from motor cortex. Projections from motor and premotor region were one of the first highlighted [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]. But it has been shown that projections arise also from the somatosensory cortex, as well as from the prefrontal cortex (PFC) and the anterior cingulate cortex (ACC). On the other hand, the STR receives projections mainly from the intralaminar nuclei (parafascicular -PF and centromedian -CM) and less densely from the ventroposterio-medial and lateral (VM/VL) thalamic nuclei [START_REF] Hintiryan | The mouse corticostriatal projectome HHS Public Access[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF].

The motor cortical afferences are composed of two distinct pyramidal populations from the layer V and deep-layer-three of the cortex: the pyramidal tract (PT) neurons and the intratelencephalic (IT) neurons. They both make collaterals to the STR but arise only from the ipsilateral for PT neurons, and both from the ipsilateral and contralateral motor cortex for IT neurons (primary and secondary -M1 and M2) [START_REF] Wilson | Morphology and synaptic connections of crossed corticostriatal neurons in the rat[END_REF][START_REF] Cowan | Spontaneous firing patterns and axonal projections of single corticostriatal neurons in the rat medial agranular cortex[END_REF][START_REF] Reiner | Corticostriatal projection neurons -Dichotomous types and dichotomous functions[END_REF][START_REF] Kress | Convergent cortical innervation of striatal projection neurons[END_REF]. Organized in a topographic manner they provide motor commands more specifically to the dorsal STR (Riehle and Requin, 1989;[START_REF] Hooks | Topographic precision in sensory and motor corticostriatal projections varies across cell type and cortical area[END_REF]. These cortical areas are known to have a role in motor planning and initiation (Riehle and Requin, 1989b). It has been shown that there is an increased activity in M1 associated with synaptic plastic changes while humans perform simple thumbs movements. In addition, musicians, with extensive motor practice, have a larger overall volume of motor areas [START_REF] Hund-Georgiadis | Motor-learning-related changes in piano players and non-musicians revealed by functional magnetic-resonance signals[END_REF][START_REF] Gaser | Gray Matter Differences between Musicians and Nonmusicians[END_REF]. Supporting their critical role in motor learning and motor execution, lesion approaches in non-human primates show a disrupted dexterity for grasping, but animals were still able to use their affected arm [START_REF] Lawrence | the Functional Organization of the Motor System in the Monkey[END_REF][START_REF] Passingham | The long-term effects of removal of sensorimotor cortex in infant and adult rhesus monkeys[END_REF]. Probably because the cortex is less developed, and therefore less critical in rodents, studies using chronic cortical lesions or reversible inactivation in mice showed that the cortex is no longer necessary for the execution of a learned motor action [START_REF] Lawrence | the Functional Organization of the Motor System in the Monkey[END_REF][START_REF] Castro | The effects of cortical ablations on digital usage in the rat[END_REF][START_REF] Passingham | The long-term effects of removal of sensorimotor cortex in infant and adult rhesus monkeys[END_REF][START_REF] Kawai | Motor Cortex Is Required for Learning but Not for Executing a Motor Skill[END_REF]. Indeed, while there is first an increased activity in the cortex during learning, electrophysiological recordings show in latter stages a decreased correlation between cortical activity and movements [START_REF] Hwang | Disengagement of motor cortex from movement control during long-term learning[END_REF]. Last insights suggest that even without cortico-striatal fibers, rats can perform action sequences without disrupting the velocity or the phase sequence in a learned lever press operant task [START_REF] Dhawale | The basal ganglia can control learned motor sequences independently of motor cortex[END_REF][START_REF] Wolff | Distinct roles for motor cortical and thalamic inputs to striatum during motor learning and execution[END_REF]. In addition, a silencing of these inputs does not affect striatal activity [START_REF] Martiros | Inversely Active Striatal Projection Neurons and Interneurons Selectively Delimit Useful Behavioral Sequences[END_REF]. However this large literature, optogenetic stimulations of the sensorimotor cortex have shown its necessity in the execution of fine reaching pellet movements (Guo et al., 2015a). Therefore, in rodents, there seems to be a disengagement of motor cortex in the control of movements over extensive learning, but could remain necessary for highly dexterous actions.

The prefrontal projections mainly target the dorso-medial portion of the STR [START_REF] Gabbott | Prefrontal cortex in the rat: Projections to subcortical autonomic, motor, and limbic centers[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF]. They have the same features as the motor cortical afferences: projections from the layer V pyramidal neurons, a topographical organization, and synapses onto the projection neurons of the STR, as well as interneurons. Recordings of both frontal and striatal regions revealed a functional loop for the acquisition of stimulusresponse rules [START_REF] Boettiger | Frontal networks for learning and executing arbitrary stimulus-response associations[END_REF][START_REF] Peters | Striatal activity topographically reflects cortical activity[END_REF]. Lesional approaches [START_REF] Voorn | Putting a spin on the dorsal-ventral divide of the striatum[END_REF] and chemogenetic inhibition of this pathway confirmed its role in flexible learning [START_REF] Hart | The Bilateral Prefronto-striatal Pathway Is Necessary for Learning New Goal-Directed Actions[END_REF]. In addition, the fronto-striatal pathway is necessary for inhibitory control [START_REF] Terra | Prefrontal Cortical Projection Neurons Targeting Dorsomedial Striatum Control Behavioral Inhibition[END_REF]. This function allows flexible learning and goal directed movements, as it reflects the ability to stop an action depending on the current context.

Additionally, not only the cortex provides crucial information for motor action. Even if medium spiny neurons (MSNs) of the STR receive a larger number of inputs from the cortex, the thalamus provide 50 % of excitatory information [START_REF] Smith | The thalamostriatal system: A highly specific network of the basal ganglia circuitry[END_REF][START_REF] Huerta-Ocampo | Convergence of cortical and thalamic input to direct and indirect pathway medium spiny neurons in the striatum[END_REF]. This second input to the BG is composed mainly of the intralaminar nuclei : the PF and the CM, both contributing to the initiation and the movement execution [START_REF] Ding | Thalamic gating of corticostriatal signaling by cholinergic interneurons[END_REF]Díaz-Hernández et al., 2018a). Studies report that the main scope of action of the PF concerns the action selection by providing information about the internal state of the individual via reporting sensory and attentional stimuli [START_REF] Bradfield | Thalamic control of dorsomedial striatum regulates internal state to guide goal-directed action selection[END_REF]Díaz-Hernández et al., 2018b;Yamanaka et al., 2019;[START_REF] Stayte | Parafascicular Thalamic and Orbitofrontal Cortical Inputs to Striatum Represent States for Goal-Directed Action Selection[END_REF]. In addition, silencing thalamo-striatal projections induces motor skills deficits [START_REF] Wolff | Distinct roles for motor cortical and thalamic inputs to striatum during motor skill learning and execution[END_REF].

To sum up, shaped by thalamic and cortical inputs, BG form a set of complex neural networks that play a key role in the planning, the selection and the initiation of motor commands. Besides, these thalamic and cortical signals provide a sensory and emotional context, which are both first integrated in the STR.

Specificity of the striatum: the input structure

The STR is the larger nucleus of BG, named from the striations formed by passing fibers from the internal capsule. It is densely innervated by dopaminergic fibers coming from the ventral tegmental area (VTA) and the SNc. It is divided in different sub-regions depending on its glutamatergic afferences and is characterized by its variety of GABA-ergic (γ-aminobutyric acid) neuronal populations.

i. Different sub regions

Inputs are topographically targeting the STR in four main domains [START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF]. Each of them fits approximately to four anatomical striatal portions: the sensorimotor domain corresponds to the dorsolateral region (DLS), the associative to the dorsomedial striatum (DMS), the limbic to the ventral part or nucleus accumbens (NAc) and a sensory region, the tail of the STR (TS). Therefore, based on its inputs, the STR tends to be also divided functionally, and associated to different types of behaviors. Importantly to notice, no clear anatomical markers exist to differentiate these sub-regions, even if gradients and some specificities have been highlighted [START_REF] Puighermanal | Functional and molecular heterogeneity of D2R neurons along dorsal ventral axis in the striatum[END_REF][START_REF] Alegre-Cortés | Medium spiny neurons activity reveals the discrete segregation of mouse dorsal striatum[END_REF].

a. Dorsomedial striatum

The DMS is classically described as the associative striatum. It receives heterogeneous glutamatergic afferences from prefrontal regions as well as the basolateral amygdala (BLA), the visual cortex [START_REF] Gabbott | Prefrontal cortex in the rat: Projections to subcortical autonomic, motor, and limbic centers[END_REF][START_REF] Hintiryan | The mouse corticostriatal projectome HHS Public Access[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF]. These projections induce a stronger modulation of the DMS projection neurons [START_REF] Alegre-Cortés | Medium spiny neurons activity reveals the discrete segregation of mouse dorsal striatum[END_REF].

Linked to its associative role, the DMS is commonly described as critical for goaldirected actions. Indeed, this type of movement is defined as an action performed in order to obtain a known outcome. This movement can be modulated depending on the surrounding environment and specially the outcome value. Therefore, it requires information about external stimuli as well as the internal state of the subject. In opposition to a goal-directed movement, a habit is an efficient and optimized movement to reach the outcome, but is not flexible.

Lesion studies show evidences for the role of the DMS in the action-outcome association, including the learning phase and execution phase [START_REF] Yin | The role of the dorsomedial striatum in instrumental conditioning[END_REF][START_REF] Yin | The role of the basal ganglia in habit formation[END_REF][START_REF] Kupferschmidt | Parallel, but Dissociable, Processing in Discrete Corticostriatal Inputs Encodes Skill Learning[END_REF][START_REF] Wolff | Distinct roles for motor cortical and thalamic inputs to striatum during motor skill learning and execution[END_REF]. In opposition, these types of lesion do not affect stimulus-response tasks that seems to underlie habits formation. In addition to lesion studies, the monitoring of the neuronal activity revealed the specific activity of the DMS neurons during the selection as well as across the process of learning (Coynel et [START_REF] Yin | The sensorimotor striatum is necessary for serial order learning[END_REF][START_REF] Thorn | Differential Dynamics of Activity Changes in Dorsolateral and Dorsomedial Striatal Loops during Learning[END_REF][START_REF] Kupferschmidt | Parallel, but Dissociable, Processing in Discrete Corticostriatal Inputs Encodes Skill Learning[END_REF][START_REF] Vandaele | Dorsomedial striatal activity tracks completion of behavioral sequences in rats[END_REF]. After

extensive training of mice performing on a rotarod apparatus, there is a disengagement of the DMS, while an increased activity is observed in the DLS [START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF]. However, recent studies have challenged this idea and parallel activity is observed in both DMS and DLS inputs during motor refinement [START_REF] Kupferschmidt | Parallel, but Dissociable, Processing in Discrete Corticostriatal Inputs Encodes Skill Learning[END_REF].

Besides its associative role, the DMS seems to be crucial for timing encoding of actions. Its inactivation affects interval timing in action sequences and neuronal activity reliably encode time in instrumental tasks [START_REF] Gouvêa | Striatal dynamics explain duration judgments[END_REF][START_REF] Emmons | Rodent medial frontal control of temporal processing in the dorsomedial striatum[END_REF].

b. Dorsolateral striatum

In opposition, the DLS is classically described as the sensorimotor domain and associated to the formation of habits.

Anatomically, the DLS receives most of its inputs from the somatosensory and motor cortical regions. Functionally, lesion studies affecting the stimulus-response learning have highlighted its role in habits formation [START_REF] Dickinson | Actions and Habits : The Development of Behavioural Autonomy[END_REF][START_REF] Balleine | Goal-directed instrumental action: Contingency and incentive learning and their cortical substrates[END_REF][START_REF] Yin | Lesions of dorsolateral striatum preserve outcome expectancy but disrupt habit formation in instrumental learning[END_REF][START_REF] Yin | The role of the dorsomedial striatum in instrumental conditioning[END_REF][START_REF] Yin | The role of the basal ganglia in habit formation[END_REF][START_REF] Tricomi | A specific role for posterior dorsolateral striatum in human habit learning[END_REF]. Therefore, a large literature describes its role into habitual behaviors. More precisely, as mentioned in the description of the DMS, during the process of extensive learning of a movement, when it becomes habitual, there is a transfer of activity from the DMS to the DLS [START_REF] Barnes | Activity of striatal neurons reflects dynamic encoding and recoding of procedural memories[END_REF][START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF], as well as plastic changes within the DLS [START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF]. Because habits develop after extensive practice, it is commonly described that the DLS is necessary for long term memory of motor skills.

Despite this switch, it is important to notice that DLS is necessary for learning as well as execution of motor actions [START_REF] Wolff | Distinct roles for motor cortical and thalamic inputs to striatum during motor skill learning and execution[END_REF]. In addition, activity in the DLS at the onset of well learned movements is described [START_REF] Dhawale | The basal ganglia control the detailed kinematics of learned motor skills[END_REF]. One other major contribution of the DLS to movement is the vigor [START_REF] Dudman | The basal ganglia: From motor commands to the control of vigor[END_REF]. These two functions are reconciled in the study of Smith and Graybiel, where they show that across learning up to the development of habits there is an increase of the vigor (Smith and Graybiel, 2013a).

However, in this study they demonstrate a highly correlated activity between the DLS and the movement vigor as compared to the outcome insensitivity (used for measuring habits). This suggests a strong relationship of the DLS with motor control.

The DLS has also been shown to be crucial for serial order execution of movement and the movement vigor in monkeys and rats [START_REF] Van Den Bercken | Evidence for a role of the caudate nucleus in the sequential organization of behaviour[END_REF][START_REF] Pellis | The role of the striatum in organizing sequences of play fighting in neonatally dopamine-depleted rats[END_REF][START_REF] Dudman | The basal ganglia: From motor commands to the control of vigor[END_REF][START_REF] Crego | Complementary control over habits and behavioral vigor by phasic activity in the dorsolateral striatum[END_REF]. It receives more and more interest in its role as a controller of learned behavior. Indeed, lesions with NMDA or quinolinic acid impaired both the acquisition of motor sequences and movements velocity [START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF][START_REF] Dhawale | The basal ganglia control the detailed kinematics of learned motor skills[END_REF]. In addition, electrophysiological recordings show a specific activity of units in the DLS during movement execution [START_REF] Jin | Shaping action sequences in basal ganglia circuits[END_REF][START_REF] Martiros | Inversely Active Striatal Projection Neurons and Interneurons Selectively Delimit Useful Behavioral Sequences[END_REF][START_REF] Dhawale | The basal ganglia control the detailed kinematics of learned motor skills[END_REF]. In support of these studies, a pharmacological disruption of the network activity with the GABAA agonist muscimol increases the variability of a movement execution [START_REF] Leventhal | Dissociable effects of dopamine on learning and performance within sensorimotor striatum[END_REF], while an optogenetic suppression of its activity reduces vigor of movements [START_REF] Panigrahi | Dopamine Is Required for the Neural Representation and Control of Movement Vigor[END_REF]. Importantly, mirror experiment using the optogenetic excitation induced an increase of the vigor [START_REF] Crego | Complementary control over habits and behavioral vigor by phasic activity in the dorsolateral striatum[END_REF]. Therefore the DLS has been shown to continuously integrate information required to perform motor tasks and is a key actor for motor execution (Rueda-Orozco and Robbe, 2015).

To summarize, the medial portion of the STR is involved in the execution and learning of goal directed behavior, because of its associative function. Strongly opposed in a large part of the literature, the DLS is suggested as mediating habitual behavior. However, the DLS receives strong inputs from the motor cortex, giving a key position for the integration of motor commands. In addition, thalamo-striatal pathway allows sensory processing, necessary for stimulus-response actions. Therefore, this lateral area seems also to be actively recruited for motor execution, and motor control in a more general manner.

Importantly, while the clear-cut view of the DLS vs. DMS associated functions have been described in the past years, it is crucial to highlight that they also interact.

Indeed, most of our actions are the result of a collaboration of both goal directed and habitual strategies. Thus it has been suggested that it might exists a dual but simultaneous control of our actions [START_REF] Balleine | The Meaning of Behavior: Discriminating Reflex and Volition in the Brain[END_REF][START_REF] Redgrave | Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease[END_REF].

c. Ventral striatum

The ventral STR is mainly formed of the NAc. It is itself subdivided into the shell and the core, which are respectively the medial and the lateral portion of the NAc. The main difference with the dorsal portion of the STR is in the cell heterogeneity. In addition, these areas are receiving inputs from different brain areas: the PFC, the hippocampus, and the BLA. These regions relay limbic information, such as outcome values, long term stored information and emotional aspects. Therefore, the NAc is described as the 'limbic-motor' interface, supposed to transform these signals and modulate actions, thus participating to motivation and reward related behaviors. In this purpose, it is sending projections to motor output regions, the SNr, as well as the ventral pallidum [START_REF] Heimer | Specificity in the projection patterns of accumbal core and shell in the rat[END_REF][START_REF] Berendse | Compartmental distribution of ventral striatal neurons projecting to the mesencephalon in the rat[END_REF].

While the NAc is easily described as the 'reward center', this idea has been challenged. Lesions, instead of inducing reduced consumption, tend to be in favor of feeding as well as increasing performances on a lever press for food [START_REF] Stratford | GABA in the nucleus accumbens shell participates in the central regulation of feeding behavior[END_REF][START_REF] Reynolds | Positive and negative motivation in nucleus accumbens shell: Bivalent rostrocaudal gradients for GABA-elicited eating, taste "liking"/"disliking" reactions, place preference/avoidance, and fear[END_REF]. However, what make the NAc critical in the reward circuitry are also the large dopaminergic inputs coming from the VTA, and the modulation of striatal activity via plastic mechanism DA-dependent. Indeed, these projections are the substrate of the reward prediction error (RPE) and the stimulus saliency. The use of dopaminergic antagonists in this region impaired the behavioral flexibility [START_REF] Haluk | Ventral striatal dopamine modulation of different forms of behavioral flexibility[END_REF]. This function DA-related will be further detailed in the section "Reward related functions" of the Chapter 2.

In addition to reward-related behavior, the NAc has a major contribution to motivation.

Early lesion studies showed rats with reduced vigor performances, which is interpreted as an effect on motivation. Despite the lesion, the acquisition of the instrumental learning was not affected. In addition, electrophysiological recordings showed MSNs of the NAc encode the predictive value of a stimuli as well as the associated motor behavior [START_REF] Nicola | Cue-Evoked Firing of Nucleus Accumbens Neurons Encodes Motivational Significance during a Discriminative Stimulus Task[END_REF].

Manipulation of the D2 receptors expression or the D2-MSNs activity (stimulation or inhibition) modulated motivation in a lever press task, highlighting its necessity [START_REF] Poyraz | Decreasing striatopallidal pathway function enhances motivation by energizing the initiation of goal-directed action[END_REF][START_REF] Soares | Midbrain dopamine and interval timing[END_REF][START_REF] Gallo | Accumbens dopamine D2 receptors increase motivation by decreasing inhibitory transmission to the ventral pallidum[END_REF][START_REF] Soares-Cunha | Distinct role of nucleus accumbens D2-MSN projections to ventral pallidum in different phases of motivated behavior[END_REF].

Thus, the ventral portion of the STR seems to participate indirectly to movement control via the modulation of motivation, and integrating the reward value.

d. Tail of the striatum

Last but not least, a fourth area is described, the TS, which is anatomically located more caudally. This last region receive a new gain of interest, and has been recently

proposed as the fourth functional area of the STR -for review, see [START_REF] Valjent | The Tail of the Striatum: From Anatomy to Connectivity and Function[END_REF].

It receives inputs mainly from the sensorimotor cortex, as well as the enthorinal, auditory and the visual cortices [START_REF] Deniau | The lamellar organization of the rat substantia nigra pars reticulata: Segregated patterns of striatal afferents and relationship to the topography of corticostriatal projections[END_REF][START_REF] Gangarossa | Spatial distribution of D1R-and D2R-expressing medium-sized spiny neurons differs along the rostro-caudal axis of the mouse dorsal striatum[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF][START_REF] Jiang | Anatomical inputs from the sensory and value structures to the tail of the rat striatum[END_REF]. Besides, the TS receives, as the DLS, thalamic inputs coming from the PF and the medio-dorsal thalamus.

Related to the strong inputs coming from the auditory cortex, neurons of the TS have been shown to encode auditory stimulus and are necessary for auditory discrimination and decisions [START_REF] Xiong | Selective corticostriatal plasticity during acquisition of an auditory discrimination task[END_REF][START_REF] Gao | Temporal dynamics of audiovisual affective processing[END_REF][START_REF] Guo | Stable representation of sounds in the posterior striatum during flexible auditory decisions[END_REF]. In addition, the inactivation of thalamo-striatal projections to TS also impairs sound response in MSNs [START_REF] Chen | Medial geniculate body and primary auditory cortex differentially contribute to striatal sound representations[END_REF]. Similarly, for visual aspects, in non-human primates, it has been shown the role of this caudal area in visual discrimination and encoding habitual saccade [START_REF] Brown | Responses of cells in the tail of the caudate nucleus during visual discrimination learning[END_REF][START_REF] Hikosaka | Basal ganglia orient eyes to reward[END_REF][START_REF] Yamamoto | What and where information in the caudate tail guides saccades to visual objects[END_REF][START_REF] Kim | Distinct basal ganglia circuits controlling behaviors guided by flexible and stable values[END_REF]. However, it does not seem to be necessary to elicit movements [START_REF] Gao | Temporal dynamics of audiovisual affective processing[END_REF]. In term of function, it places the TS as sensory integrator.

As other striatal domains, the TS is densely innervated by dopaminergic inputs, mainly coming from the SNc. This is contributing to reinforcement learning in the context of threat [START_REF] Menegas | Dopamine neurons projecting to the posterior striatum reinforce avoidance[END_REF]. One of the main characteristics of the TS relies on the specific distribution of DA receptors. Indeed, a specific area is exclusively composed of D1-like receptors [START_REF] Gangarossa | Spatial distribution of D1R-and D2R-expressing medium-sized spiny neurons differs along the rostro-caudal axis of the mouse dorsal striatum[END_REF].

Therefore, these 4 striatal sub-regions are functionally distinct. This segregation is mainly based on the inputs each of them receives. In addition, the topography is conserved for the projection targets. This forms the different cortico-BG-thalamic loops (e.g. motor, associative and limbic).

Besides this anatomical organization, the STR has also been segregated in two main compartments, the striosome and the matrix (for review see [START_REF] Prager | Compartmental function and modulation of the striatum[END_REF]. They overlay the anatomical disctinctions described above. Striosomes form a labyrinth-like structure throughout the STR and occupy around 10 to 15% of the STR volume. This organization mainly rely on the expression of specific biomarkers, such as mu opioid receptors (enriched in striosomes). Besides, differences about the DA release exist, with a lower density of DA fibers and release in striosomes as compared to the matrix [START_REF] Salinas | Dopamine dynamics and cocaine sensitivity differ between striosome and matrix compartments of the striatum[END_REF]. Functionnaly, it is described that strisomes mediate reward-related behavior and habitual behaviors [START_REF] Jenrette | Lesions of the Patch Compartment of Dorsolateral Striatum Disrupt Stimulus-Response Learning[END_REF][START_REF] Nadel | Optogenetic stimulation of striatal patches modifies habit formation and inhibits dopamine release[END_REF], while the matrix mediate adpatative behaviors [START_REF] Bloem | Two-photon imaging in mice shows striosomes and matrix have overlapping but differential reinforcement-related responses[END_REF].

Besides these anatomical distinctions, the four striatal sub-regions are composed of common cellular subtypes, even if variability remains.

ii.

Cellular subtypes

The STR is composed mainly of 2 inhibitory populations: the projection neurons; or medium spiny neurons (MSNs) and the interneurons. They are highly interconnected and communicate via GABAergic synapses.

a. Medium spiny neurons MSNs constitute the main population as they represent more than 95% of neurons of the STR [START_REF] Kita | Glutamate decarboxylase immunoreactive neurons in rat neostriatum: their morphological types and populations[END_REF]. They receive glutamatergic inputs from the cortex and the thalamus, and send projections to the pallidum (GPe and GPi) and the SNr. They are divided in 2 subpopulations depending on their expression of dopaminergic receptors: D1-MSNs and D2-MSNs. This segregation matches their target structure projections: most of the MSNs expressing D1 project to the output structures of BG, and are therefore the direct MSNs (dMSNs) or striato-nigral neurons, while the D2 expressing neurons correspond to the indirect MSNs (iMSNs) or striato-pallidal, projecting to the GPe [START_REF] Gerfen | D1 and D2 dopamine receptor-regulated gene expression of striatonigral and striatopallidal neurons[END_REF]. It is to note that a subpopulation of MSNs, accounted for 6 to 7% of cells expressed both D1 and D2 receptors [START_REF] Bonnavion | Unexpected inhibition of motor function by dopamine activation of D1/D2 co-expressing striatal neurons[END_REF].

Beside their dichotomic expression of dopaminergic receptors, these neurons have specific molecular markers: dMSNs also express substance P and dynorphin, and iMSNs express enkephalin as well as adenosine A2a receptors [START_REF] Gerfen | The neostriatal mosaic: Multiple levels of compartmental organization[END_REF]. In addition to these specific biomarkers, MSNs express muscarinic receptors (mAchRs), independently of the population. This specificity allows the generation of transgenic rodents line in order to target one or the other population like D1-cre or A2a-cre transgenic animals.

These 2 populations have few common morphological properties. Indeed, MSNs are characterized with a very dense dendritic arborization, where cortical and thalamic afferences establish synapses. Evidences show that dMSNs and iMSNs have almost the same pattern of inputs from motor cortex however, a bias toward the indirect population has been identified [START_REF] Wall | Differential innervation of directand indirect-pathway striatal projection neurons[END_REF][START_REF] Huerta-Ocampo | Convergence of cortical and thalamic input to direct and indirect pathway medium spiny neurons in the striatum[END_REF]. Electronic microscopy analysis revealed the indirect population has smaller dendritic trees and fewer intersections [START_REF] Gertler | Dichotomous anatomical properties of adult striatal medium spiny neurons[END_REF]. Despite these morphological differences, both populations seem to have the same responsiveness to motor cortical inputs [START_REF] Mallet | Cortical inputs and GABA interneurons imbalance projection neurons in the striatum of parkinsonian rats[END_REF]. Still, this dichotomous morphology influences their physiology. They are characterized by a hyperpolarized resting membrane potential, but differences in their intrinsic excitability exist. [START_REF] Kita | Passive electrical membrane properties of rat neostriatal neurons in an in vitro slice preparation[END_REF][START_REF] Gertler | Dichotomous anatomical properties of adult striatal medium spiny neurons[END_REF]. In vivo, they display a low spontaneous activity.

Therefore, they require a convergent activation of thalamic or cortical inputs to fire [START_REF] Mahon | Various synaptic activities and firing patterns in cortico-striatal and striatal neurons in vivo[END_REF][START_REF] Charpier | Converging sensory and motor cortical inputs onto the same striatal neurons: An in vivo intracellular investigation[END_REF].

Their main efferences are the projections to the pallidum and the SNr. However, they also make collateral onto other MSNs. These projections have been initially described as functionally weak but recent studies have challenged this idea [START_REF] Jaeger | Surround inhibition among projection neurons is weak or nonexistent in the rat neostriatum[END_REF][START_REF] Hjorth | The microcircuits of striatum in silico[END_REF]. In addition, lateral inhibition of a large population of MSNs can induce a strong inhibition [START_REF] Jaeger | Surround inhibition among projection neurons is weak or nonexistent in the rat neostriatum[END_REF]. Additionally, it has been suggested that it creates neuronal assemblies within the STR [START_REF] Carrillo-Reid | Encoding network states by striatal cell assemblies[END_REF][START_REF] Ponzi | Sequentially switching cell assemblies in random inhibitory networks of spiking neurons in the striatum[END_REF].

Finally, MSNs are strongly modulated by dopamine. Indeed, the striatum is densely innvervated by dopaminergic fibers coming mainly from the VTA and the SNc. dMSNs and iMSNs express differently dopaminergic receptors, and it influences in an opposite manner their activity. These aspects will be developed in the Chapter 2 (Dopamine: From synthesis to behavioral functions).

b. Interneurons

The interneurons population represents around 5% of the striatal neurons, but they constitute the main inhibitory input to MSNs. In opposition to the projection neurons they are aspiny and only make local collaterals. This population can be divided in 2 subpopulations based on their neurotransmitters: 0.5 to 1% of neurons are cholinergic, and 3 to 4 % are GABAergic. They receive information directly from the cortex and are also thought to integrate them before making synapses to MSNs.

Cholinergic interneurons

Cholinergic interneurons (CINs) are the large-sized soma of the STR. They receive strong excitatory innervation from cortical and thalamic inputs, with a bias in favor of the thalamic inputs [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] Doig | Cortical and thalamic excitation mediate the multiphasic responses of striatal cholinergic interneurons to motivationally salient stimuli[END_REF]. They are modulated by dopaminergic afferences [START_REF] Kubota | Neostriatal cholinergic neurons receive direct synaptic inputs from dopaminergic axons[END_REF][START_REF] Dimova | Ultrastructural features of the choline acetyltransferase-containing neurons and relationships with nigral dopaminergic and cortical afferent pathways in the rat striatum[END_REF]. They also receive inhibitory projections from MSNs [START_REF] Bolam | Substance P-Containing terminals in synaptic contact with cholinergic neurons in the neostriatum and basal forebrain: a double immunocytochemical study in the rat[END_REF]. They display large arborization throughout the STR and contact both populations of MSNs and interneurons via the release of acetylcholine (Ach). The mAChRs and nicotinic ionotropic receptors (nAChRs) are present at pre and post synaptic sites, including dopaminergic terminals. While Ach tends to inhibit D1-MSNs, it increases the activity of D2-MSNs. Their distribution is not homogeneneous, with a decreasing gradient along the dorsomedial-to-ventrolateral axis [START_REF] Matamales | Quantitative imaging of cholinergic interneurons reveals a distinctive spatial organization and a functional gradient across the mouse striatum[END_REF]. They are tonically active, at around 2 to 10 Hz, and are also referred as 'tonically active neurons' (TANs). This spiking activity is modulated, mainly with pauses from thalamic stimulation [START_REF] Ding | Thalamic gating of corticostriatal signaling by cholinergic interneurons[END_REF][START_REF] Doig | Cortical and thalamic excitation mediate the multiphasic responses of striatal cholinergic interneurons to motivationally salient stimuli[END_REF], as well as sensory salient events [START_REF] Aosaki | Responses of tonically active neurons in the primate's striatum undergo systematic changes during behavioral sensorimotor conditioning[END_REF]. It is related to reward probability and the current state of the animal [START_REF] Morris | Coincident but distinct messages of midbrain dopamine and striatal tonically active neurons[END_REF][START_REF] Lee | Activity of tonically active neurons in the monkey putamen during initiation and withholding of movement[END_REF]. Specific lesions of CINs in the DMS have led to decreased exploration in a set-shifting paradigm, but did not affect the initial learning [START_REF] Aoki | Role of striatal cholinergic interneurons in set-shifting in the rat[END_REF].

It suggests that CINs activity is in favor of exploration instead of supporting old strategies.

Timing processing has been as well described. The activity of identified TANs is increased when time intervals were reduced for a reward delivery [START_REF] Apicella | Responses of tonically discharging neurons in the monkey striatum to primary rewards delivered during different behavioral states[END_REF].

In addition, they are closely linked to dopaminergic afferents. CINs are powerfully modulating the DA release in the STR [START_REF] Rice | Nicotine amplifies reward-related dopamine signals in striatum[END_REF][START_REF] Zhou | An ultra-short dopamine pathway regulates basal ganglia output[END_REF][START_REF] Threlfell | Striatal dopamine release is triggered by synchronized activity in cholinergic interneurons[END_REF][START_REF] Brimblecombe | Targeted activation of cholinergic interneurons accounts for the modulation of dopamine by striatal nicotinic receptors[END_REF]. Via the activation of mAChRs it induces an increased DA release probability, leading to a short-term depression. In vivo, when CINs are pausing, during a salient event, the DA release reflects better the dopaminergic firing. This close relationship between the cholinergic and dopaminergic system will be more develop in the section "Interactions with other system" in the Chapter 2.

This short overview of CINs shows that they are key actors in the micro-striatal circuitry, especially in movement regarding there strong interaction with the dopaminergic system.

GABA-ergic interneurons

The second interneuron population is the inhibitory GABAergic interneurons. Seven subtypes have been identified so far (for review see [START_REF] Tepper | Heterogeneity and Diversity of Striatal GABAergic Interneurons: Update 2018[END_REF]). They exhibit specific properties in terms of connectivity and role for the local striatal circuitry. They are medium size neurons and receive inputs from motor and somatosensory cortex [START_REF] Ramanathan | Synaptic convergence of motor and somatosensory cortical afferents onto GABAergic interneurons in the rat striatum[END_REF].

Among the interneurons population, Fast Spiking Interneurons (FSI) have a major role in regulating striatal outputs. This is mediated by the large numbers of synapses receives from cortical and thalamic inputs, as well as by the large number of synapses they make onto MSNs. This is called the feedforward inhibition. At the network level, they are thought to filter cortical information, thus containing the activity of MSNs and supposed to regulate the gain [START_REF] Atallah | Parvalbumin-Expressing Interneurons Linearly Transform Cortical Responses to Visual Stimuli[END_REF]. They are critical for modulating circuit outputs: their inhibition either using injection of GABAa antagonists or with optogenetics induces an increased activity of MSNs [START_REF] Mallet | Feedforward Inhibition of Projection Neurons by Fast-Spiking GABA Interneurons in the Rat Striatum In Vivo[END_REF][START_REF] Owen | Fast-Spiking Interneurons Supply Feedforward Control of Bursting, Calcium, and Plasticity for Efficient Learning[END_REF]. Therefore, their loss would trigger excessive motor behavior. In physiological conditions, FSI activity is correlated to movement execution and more specifically to its speed [START_REF] Berke | Uncoordinated firing rate changes of striatal fast-spiking interneurons during behavioral task performance[END_REF][START_REF] Martiros | Inversely Active Striatal Projection Neurons and Interneurons Selectively Delimit Useful Behavioral Sequences[END_REF][START_REF] Roberts | Ensemble encoding of action speed by striatal fast-spiking interneurons[END_REF]. At the behavioral level in monkeys, they have a role in learning [START_REF] Boroujeni | Interneuron specific gamma synchronization indexes cue uncertainty and prediction errors in lateral prefrontal and anterior cingulate cortex[END_REF]. Indeed, their inhibition using optogenetic tools impairs the acquisition in a motor sequence task [START_REF] Owen | Fast-Spiking Interneurons Supply Feedforward Control of Bursting, Calcium, and Plasticity for Efficient Learning[END_REF], while a chemogenetic inhibition prevents the expression of habitual pressing [START_REF] O'hare | Striatal fastspiking interneurons selectively modulate circuit output and are required for habitual behavior[END_REF].

Beside the population of fast spiking neurons, the two main populations are the Low Threshold Spiking Interneurons (LTS) and the TH-expressing Interneurons (THINs). They are also the target of cortical and thalamic inputs, and receive strong dopaminergic afferences [START_REF] Ibáñez-Sandoval | Electrophysiological and morphological characteristics and synaptic connectivity of tyrosine hydroxylase-expressing neurons in adult mouse striatum[END_REF][START_REF] Xenias | Are striatal tyrosine hydroxylase interneurons dopaminergic?[END_REF][START_REF] Assous | Differential processing of thalamic information via distinct striatal interneuron circuits[END_REF]Choi et al., 2019). LTS have been evidenced to be associated to reward and modulate goal directed behavior [START_REF] Holly | Striatal Low-Threshold Spiking Interneurons Regulate Goal-Directed Learning[END_REF]. They exhibit a down modulation during learning. The THINs are characterized with the expression of TH, but do not release DA [START_REF] Xenias | Are striatal tyrosine hydroxylase interneurons dopaminergic?[END_REF]. Their loss affects the mice's ability to adapt their behavior in a goal-directed lever press task [START_REF] Kaminer | Loss of striatal tyrosine-hydroxylase interneurons impairs instrumental goal-directed behavior[END_REF].

The striatal circuitry with its diverse populations is highly complex. This complexity allows the integration and the computation of various information coming from the whole brain. Once the correct and optimized action is selected in a given context, it is sent to downstream structures. As mentioned, projection neurons of the STR are organized in two major subpopulations that form the direct and the indirect pathways depending on their target structure. targets, but they also took in consideration how DA affects them differentially. Thus, they described two opposite pathways, the direct and the indirect pathways, which mediated differently motor functions via their opposite net effect on the thalamic and brainstem targets structures [START_REF] Albin | The Functional Anatomy of Basal Ganglia Disorders[END_REF][START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF]). These early studies suggested either a selective and concurrent activation of each pathway modulating the same set of output structure neurons or the possibility that the direct pathway would reinforce the selected motor pattern and the indirect suppressing the conflicting patterns.

Still seen as antagonistic pathways, decades of research build up a classical model of these two pathways slightly different from the original model. Commonly, the activation of the direct pathway subpopulation neurons by strong and coherent cortical afferents leads to the inhibition of the output structures. It therefore disinhibits the brainstem motor structures (mesencephalic locomotor region -MLR, overlapping with the cuneiform nucleus, mesencephalic reticular nucleus, and PPN) and tends to promote movements [START_REF] Garcia-Rill | The basal ganglia and the locomotor regions[END_REF][START_REF] Mena-Segovia | Pedunculopontine nucleus and basal ganglia: Distant relatives or part of the same family?[END_REF][START_REF] Martinez-Gonzalez | Topographical Organization of the Pedunculopontine Nucleus[END_REF][START_REF] Roseberry | Cell-Type-Specific Control of Brainstem Locomotor Circuits by Basal Ganglia[END_REF].

On the opposite, via the disinhibition of the STN by the GPe GABAergic neurons, the indirect pathway activation leads to inhibit movements. According to the classical description, specific knock-out of the striatonigral or striatopallidal projections tends to decrease or increase,

respectively, the open field locomotor activity [START_REF] Bateup | Distinct sublasses of medium spiny neurons diffrentially regulat striatal motor behaviors[END_REF]. Using last cutting-edge methods in neuroscience, it has been shown optogenetically that bilateral light excitation of the direct pathway specifically enhances locomotion as well as the velocity of fine movements. On the opposite, stimulation of the iMSNs tends to increase the activity of output structures and thus suppress movements [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF][START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF][START_REF] Yttri | Opponent and bidirectional control of movement velocity in the basal ganglia[END_REF].

Years of research since the first model have led to new theories. They have been mainly developed because the complexity at the anatomical and functional level is higher than primarily described. For example, even if the main target of dMSNs is the output structures, it exists collaterals to the GPe [START_REF] Kawaguchi | Projection subtypes of rat neostriatal matrix cells revealed by intracellular injection of biocytin[END_REF]. Besides, while the GPe A B has long been seen as a homogeneous relay structure, it is composed of two neuronal populations. One of them, the arkypallidal neurons project to the STR [START_REF] Mallet | Dichotomous Organization of the External Globus Pallidus[END_REF][START_REF] Abdi | Prototypic and Arkypallidal Neurons in the Dopamine-Intact External Globus Pallidus[END_REF]. Their function in stopping an already engaged motor action has challenged the canonical model [START_REF] Mallet | Arkypallidal Cells Send a Stop Signal to Striatum[END_REF][START_REF] Arbelaiz | A disynaptic circuit in the globus pallidus controls locomotion inhibition[END_REF].

Recently, both direct and indirect MSNs have been shown to be activated during action initiation [START_REF] Cui | Concurrent activation of striatal direct and indirect pathways during action initiation[END_REF][START_REF] Tecuapetla | Complementary Contributions of Striatal Projection Pathways to Action Initiation and Execution[END_REF]. These studies suggest the necessity of both pathways for correct movement initiation, as well as execution. Besides, Yttri and Dudman using an optogenetic approach underlined a bidirectional effect on the movement velocity. In a goal-directed movement, depending on the action rewarded, for example a slow movement, the stimulation of dMSNs may decrease the movement velocity [START_REF] Yttri | Opponent and bidirectional control of movement velocity in the basal ganglia[END_REF]. Consistently, the inactivation of the GPi induces a slowness of movement but do not affect the initiation [START_REF] Turner | Basal ganglia contributions to motor control: A vigorous tutor[END_REF]. Therefore, it looks like the activity of each pathway is in favor of the rewarded movement and modulates its parameters. This is in support of the 'vigor' theory, in which the movement vigor has been defined as an aspect of movement kinematics that is under the control of implicit motivational state [START_REF] Dudman | The basal ganglia: From motor commands to the control of vigor[END_REF].

Out of the loop: target projections

The BG output structures, SNr and EPN, are inhibitory. Therefore, they exert a tonic inhibition on the downstream structures. This tonic activity allows, by default, a suppression of movement. It can be released by a disinhibition from BG. The EPN/SNr GABAergic neurons send projections to the thalamus, as well as brainstem structures [START_REF] Hikosaka | GABAergic output of the basal ganglia[END_REF].

i. To the thalamus

The BG output structures send projection to specific nuclei of the thalamus, namely the VM, the VA and the VL which form the motor thalamus. They are mainly seen as relay to the cortex [START_REF] Herkenham | The afferent and efferent connections of the ventromedial thalamic nucleus in the rat[END_REF]. Lesions studies showed its role in motor execution as well as posture and motor learning. Suggesting its important role in evolution, in songbirds, lesions of the equivalent region, the dorsolateral region of the thalamus, impaired motor learning and the development of complex syllables [START_REF] Goldberg | Vocal babbling in songbirds requires the basal ganglia-recipient motor thalamus but not the basal ganglia[END_REF].

Thalamic neurons are likely to be modulated with movement regarding their inputs.

Indeed, via BG disinhibition, they are activated when dMSNs are firing [START_REF] Lalive | Motor Thalamus Supports Striatum-Driven Reinforcement[END_REF]. Many studies reported changes at specific task steps (e.g. cue presentation or beginning of movement), but the activity is also correlated to the movement parameters, such as the velocity. Related to movements, while these thalamic neurons integrate information from BG, they also receive excitatory projections from the cerebellum. The two are segregated across the rostro-caudal axis, but a sparse convergence exists in different species [START_REF] Chevalier | Inhibitory nigral influence on cerebellar evoked responses in the rat ventromedial thalamic nucleus[END_REF][START_REF] Anderson | An analysis of potentially converging inputs to the rostral ventral thalamic nuclei of the cat[END_REF][START_REF] Deniau | Patterns of termination of cerebellar and basal ganglia efferents in the rat thalamus. Strictly segregated and partly overlapping projections[END_REF][START_REF] Sakai | Comparison of cerebellothalamic and pallidothalamic projections in the monkey (Macaco, fuscata): A double anterograde labeling study[END_REF]. There is almost no co-integration, but both populations exhibit similar movement related activity [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].

Therefore, the motor thalamus must be seen as an integrator instead of a relay. In turn, it projects to the motor cortex. Indeed, neurons of the motor thalamus send excitatory projections to pyramidal neurons of the layers I and II of the cortex [START_REF] Hooks | Organization of cortical and thalamic input to pyramidal neurons in mouse motor cortex[END_REF].

ii.

To the brainstem and descending pathways

Besides the projections to the motor thalamus, output structures of BG send broad projections to diverse brainstem regions [START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF][START_REF] Mena-Segovia | Pedunculopontine nucleus and basal ganglia: Distant relatives or part of the same family?[END_REF][START_REF] Hikosaka | GABAergic output of the basal ganglia[END_REF][START_REF] Mcelvain | Specific populations of basal ganglia output neurons target distinct brain stem areas while collateralizing throughout the diencephalon[END_REF].

Among the different structures targeted, SNr neurons establish dense synapses to the PPN and the cuneiform nucleus [START_REF] Mcelvain | Specific populations of basal ganglia output neurons target distinct brain stem areas while collateralizing throughout the diencephalon[END_REF], which are part of the MLR. This region is well known for its role in locomotion [START_REF] Noga | Locomotion produced in mesencephalic cats by injections of putative transmitter substances and antagonists into the medial reticular formation and the pontomedullary locomotor strip[END_REF]. In addition, it exists projections to the superior colliculus. This subcortical structure main function is associated to saccadic eye movement. Therefore, it is necessary into the behavioral orientation, especially in primates, and thus for survival [START_REF] Hikosaka | Role of the basal ganglia in the control of purposive saccadic eye movements[END_REF]. These projections give a specific oculomotor role to BG, which is, one of the first motor functions associated to BG. Few other functions can be listed, such as defensive behavior via projections to the periaqueductal grey [START_REF] Mcelvain | Specific populations of basal ganglia output neurons target distinct brain stem areas while collateralizing throughout the diencephalon[END_REF], mood regulation and control of motivation, via projections sent to the dorsal raphe [START_REF] Dorocic | A Whole-Brain Atlas of Inputs to Serotonergic Neurons of the Dorsal and Median Raphe Nuclei[END_REF].

The large variety of inputs and outputs and therefore the mediated information reflects the diverse functions associated to BG. Besides, these functions are also strongly associated with the BG topographical organization itself, and especially the contribution of the direct vs. the indirect pathway, and their modulations.

Contribution of the STR to movements

Among the functions that are usually associated to BG, the most common is the motor function. It mainly comes from clinical observations in pathological conditions. For example, Huntington's disease is characterized by the neurodegeneration of striatal neurons. Patients exhibit severe motor symptoms such as chorea (involuntary movements) and impaired gait and posture. These deficits in motor selection, control or learning are found from amphibians to primates [START_REF] Reiner | Structural and functional evolution of the basal ganglia in vertebrates[END_REF].

Contribution to learning

Performing a goal-directed motor action necessarily implies learning. Through trials and errors, we will learn to produce complex movements in order to obtain the desired outcome. Indeed, when we start performing a new movement it is effortful, but with practice it become easier. Therefore, the learning process is a time for optimization. It relies first on the selection of the right behavior, and then progressively on a decreased variability of the movement parameters in order to get the expected outcome.

Since the 90's, studies in monkeys and humans have demonstrated that the BG are critical in encoding motor actions [START_REF] Miyachi | Differential roles of monkey striatum in learning of sequential hand movement[END_REF]. More specifically, they show that the STR as well as motor cortical regions are both activated during sequence learning [START_REF] Grafton | Functional mapping of sequence learning in normal humans[END_REF][START_REF] Doyon | Functional anatomy of visuomotor skill learning in human subjects examined with positron emission tomography[END_REF]. This co-activation is also observed in rodents [START_REF] Costa | Differential Corticostraital Plasticity during Fast and Slow Motor Skill Learning in Mice[END_REF].

i. Striatal network changes

During early phase of learning, studies report a large increase of striatal recruitment as well as a large variability of the neuronal activity [START_REF] Costa | Differential Corticostraital Plasticity during Fast and Slow Motor Skill Learning in Mice[END_REF]. This is link to the observed behavioral variability at initial stage of learning [START_REF] Tumer | Performance variability enables adaptive plasticity of "crystallized" adult birdsong[END_REF][START_REF] Santos | Corticostriatal dynamics encode the refinement of specific behavioral variability during skill learning[END_REF]. Once an action becomes consolidated, the behavioral and neuronal variability is reduced [START_REF] Costa | Differential Corticostraital Plasticity during Fast and Slow Motor Skill Learning in Mice[END_REF][START_REF] Santos | Corticostriatal dynamics encode the refinement of specific behavioral variability during skill learning[END_REF].

Over the process of motor skills acquisition two steps can be differentiated: a fast one, initial; and a slow one consisting of a consolidation phase. As described previously, over learning, a shift from associative cortico-striatal circuits to sensori-motor cortico-striatal circuits is observed [START_REF] Graybiel | Habits, rituals, and the evaluative brain[END_REF][START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF]. Neuronal recordings report indeed an increased activity in the DMS during early stages of learning, whereas the DLS is preferentially activated in the late-stage [START_REF] Costa | Differential Corticostraital Plasticity during Fast and Slow Motor Skill Learning in Mice[END_REF][START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF][START_REF] Thorn | Differential Dynamics of Activity Changes in Dorsolateral and Dorsomedial Striatal Loops during Learning[END_REF]. This necessity of each striatal circuit has been confirmed with lesional approaches.

However, this classical description has been challenged. Indeed, some studies described the recruitment of both circuits for motor learning [START_REF] Kupferschmidt | Parallel, but Dissociable, Processing in Discrete Corticostriatal Inputs Encodes Skill Learning[END_REF][START_REF] Vandaele | Dorsomedial striatal activity tracks completion of behavioral sequences in rats[END_REF]. Therefore, instead of a shift, local reorganizations occur within each circuit. It includes cortical inputs reorganization and spatial reorganization of striatal cell recruited [START_REF] Badreddine | Spatiotemporal reorganization of corticostriatal networks encodes motor skill learning[END_REF].

ii.

Cortico-striatal inputs and plastic mechanisms

These behavioral modulations and especially the inputs reorganization rely on plastic mechanisms that occur at synapses. The injection of anisomyscin, a protein synthesis inhibitor impaired instrumental learning as well as novel motor skills acquisition [START_REF] Hernandez | Early consolidation of instrumental learning requires protein synthesis in the nucleus accumbens[END_REF][START_REF] Wächter | Motor skill learning depends on protein synthesis in the dorsal striatum after training[END_REF]. Additionally, striatal NMDARs are necessary and changes in the receptor subunits expression were observed during skill acquisition in rat DLS [START_REF] Kent | Unilateral skill acquisition induces bilateral NMDA receptor subunit composition shifts in the rat sensorimotor striatum[END_REF][START_REF] Geddes | Optogenetic editing reveals the hierarchical organization of learned action sequences[END_REF]. These studies underlie the necessity of plastic mechanisms to happen for motor acquisition. Long term depression and potentiation (LTD, LTP), are two major plasticity phenomenons that rely on NMDA receptors. They have been shown to occur in the dorsal STR in rodents (Calabresi et al., 1992b(Calabresi et al., , 1992c;;[START_REF] Palencia | The influence of NMDA receptors in the dorsomedial striatum on response reversal learning[END_REF][START_REF] Bureau | Intrastriatal inhibition of extracellular signalregulated kinases impaired the consolidation phase of motor skill learning[END_REF] and being necessary for learning complex motor skill [START_REF] Lemay-Clermont | Blockade of NMDA receptors 2A subunit in the dorsal striatum impairs the learning of a complex motor skill[END_REF] . During learning, in vitro recordings revealed first LTP, while over training is associated to a decreased AMPA/NMDA ratio [START_REF] Hawes | Multimodal plasticity in dorsal striatum while learning a lateralized navigation task[END_REF]. It has been showed that these plastic changes are accompanied with and increased excitability and morphological changes (increased number of spines, reduced number of dendrites) [START_REF] Knott | Dendritic spine plasticity-Current understanding from in vivo studies[END_REF][START_REF] Hawes | Multimodal plasticity in dorsal striatum while learning a lateralized navigation task[END_REF].

Importantly these mechanisms are strongly dependent on DA. This link and the necessity of DA for the acquisition of new motor skills will be developed in the section "Motor related function", in the Chapter 2.

Contribution to action selection

The ability to choose the correct action among the whole repertoire developed with learning is crucial. For example, we need to perform a ballistic movement to score at basketball but not to put a glass on a table. This action selection function is commonly attributed to BG circuitry.

First, as described previously, a large number of lesion studies in rodents highlight the non-necessity of the motor cortex for motor execution. Therefore, the most prominent candidate for this function are BG. Its role in action selection is mainly derived from the canonical model proposed.

Pioneer consensus hypothesized the crucial function of BG into action selection instead of the action initiation. It originates from the disinhibition of output nuclei, thought to allow the selection of the motor program. Interestingly this idea was modeled in 2001, with the GPR model (Gurney et al., 2001a(Gurney et al., , 2001b)). In line with this, behavioral studies showed neuronal activity of MSNs ensemble, as well as interneurons associated to specific behaviors such as rearing or scrunching [START_REF] Markowitz | The Striatum Organizes 3D Behavior via Moment-to-Moment Action Selection[END_REF]. In addition, excitotoxic lesion of the DLS reveals an alteration of the expression of behavioral sequences [START_REF] Markowitz | The Striatum Organizes 3D Behavior via Moment-to-Moment Action Selection[END_REF].

Besides, a complementary function of action selection is the suppression of competing actions. Consistently, Gage et al. showed that the specific activation of an interneurons population is necessary for suppressing unwanted actions [START_REF] Gage | Selective Activation of Striatal Fast Spiking Interneurons during Choice Execution[END_REF].

However, the specific function of BG into the selection of an action has been challenged. Whether it belongs to the action selection itself or the initiation which belongs to the execution of the action is highly discussed and more and more evidences are in favor of a role into the execution.

Contribution to action execution

The motor execution, from its initiation to its termination including movement modulation is supported by BG as well. First evidences in non-reinforced task come from electrophysiological recordings of striatal neurons, where their vast majority was activated during motor execution [START_REF] Delong | Activity of basal ganglia neurons during movement[END_REF]. Since then, it is possible to distinguish dMSNs from iMSNs, and detail their specific function into motor execution.

i. Initiation and termination of action

At the very late stage of learning, when the consolidation is done, neuronal activity related to the initiation and termination of a motor sequence appears [START_REF] Jin | Start/stop signals emerge in nigrostriatal circuits during sequence learning[END_REF].

A concomitant activity of both striatopallidal and striatonigral pathways have been shown [START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF]. This activity has been observed at the onset of locomotion, spatial navigation and T-maze task as well as in self operant behavior in rodents [START_REF] Barnes | Activity of striatal neurons reflects dynamic encoding and recoding of procedural memories[END_REF][START_REF] Jin | Start/stop signals emerge in nigrostriatal circuits during sequence learning[END_REF][START_REF] Thorn | Differential Dynamics of Activity Changes in Dorsolateral and Dorsomedial Striatal Loops during Learning[END_REF][START_REF] Cui | Concurrent activation of striatal direct and indirect pathways during action initiation[END_REF]Smith and Graybiel, 2013b;[START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF][START_REF] Regier | Hippocampus and subregions of the dorsal striatum respond differently to a behavioral strategy change on a spatial navigation task[END_REF][START_REF] Martiros | Inversely Active Striatal Projection Neurons and Interneurons Selectively Delimit Useful Behavioral Sequences[END_REF][START_REF] Fobbs | Continuous representations of speed by striatal medium spiny neurons[END_REF]. Interestingly, this task boundary activity seems to be absent when sequence is run incorrectly, suggesting their necessity for the correct movement production [START_REF] Martiros | Inversely Active Striatal Projection Neurons and Interneurons Selectively Delimit Useful Behavioral Sequences[END_REF]. Additionally, the muscimol infusion in the DLS impaired the correct initiation of the task (Rueda-Orozco and Robbe, 2015).

Consistently, studies using optogenetic modulations of dMSNs or iMSNs report delayed initiation of action [START_REF] Geddes | Optogenetic editing reveals the hierarchical organization of learned action sequences[END_REF][START_REF] Tecuapetla | Complementary Contributions of Striatal Projection Pathways to Action Initiation and Execution[END_REF]. For example, the inhibition of one or the other neuronal pathways before the movement onset increased the latency to initiate the motor sequence [START_REF] Tecuapetla | Complementary Contributions of Striatal Projection Pathways to Action Initiation and Execution[END_REF]. This work highlights the necessity of both dMSNs and iMSNs activity in the correct motor execution.

Besides their activity at the onset of motor sequences, MSNs activity is also reported during performances. Studies looking at locomotion reported single-unit correlation with neuronal activity of MSNs DLS neurons [START_REF] West | A region in the dorsolateral striatum of the rat exhibiting single-unit correlations with specific locomotor limb movements[END_REF][START_REF] Shi | Neural responses in multiple basal ganglia regions during spontaneous and treadmill locomotion task in rats[END_REF]. Optogenetic modulations as performed by Freeze et al in 2013, reported the possibility to control output nuclei activity and therefore to produce movement initiation [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF][START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF].

ii.

Control of movement parameters

Movement parameters are several variables of movement such as the reaction time to initiate an action, the speed of the movement, the trajectory, the amplitude, the engaged force, or the acceleration among other parameters. These kinematics are sometimes regrouped under the term "vigor". The ability to modulate them is necessary for the correct execution of a movement. Using the example of the basketball player scoring, its arm trajectory, as well as the speed will vary during the movement execution.

The literature reporting the role of striatal activity into the modulation of movement is considerable. Radical approaches with ablation of either dMSNs or iMSNs populations result in movement parameters modulation knowing a bradykinesia and hyperactivity respectively [START_REF] Drago | Targeted expression of a toxin gene to D1 dopamine receptor neurons by Cre-mediated site-specific recombination[END_REF][START_REF] Durieux | D"2R striatopallidal neurons inhibit both locomotor and drug reward processes[END_REF].

Looking at a well learned motor actions, which were rewarded, it has been showed that striatal DLS activity encodes movement speed [START_REF] Panigrahi | Dopamine Is Required for the Neural Representation and Control of Movement Vigor[END_REF][START_REF] Rueda-Orozco | The striatum multiplexes contextual and kinematic information to constrain motor habits execution[END_REF]. Reinforcing evidences of the striatal contribution in movement, without a rewarding influence, it has been showed that the same neuronal changes occur during modulation of locomotion in an openfield [START_REF] Markowitz | The Striatum Organizes 3D Behavior via Moment-to-Moment Action Selection[END_REF][START_REF] Fobbs | Continuous representations of speed by striatal medium spiny neurons[END_REF].

Additionally, MSNs encodes movement parameters of naturalistic behavior such as grooming or scrounging [START_REF] Markowitz | The Striatum Organizes 3D Behavior via Moment-to-Moment Action Selection[END_REF]. Calcium imaging revealed both direct and indirect pathway to have the same relationship with the increase of the locomotion speed [START_REF] Fobbs | Continuous representations of speed by striatal medium spiny neurons[END_REF]. Striatal populations are therefore implicated into the encoding of in forelimb velocity, as well as head velocity [START_REF] Kim | Striatal firing rate reflects head movement velocity[END_REF]. This is consistent with studies reporting the encoding of movement kinematics in output structure of BG [START_REF] Barter | Beyond reward prediction errors: the role of dopamine in movement kinematics[END_REF].

The work of Yttri and Dudman showed more specifically a bidirectional control of the movement velocity in goal directed actions [START_REF] Yttri | Opponent and bidirectional control of movement velocity in the basal ganglia[END_REF]. They used optogenetic stimulations of either the direct or indirect pathway to induce persistent changes in the movement kinematics: an increase or a decrease of the velocity, respectively. This was first consistent with previous studies; however this effect was reversed if the stimulation occurred during the slowest movement: the dMSNs stimulation induced a decreased velocity.

Therefore it suggests that the MSNs (direct and indirect) activity is in favor of the purposive movement, and encode the necessary motor parameters to reach the goal.

We can reconcile these different contributions of striatal neurons to 1) learning,

2) motor initiation and/or termination, 3) execution of motor sequences to the 4) modulation of movement. Indeed, the learning is a progressive modulation of movement kinematics, a movement initiation is a very fast modulation of them, and the execution of a motor sequence is marked by timed short and fast kinematics modulation.

Overall, all these functions rely on mechanisms that are strongly DAdependent. Therefore the involvement of DA in each of these functions will be detailed further in the section "Motor related function", in the Chapter 2.

Beyond actions: cognitive aspects

As mentioned previously, the cortico-BG circuitry is not only involved in motor loops.

Indeed, because the STR receives a broad range of input, including the PFC, it integrates many different information, which are necessary for adaptation and therefore motor action in a given environment. The DMS, the associative area of the STR, is the target candidate for these non-motor aspects. Indeed, it is crucial for goal directed actions, and allows behavioral flexibility. One of its major input, neurons of the ACC (part of the PFC), are known to encode attention, outcome of the previous trials as well as a representation of the task structure.

These cognitive functions contribute for example to choose the correct action. Recordings of both dACC neurons and striatal neurons in monkeys revealed the contribution of these projections in learning. Indeed, via the constant evaluation of the task rules of dACC neurons, it is updating the confidence into performing an action in neurons of the STR [START_REF] Cohen | The geometry of neuronal representations during rule learning reveals complementary roles of cingulate cortex and putamen[END_REF]. In addition, function in inhibitory control has been demonstrated.

Inhibitory control is the ability to cancel a response if the context made the planned action inappropriate. Pathologies are well illustrating the role of a structure into a function. In obsessive compulsive disorders (OCD) patients, which exhibit repetitive actions and thoughts, there is evidence of a BG dysfunction, with an increased activity in the caudate [START_REF] Bush | Functional neuroimaging of attentiondeficit/hyperactivity disorder: A review and suggested future directions[END_REF]. Importantly, the STR is not the only input structure of BG, a study showed the increased activity in the STN after the presentation of a stop signal, followed by an increase in the SNr if the trial was successful [START_REF] Schmidt | Canceling actions involves a race between basal ganglia pathways[END_REF]. Therefore, it suggests the contribution of the BG circuitry to the action selection, from a more cognitive point of view.

To Importantly, these mechanisms of plasticity are strongly dependent of a key neuromodulator: the dopamine.

Dopamine: from synthesis to behavioral functions

DA is a critical neuromodulator in the brain. Its physiological functions have been first

described by Carlsonn et al, in 1957. Since then, pathophysiological conditions and their understanding have shown its necessity in motivational processes, reward circuitry as well as motor functions.

In this second chapter, I will first describe DA signaling and the properties of dopaminergic neurons. Besides, I will highlight the diversity of dopaminergic systems that support the wide range functions attributed to DA, and mainly focus on the motor associated functions.

Neurobiology

Synthesis and signaling

DA is a catecholamine, used as neurotransmitter in the central nervous system After synthesis, DA is stored in synaptic vesicles by vesicular monoamine transporter 2 (VMAT2). When a dopaminergic neuron is excited, there is an increase of intracellular calcium and the vesicles are emptied in the synaptic cleft. Once release, DA, in absence of any metabolism and uptake mechanisms would probably diffuse to brain boundaries. In the real context of the brain, Gonon in 1997 first evaluated an effective DA diffusion up to 12 μm from the release site [START_REF] Gonon | Prolonged and extrasynaptic excitatory action of dopamine mediated by D1 receptors in the rat striatum in vivo[END_REF]. Few years later, Cragg and Rice suggested a maximum effective radius to 7.0 μm. At this distance only high-affinity receptors will be influenced. The activation of low-affinity receptors is efficient only under 2 μm after a quantal release [START_REF] Rice | Dopamine spillover after quantal release: Rethinking dopamine transmission in the nigrostriatal pathway[END_REF]. Therefore, the main mode of communication for DA is volume transmission [START_REF] Fuxe | Volume Transmission in Central Dopamine and Noradrenaline Neurons and Its Astroglial Targets[END_REF]. Because of these diffusion processes, a striatal spine can receive DA, even without a dopaminergic synapse. In time, the concentration of DA peaks is cleared after several hundreds of milliseconds [START_REF] Phillips | Differential recruitment of N-, P-and Q-type voltageoperated calcium channels in striatal dopamine release evoked by "regular" and "burst" firing[END_REF].

The clearance of extracellular DA mainly relies on dopaminergic transporters (DAT), which function will be developed further. Then, DA is metabolized by monoamine oxidase (MAO) and recycled. These processes are crucial for the correct DA signal transmission.

Dopaminergic neurons

Dopaminergic neurons are the main source of DA in the brain. Even if they represent less than 1% of the total number of neurons in the brain, their number range from around 45,000 in rats, 165,000 in monkeys to 600,000 in humans [START_REF] German | Midbrain dopaminergic neurons (nuclei A8, A9, and A10): Three-dimensional reconstruction in the rat[END_REF].

At the molecular level, the expression of enzymes TH and DOPA decarboxylase and the transporter VMAT2 is canonical to all the subtypes but heterogeneity exists in regard to the level of expression and activity of these molecular markers.

Dopaminergic neurons are morphologically characterized by a very dense dendritic arborization but architectural diversity exists [START_REF] Montero | Dendritic Architecture Predicts in vivo Firing Pattern in Mouse Ventral Tegmental Area and Substantia Nigra Dopaminergic Neurons[END_REF]. The somato-dendritic surface of SNc dopaminergic neurons is formed up to 90% of dendrites [START_REF] Meza | Role of the axon initial segment in the control of spontaneous frequency of nigral dopaminergic neurons in vivo[END_REF].

They are defined by long action potential (AP) duration and large hyperpolarization.

Their neuronal activity has been first characterized in vivo by Grace and Bunney [START_REF] Grace | Nigral dopamine neurons: intracellular recording and identification with L-dopa injection and histofluorescence[END_REF]. They observed at that time broad AP waveforms and two mode of discharge, either tonic (low frequency, 1 -5 Hz) or phasic (high frequency and bursty, > 15Hz). Since then, in vitro and in vivo studies confirmed the homogeneous phenotype of low-frequency neurons, which is punctuated with bursts and pauses of activity. The tonic firing is supposed to maintain a basal level of DA and is associated to motivation. On the other hand, the phasic modulations are thought to contribute to plastic changes at synapses and encode behavioral relevant stimuli and represent reward prediction errors [START_REF] Schultz | Multiple Dopamine Functions at Different Time Courses[END_REF]. Therefore the tonic mode is proposed to set the gain of the responses [START_REF] Grace | Dysregulation of the dopamine system in the pathophysiology of schizophrenia and depression[END_REF]. When a relevant stimulus occurs in a high tonic activity context, it will be more likely to elicit a burst. Associated function to each firing modes will be detailed further in the section "Related functions".

Importantly, functional heterogeneity within DA neurons has been described at many different levels: gene expression profiles [START_REF] Poulin | Defining Midbrain Dopaminergic Neuron Diversity by Single-Cell Gene Expression Profiling[END_REF], membrane excitability or signals conveyed [START_REF] Morales | The astrocytic response to the dopaminergic denervation of the striatum[END_REF][START_REF] Chuhma | Dopamine neuron glutamate cotransmission evokes a delayed excitation in lateral dorsal striatal cholinergic interneurons[END_REF]. We will further highlight this diversity in the following sections.

Dopaminergic nuclei

Anatomically, DA fibers originate mainly from two midbrain regions: the VTA and the SNc or A8 and A9 regions as initially identified by Dahlström and Fuxe. They both innervate the STR and form the mesolimbic and nigrostriatal pathway respectively, each projecting in a topographic manner (Figure 6).

i. SNc

The SNc is located in the midbrain and forms a thin layer of neurons above the SNr and under the thalamus. It can anatomically be subdivided into the dorsal, the ventral, the medial and the lateral SNc. It is composed of large dopaminergic neurons that have high content in neuromelanin in humans, which makes the SNc very distinguishable.

Dopaminergic neurons of the SNc receive GABAergic innervation from the striatum and the GP, and the adjacent SNr. It induces a negative modulation of their activity. In addition, they receive strong excitatory inputs which mediate the phasic activity. These afferences arise mainly from the PFC, STN, and PPN.

In terms of outputs, SNc neurons preferentially project to the dorsal STR, with a mediolateral topography (Haber et al., 2000;Hu et al., 2004) (Figure 6). Using rabies virus approaches, more specific inputs and outputs have been revealed. There exist specific subcircuits for each structure [START_REF] Beier | Circuit Architecture of VTA Dopamine Neurons Revealed by Systematic Input-Output Mapping[END_REF][START_REF] Menegas | Dopamine neurons projecting to the posterior striatum form an anatomically distinct subclass[END_REF]. In the SNc, DA neurons projecting to the DLS, mainly receive inputs from the DLS itself. In the same manner, the A B 50 DMS is reciprocally connected to SNc-DMS projecting neurons [START_REF] Lerner | Intact-Brain Analyses Reveal Distinct Information Carried by SNc Dopamine Subcircuits[END_REF].

Interestingly, open-loops have been described between the DMS and the DLS (ascending and descending spirals) (Haber et al., 2000a;[START_REF] Lerner | Interfacing behavioral and neural circuit models for habit formation[END_REF]. Via tri-synaptic projections, MSNs of one region inhibits GABA neurons of the SNr, resulting in the disinhibition of dopaminergic neurons projecting to the other striatal region. However, functionally, almost no DA neurons were disinhibited [START_REF] Ambrosi | Striatonigrostriatal Circuit Architecture for Disinhibition of Dopamine Signaling[END_REF].

These specific projections to the dorsal striatum make it crucial into the striatal related functions described above: learning, motor execution and modulation.

ii. VTA

On the other hand, the VTA is located more medial and caudal to the SNc. Anatomical findings showed extensive inputs from the NAc, but inputs arise as well from the lateral habenula, the bed nucleus of the stria terminalis (BNST), the dorsal raphe nucleus, and the lateral hypothalamus. As in the SNc, a topographic organization is reported and sub-circuits exist. Dopaminergic neurons of the VTA that project to the lateral or medial part of the NAc receive respectively inputs from the lateral and medial NAc [START_REF] Beier | Circuit Architecture of VTA Dopamine Neurons Revealed by Systematic Input-Output Mapping[END_REF] (Figure 6).

Besides, the strong projections to the ventral part of the STR, dopaminergic neurons project to the amygdala, constituting the meso-limbic pathway. There exist also projections to the PFC and the motor cortex, thus forming the meso-cortical pathway. Each of these pathways is well characterized and associated to specific functions: the mesolimbic pathway is implicated in motivation and reward related function, while the meso-cortical fibers are associated with a broad range of functions from motor to (e.g. associative learning and memory) depending on the targeted cortical areas [START_REF] Hosp | Dopaminergic projections from midbrain to primary motor cortex mediate motor skill learning[END_REF][START_REF] Puig | Prefrontal dopamine in associative learning and memory[END_REF].

Different technics have been developed to monitor DA. Among them are microdialysis, Fast-Scan cyclic voltammetry (FSCV), electrophysiology, calcium sensors (GCamP) and DA sensors (GRAB DA, dLight1) [START_REF] Patriarchi | Ultrafast neuronal imaging of dopamine dynamics with designed genetically encoded sensors[END_REF][START_REF] Sun | A Genetically Encoded Fluorescent Sensor Enables Rapid and Specific Detection of Dopamine in Flies, Fish, and Mice[END_REF].

Microdialysis allows to precisely measuring extracellular DA concentration, however it badly reports dopaminergic dynamic because of its slow (i.e. minutes) sampling time.

Voltammetry, on the other hand, have a great temporal resolution and sensitivity (10ms, 1nM) [START_REF] Robinson | Detecting Subsecond Dopamine Release with Fast-Scan Cyclic Voltammetry in Vivo[END_REF]. It is, however, poorly selective for dopamine as compared to other catecholamines, and does not provide absolute measure of tonic firing. Finally, newly designed sensors, are quite confident in term of time scale detection and have different sensitivity, therefore allowing the sensing of low dopaminergic innervated regions [START_REF] Labouesse | GPCR-based dopamine sensors-A detailed guide to inform sensor choice for in vivo imaging[END_REF]. Comparing FSCV and DA sensor revealed similarities in time scale and sensitivity [START_REF] Salinas | Sub-second striatal dopamine dynamics assessed by simultaneous fast-scan cyclic voltammetry and fluorescence biosensor[END_REF].

Projections

Dopaminergic neurons send projections all over the brain, but the midbrain DA system is composed of three main pathways: the nigrostriatal, the mesolimbic and the mesocortical pathways, originating from the the SNc (nigro-) and the VTA (meso-).

i. To the the striatum

The striatum is the main target structure of dopaminergic neurons, with a very dense innervation. On average a striatal cell receives 954 dopaminergic synapses. It represents almost 9% of asymmetrical synapses (Aburthnott and Wickens, 2006). To illustrate the very dense dopaminergic arborization, it has been estimated that each DA cell will contribute to ~370000 synapses on average. Additionally, this extensive arborization can even spread across striatal regions [START_REF] Matsuda | Single nigrostriatal dopaminergic neurons form widely spread and highly dense axonal arborizations in the neostriatum[END_REF]) (Figure 7).

As described, there is topographic organization of the dopaminergic projections to the STR. The medial portions of the VTA and SNc, project mainly to medial portion of the ventral STR and dorsal STR respectively, and in the same manner for lateral portions (Figure 5).

However, the topography is inversed along the dorso-ventral axis. Beyond this projection heterogeneity, a functional heterogeneity exists. Reconstruction of the projections of one dopaminergic neuron originating from the SNc. (From Matsuda et al., 2009) lateral SNc projecting to the DLS display a more bursty activity than DA neurons from the mSNc [START_REF] Farassat | In vivo functional diversity of midbrain dopamine neurons within identified axonal projections[END_REF]. In addition, functionally, they will differently respond to one identical input [START_REF] Tsutsui-Kimura | Distinct temporal difference error signals in dopamine axons in three regions of the striatum in a decisionmaking task 2 3[END_REF][START_REF] Seiler | Dopamine signaling in the dorsomedial striatum promotes compulsive behavior[END_REF].

In addition to the dense innervation of the STR, dopaminergic neurons target other BG structures such as the GPe, the EP and the STN [START_REF] Smith | Striatal and extrastriatal dopamine in the basal ganglia: An overview of its anatomical organization in normal and Parkinsonian brains[END_REF][START_REF] Rommelfanger | Extrastriatal dopaminergic circuits of the basal ganglia[END_REF]. These projections are either collaterals of nigrostriatal fibers or separated fibers.

ii. Cortex

Besides projecting to the BG, dopaminergic neurons also target cortical areas. DA presence in the cortex was first described in the frontal cortex, originating from the VTA and the SNc [START_REF] Fallon | Collateralization of monoamine neurons: Mesotelencephalic dopamine projections to caudate, septum, and frontal cortex[END_REF][START_REF] Swanson | The projections of the ventral tegmental area and adjacent regions: A combined fluorescent retrograde tracer and immunofluorescence study in the rat[END_REF]. Later on, tracing studies revealed projections mainly from the VTA to motor areas and to the frontal cortex forming the meso-cortical pathway [START_REF] Molina-Luna | Dopamine in motor cortex is necessary for skill learning and synaptic plasticity[END_REF][START_REF] Hosp | Dopaminergic projections from midbrain to primary motor cortex mediate motor skill learning[END_REF][START_REF] Ott | Dopamine and Cognitive Control in Prefrontal Cortex[END_REF].

About the motor cortex, dopaminergic fibers targets pyramidal neurons and parvalbumin (PV) interneurons in the primary motor cortex (M1) [START_REF] Tseng | Dopamine-glutamate interactions controlling prefrontal cortical pyramidal cell excitability involve multiple signaling mechanisms[END_REF]. The presence of dopaminergic receptors (D1-R and D2-R) is reported in both populations. Functionally, as in the STR, DA can modulate neuronal excitability [START_REF] Vitrac | Dopamine control of pyramidal neuron activity in the primary motor cortex via D2 receptors[END_REF][START_REF] Swanson | Reduced dopamine signaling impacts pyramidal neuron excitability in mouse motor cortex[END_REF]. At the level of the behavior, DA in M1 is crucial for motor learning and allow for plastic changes [START_REF] Molina-Luna | Dopamine in motor cortex is necessary for skill learning and synaptic plasticity[END_REF][START_REF] Hosp | Dopaminergic projections from midbrain to primary motor cortex mediate motor skill learning[END_REF]Guo et al., 2015b;[START_REF] Rioult-Pedotti | Dopamine promotes motor cortex plasticity and motor skill learning via PLC activation[END_REF].

About the PFC, in the same manner, dopaminergic neurons send projections to pyramidal neurons, and PV interneurons [START_REF] Santana | Laminar and cellular distribution of monoamine receptors in rat medial prefrontal cortex[END_REF]. At the level of the behavior, DA in the PFC influences working memory, attention, and flexibility [START_REF] Floresco | Mesocortical dopamine modulation of executive functions: Beyond working memory[END_REF][START_REF] Clark | The role of prefrontal catecholamines in attention and working memory[END_REF][START_REF] Vijayraghavan | Neuromodulation of prefrontal cortex in nonhuman primates by dopaminergic receptors during rule-guided flexible behavior and cognitive control[END_REF].

Dopaminergic receptors and transporters

DA modulates neuronal activity via its action on metabotropic receptors. They are G protein coupled receptors. 5 subtypes are described but they are organized in two main families depending on the G protein present at the C-terminal cytoplasmic extremity (Figure 8). While D1-class receptors (D1-R) are associated to Gαs/Gαolf, D2-class family (D2-R) is coupled to Gαi/Gαo protein. Therefore, they differently modulate the adenylate cyclase (AC) [START_REF] Kebabian | Multiple receptors for dopamine[END_REF]. While the D1-R induces an increase activity of AC, as well as the protein kinase A (PKA) activity, the D2-R inhibits AC's activity and promotes phospholipase-C activity. An additional signaling pathway has been described for D2-R via β-arrestin2 and showed to functionally affect neurotransmission [START_REF] Beaulieu | An Akt/β-arrestin 2/PP2A signaling complex mediates dopaminergic neurotransmission and behavior[END_REF].

Besides this terminal dichotomy, they share a high level of homology in their transmembrane domains.

At the cellular level, the D1-R is found almost exclusively at post-synaptic sites. In contrast, the D2-R is expressed post-synaptically on target neurons like MSNs, and presynaptically on dopaminergic neurons, acting as auto-receptors.

As previously described MSNs are segregated in two populations depending on their expression of D1-R or D2-R. Thus, they will differently respond to the tonic and phasic firing mode. Indeed, D1-R are low-affinity receptors and saturate at high DA concentration (high dissociation constant) [START_REF] Richfield | Anatomical and affinity state comparisons between dopamine D1 and D2 receptors in the rat central nervous system[END_REF]. Therefore dMSNs are more likely to detect phasic bursts. In contrast, D2-R are high affinity receptors and saturate at low DA concentration [START_REF] Richfield | Anatomical and affinity state comparisons between dopamine D1 and D2 receptors in the rat central nervous system[END_REF]). However, it has been shown that D2-R can also detect phasic activity [START_REF] Marcott | Phasic Dopamine Release Drives Rapid Activation of Striatal D2-Receptors[END_REF][START_REF] Yapo | Detection of phasic dopamine by D1 and D2 striatal medium spiny neurons[END_REF].

Importantly, dopaminergic receptors are not only expressed at MSNs membrane. For example, D2-R are highly expressed in CINs [START_REF] Matamales | Quantitative imaging of cholinergic interneurons reveals a distinctive spatial organization and a functional gradient across the mouse striatum[END_REF], and found in GABA interneurons [START_REF] Rivera | Molecular phenotype of rat striatal neurons expressing the dopamine D5 receptor subtype[END_REF]. Additionally, D2-R (but not D1R) at presynaptic sites are also described on cortico-striatal, thalamo-striatal and pallido-striatal terminals [START_REF] Wang | Dopamine D2 receptors are present in prefrontal cortical afferents and their targets in patches of the rat caudate-putamen nucleus[END_REF][START_REF] Hoover | Molecular, Chemical, and Anatomical Characterization of Globus Pallidus Dopamine D2 Receptor mRNA-Containing Neurons[END_REF].

As auto-receptors, D2-R located pre-synaptically regulates the dopaminergic system and provide inhibitory feedback. They are located both at axon terminals, dendrites and soma of dopaminergic neurons of the VTA and the SNc [START_REF] Missale | Dopamine receptors: From structure to function[END_REF]Beaulieu and Gainetdinov, 2011). Their activation induces a decreased excitability of dopaminergic neurons and the DA release [START_REF] Benoit-Marand | Inhibition of dopamine release via presynaptic D2 receptors: Time course and functional characteristics in vivo[END_REF], 2011;[START_REF] Ford | The Role of D2-Autoreceptors in Regulating Dopamine Neuron Activity and Transmission[END_REF].

Pharmacologically, agonists and antagonists have been identified (Table 1). They are widely used to study the role of dopamine and dopaminergic receptors into specific cellular, network and behavioral functions. [START_REF] Floresco | Afferent modulation of dopamine neuron firing differentially regulates tonic and phasic dopamine transmission[END_REF]. At the level of the motor behavior, modulation of its expression, either knock-down or overexpression, have been linked with better motor performances in a goal directed task and learning deficit respectively [START_REF] Cagniard | Mice with chronically elevated dopamine exhibit enhanced motivation, but not learning, for a food reward[END_REF][START_REF] Bernhardt | Learning deficits in rats overexpressing the dopamine transporter[END_REF].

DA related plasticity

DA is considered as a neuromodulator in the CNS. Its action on dopaminergic receptors modulate intracellular cascades which lead to the up or down regulation of glutamate receptors among other proteins. It can therefore induce LTP and LTD phenomenon and modify input strength at synapses. In addition, morphological changes are described, thus impacting neuronal excitability as further detailed below.

At the molecular level, dopaminergic receptors activation induces a modulation of the adenylate cyclase, thus regulating protein kinase A (PKA) activity. Among the targets of the PKA are ion channels such as Na+ channels and Ca2+ channels and transcription factors that modulate receptors expressions.

At the morphological level, DA has been showed to modify structurally spines and dendrites [START_REF] Yagishita | A critical time window for dopamine actions on the structural plasticity of dendritic spines[END_REF][START_REF] Iino | Dopamine D2 receptors in discrimination learning and spine enlargement[END_REF][START_REF] Suarez | Dopamine D1 Receptors Regulate Spines in Striatal Direct-Pathway and Indirect-Pathway Neurons[END_REF]. Indeed, the inactivation of D1-R reduces the dendritic tree and the spine density, thus suggesting the necessity of DA to increase the strength of cortico-striatal synapses [START_REF] Suarez | Dopamine D1 Receptors Regulate Spines in Striatal Direct-Pathway and Indirect-Pathway Neurons[END_REF].

The spine morphology modulation has been shown to occur during a critical time window, when there is a co-activation of cortical inputs and DA neurons [START_REF] Yagishita | A critical time window for dopamine actions on the structural plasticity of dendritic spines[END_REF].

Spines enlargement or reduction, linked with an increased or decreased recruitment of AMPAR and activity of NMDAR is well established to be the results of synaptic plasticity (LTP and LTD) [START_REF] Engert | Dendritic spine changes associated with hippocampal longterm synaptic plasticity[END_REF][START_REF] Malinow | AMPA receptor trafficking and synaptic plasticity[END_REF]. Thus, it confirms initial studies reporting first LTD occurring at cortico-striatal synapses, and the necessity of DA in inducing LTP [START_REF] Wickens | Dopamine reverses the depression of rat corticostriatal synapses which normally follows high-frequency stimulation of cortex in vitro[END_REF]. This LTP induction has been shown

to depend on D1-R in dMSNs, and A2a adenosine receptors in iMSNs (but not D2-R) [START_REF] Flajolet | FGF acts as a co-transmitter through adenosine A2A receptor to regulate synaptic plasticity[END_REF][START_REF] Shen | Dichotomous dopaminergic control of striatal synaptic plasticity[END_REF]. On the other hand, LTD relies on a postsynaptic depolarization, paired with glutamatergic stimulation, via the activation of endocannabinoids and D2-R [START_REF] Kreitzer | Dopamine modulation of state-dependent endocannabinoid release and long-term depression in the striatum[END_REF][START_REF] Wang | Dopaminergic Control of Corticostriatal Long-Term Synaptic Depression in Medium Spiny Neurons Is Mediated by Cholinergic Interneurons[END_REF][START_REF] Shen | Dichotomous dopaminergic control of striatal synaptic plasticity[END_REF].

Altogether, molecular and morphological changes caused by dopamine signaling modulate the neuronal activity. dMSNs, expressing D1-R, tends to have an increased excitability, while dopaminergic transmission decrease the excitability of iMSNs. This classical description might not seem consistent to the description of a concomitant activation of both population during movement execution [START_REF] Yttri | Opponent and bidirectional control of movement velocity in the basal ganglia[END_REF]. Interestingly, a new work have reconcile these studies showing an increased PKA activity in both dMSNs and iMSNs, via D1-R and A2a-R respectively [START_REF] Ma | Locomotion activates PKA through dopamine and adenosine in striatal neurons[END_REF]. Overall, the plastic changes dependent of DA release have been consistently found across species from birds to mammalians [START_REF] Hernández-López | Receptor activation enhances evoked discharge in neostriatal medium spiny neurons by modulating an L-type Ca2+ conductance[END_REF][START_REF] Ding | Dopamine Modulates Excitability of Spiny Neurons in the Avian Basal Ganglia[END_REF][START_REF] Ericsson | Dopamine Differentially Modulates the Excitability of Striatal Neurons of the Direct and Indirect Pathways in Lamprey[END_REF][START_REF] Planert | Membrane Properties of Striatal Direct and Indirect Pathway Neurons in Mouse and Rat Slices and Their Modulation by Dopamine[END_REF][START_REF] Lahiri | Dopaminergic Transmission Rapidly and Persistently Enhances Excitability of D1 Receptor-Expressing Striatal Projection Neurons[END_REF][START_REF] Suarez | Dopamine D1 Receptors Regulate Spines in Striatal Direct-Pathway and Indirect-Pathway Neurons[END_REF].

Interactions with other systems i.

Cholinergic system

As previously mentionned, ACh is strongly modulating DA release in the STR [START_REF] Rice | Nicotine amplifies reward-related dopamine signals in striatum[END_REF][START_REF] Zhou | An ultra-short dopamine pathway regulates basal ganglia output[END_REF][START_REF] Threlfell | Striatal dopamine release is triggered by synchronized activity in cholinergic interneurons[END_REF][START_REF] Brimblecombe | Targeted activation of cholinergic interneurons accounts for the modulation of dopamine by striatal nicotinic receptors[END_REF]. The main source of Ach in STR comes from CINs. In addition, STR receives inputs from cholinergic neurons originating in the PPNs and the latero-dorsal tegmental region (Dautan,

2014).

Via nAChRs expressed by SNc and VTA dopaminergic terminals, ACh can directly modulate AP propagating to dopaminergic axon, and therefore the release of DA. Indeed, ACh antagonists have been shown to suppress evoked DA release [START_REF] Zhou | Endogenous nicotinic cholinergic activity regulates dopamine release in the striatum[END_REF][START_REF] Rice | Nicotine amplifies reward-related dopamine signals in striatum[END_REF]. On the other hand, nicotine application and optogenetic stimulation in vivo tends to increase DA release [START_REF] Pontieri | Effects of nicotine on the nucleus accumbens and similarity to those of addictive drugs[END_REF][START_REF] Threlfell | Striatal dopamine release is triggered by synchronized activity in cholinergic interneurons[END_REF]. Thus, ACh acts in favor of DA release, and can directly elicit DA release [START_REF] Kramer | Synaptic-like axo-axonal transmission from striatal cholinergic interneurons onto dopaminergic fibers[END_REF].

In the striatal circuitry, CINs are pausing following a relevant behavioral event, such as a conditioned stimulus or a reward. These pauses have been reported to be concomitant to phasic bursts of DA neurons, proposing a role of pauses in reinforcement learning [START_REF] Morris | Coincident but distinct messages of midbrain dopamine and striatal tonically active neurons[END_REF]. It has been suggested that CINs pauses, by stopping the local DA release modulation, induces an increase in the gain of the DA-release AP-evoked from dopaminergic neurons.

Besides the influence of Ach on DA, the influence of DA on Ach has been also described. Indeed, DA via D2-R expressed in CINs following a dorso-ventral gradient is a strong modulator of the pauses, which affect learning [START_REF] Aosaki | Responses of tonically active neurons in the primate's striatum undergo systematic changes during behavioral sensorimotor conditioning[END_REF][START_REF] Gallo | Accumbens dopamine D2 receptors increase motivation by decreasing inhibitory transmission to the ventral pallidum[END_REF].

ii. Glutamatergic system

Evidences of interactions of the glutamatergic system on the striatal DA release are reported since the 90's. For example, local application of NMDA or AMPA in striatal slices decreases DA release measured with fast scan cylic voltametry (FCSV) [START_REF] Wu | Inhibitory glutamatergic regulation of evoked dopamine release in striatum[END_REF][START_REF] Kulagina | Glutamate regulates the spontaneous and evoked release of dopamine in the rat striatum[END_REF]. Further studies described the indirect effect of glutamate, via the production of H2O2 that indirectly induce the reduction of DA release [START_REF] Avshalumov | AMPA receptor-dependent H2O2 generation in striatal medium spiny neurons but not dopamine axons: One source of a retrograde signal that can inhibit dopamine release[END_REF].

Additionally, some dopaminergic populations release glutamate [START_REF] Sulzer | Dopamine neurons make glutamatergic synapses in vitro[END_REF][START_REF] Sulzer | Dale's principle and glutamate corelease from ventral midbrain dopamine neurons[END_REF][START_REF] Chuhma | Dopamine Neurons Mediate a Fast Excitatory Signal via Their Glutamatergic Synapses[END_REF]. They are identified by the co-expression of TH and VGluT2. This neuronal subpopulation is present in the VTA, as well as the SNc and project mainly to the NAc and the TS, respectively [START_REF] Stuber | Dopaminergic terminals in the nucleus accumbens but not the dorsal striatum corelease glutamate[END_REF][START_REF] Tecuapetla | Glutamatergic signaling by mesolimbic dopamine neurons in the nucleus accumbens[END_REF][START_REF] Zhang | Dopaminergic and glutamatergic microdomains in a subset of rodent mesoaccumbens axons[END_REF][START_REF] Menegas | Dopamine neurons projecting to the posterior striatum reinforce avoidance[END_REF][START_REF] Poulin | Mapping projections of molecularly defined dopamine neuron subtypes using intersectional genetic approaches[END_REF]. However, glutamatergic excitatory post synaptic currents (EPSCs) have been reported in the DLS in dMSNs and CINs [START_REF] Stuber | Dopaminergic terminals in the nucleus accumbens but not the dorsal striatum corelease glutamate[END_REF][START_REF] Tritsch | Dopaminergic neurons inhibit striatal output through non-canonical release of GABA[END_REF][START_REF] Chuhma | Dopamine neuron glutamate cotransmission evokes a delayed excitation in lateral dorsal striatal cholinergic interneurons[END_REF]. The projections to CINs may promote a positive feedback on DA release, but no behavioral function is associated yet to this subpopulation.

iii.

GABA-ergic system

Dopaminergic neurons also release GABA [START_REF] Tritsch | Dopaminergic neurons inhibit striatal output through non-canonical release of GABA[END_REF]. These neuronal populations are reported in the VTA and the SNc and have been shown to inhibit MSNs via the activation of GABAA receptors. The co-release of DA and GABA is suggested to functionally participate in the regulation of synaptic plasticity, and provide a faster timelocked signal [START_REF] Tritsch | Mechanisms and functions of GABA co-release[END_REF].

Aside from co-release, the effect of striatal GABA on DA release has been reported.

Via GABAA and GABAB receptors located at presynaptic sites, antagonists tend to increase extracellular DA, while agonists decrease it [START_REF] Gruen | Tonic inhibition of striatal dopamine transmission: effects of benzodiazepine and GABAA receptor antagonists on extracellular dopamine levels[END_REF][START_REF] Smolders | Tonic GABA-ergic modulation of striatal dopamine release studied by in vivo microdialysis in the freely moving rat[END_REF]. In vitro, similar results were found on evoked DA release [START_REF] Pitman | GABAB modulation of dopamine release in the nucleus accumbens core[END_REF]. Because no axo-axonic synapses on DA neurons are reported, the source of GABA is not clearly elucidated. It has been suggested that the ambient GABA tone could originate from striatal interneurons, mesostriatal DA inputs via co-release of GABA and/or striatal astrocytes [START_REF] Roberts | Axonal modulation of striatal dopamine release by local γ-aminobutyric acid (GABA) signalling[END_REF].

Additionally, the VTA is also composed of GABAergic neurons that locally shape the activity of DA neurons, or send projections to CINs of the striatum. They represent 30% of the VTA population and are implicated in reward, associative learning and aversion functions [START_REF] Brown | Ventral tegmental area GABA projections pause accumbal cholinergic interneurons to enhance associative learning[END_REF][START_REF] Cohen | Neuron-type-specific signals for reward and punishment in the ventral tegmental area[END_REF][START_REF] Pan | Neural signals of extinction in the inhibitory microcircuit of the ventral midbrain[END_REF][START_REF] Eshel | Arithmetic and local circuitry underlying dopamine prediction errors[END_REF].

iv. Serotonergic system

Via the massive projections from the raphe nuclei to the VTA, serotonin (5-Hydroxytryptamine, 5-HT) is strongly implicated in reward functions. 5-HT agonists' injections induce an increased activity of VTA dopaminergic neurons and DA release [START_REF] Guan | Serotonin microinfusion into the ventral tegmental area increases accumbens dopamine release[END_REF][START_REF] Pessia | Actions of 5-hydroxytryptamine on ventral tegmental area neurons of the rat in vitro[END_REF]. However, the specific interaction of the two systems is not fully understood yet.

These striatal interactions with other systems give an overview of all the

mechanisms that can locally gate the release of DA. Interestingly, it has been proposed that these local modulations of DA dynamic could largely take part to value coding [START_REF] Berke | What does dopamine mean? Is dopamine a signal for learning, for motivation[END_REF]. In addition, due to the existence of these presynaptic DA-release mechanisms, it has been suggested that solely recording DA cell activity is not sufficient to fully understand the contribution of DA signal in behavior [START_REF] Mohebi | Dopamine release drives motivation, independently from dopamine cell firing[END_REF], as originally reported when comparing voltammetry measures to DA units activity in walking cats [START_REF] Trulson | Activity of dopamine-containing substantia nigra neurons in freely moving cats[END_REF].

Related functions

As we just described, the dopaminergic system is highly complex. Through their dense projections to the dorsal and ventral STR, DA neurons are key modulators in many brain functions depending on the striatal region of interest. Driven from the pathophysiology, DA has been historically associated to motor functions. Indeed, the main cause of Parkinson's disease (PD) is the neurodegeneration of DA neurons which is associated to major motor disabilities. However, the first recordings of DA neurons of the VTA and the SNc have reported an activity linked to the reward and not movements [START_REF] Romo | Dopamine neurons of the monkey midbrain: Contingencies of responses to active touch during self-initiated arm movements[END_REF].

Since then, both reward and motor-related functions have been described to rely on DA transmission. In the following section, I will dissect the DA contribution to each function and will highlight how intermingled both systems are.

Reward related function

From early studies on DA behavioral role, the main conclusion was a function in reward. This DA contribution, proposed in the 1990's and largely studied since then, comes from studies in monkeys where the activity of DA neurons was recorded during classical conditioning in which a sensory stimuli would predict the delivery of a reward [START_REF] Romo | Dopamine neurons of the monkey midbrain: Contingencies of responses to active touch during self-initiated arm movements[END_REF][START_REF] Schultz | Dopamine neurons of the monkey midbrain: Contingencies of responses to stimuli eliciting immediate behavioral reactions[END_REF]. This reward-related activity has been intensively studied in the framework of reinforcement learning and is proposed to rely on the phasic bursts of DA neurons. The second main function attributed to DA is motivational salience which is proposed to be signaled through the tonic firing mode of DA neurons.

i. Reward Prediction Error

Dopaminergic neurons' role has long been linked to reward prediction error (RPE) (Schultz et al., 1997). It postulates that DA signal encode the value of the reward or the outcome and its update. In this pioneer work, electrophysiological recordings described an increased activity of dopaminergic neurons when fruit juice was delivered unexpectedly to a monkey (Figure 9A). Then, a cue tone (conditioned stimulus-CS) is presented before the occurrence of the reward. With time and practice, dopaminergic neurons exhibit activity at the onset of the CS stimulus only, when the reward is still delivered (Figure 9B). In a last series of experiment, they show that if the reward is omitted, the burst after the CS remains, but a pause in the firing activity appears at reward omission (Figure 9C). In conclusion, DA neurons seem to encode the difference between the prediction, based on previous experience, and the current outcome.

It is proposed that RPE is used as a teaching signal; thus, informing individuals on the stimulus or the action that will maximize reward in term of size, delay and probability. As for humans, when rats have the possibility to choose between a large vs. a small reward, the choice will be biased toward the larger reward, and will be performed faster [START_REF] Roesch | Dopamine neurons encode the better option in rats deciding between differently delayed or sized rewards[END_REF]. This choice toward the "better" option has been correlated to the neuronal activity of dopaminergic neurons in the VTA: when the larger reward is chosen, the frequency of firing is higher at the reward delivery, but also at the cue presentation [START_REF] Tobler | Adaptive coding of reward value by dopamine neurons[END_REF][START_REF] Roesch | Dopamine neurons encode the better option in rats deciding between differently delayed or sized rewards[END_REF][START_REF] Cohen | Neuron-type-specific signals for reward and punishment in the ventral tegmental area[END_REF]. The same principle is observed for immediate vs. delayed reward [START_REF] Roesch | Dopamine neurons encode the better option in rats deciding between differently delayed or sized rewards[END_REF][START_REF] Fiorillo | The temporal precision of reward prediction in dopamine neurons[END_REF]. 

A. Presentation of an unexpected reward elicit a burst of dopaminergic neurons activity.

There is a positive RPE B. After learning the association between a predicting auditory cue, neurons fire at the cue, and RPE is null. C. If the reward is unexpectedly omitted, dopaminergic neurons elicit a pause in their activity. Adapted from Shultz et al, 1997

Because RPE acts as a teaching signal, it is crucial for reinforcement learning and will guide decision-making [START_REF] Tobler | Adaptive coding of reward value by dopamine neurons[END_REF]. This relies on observations that the phasic DA signal, across learning, tends to decrease [START_REF] Schultz | Responses of monkey dopamine neurons to reward and conditioned stimuli during successive steps of learning a delayed response task[END_REF][START_REF] Hollerman | Dopamine neurons report an error in the temporal prediction of reward during learning[END_REF]. As long as the association is not fully acquired, there is a teaching signal. In other word, we could consider a task learned once there is no longer an RPE signal. Therefore, inducing it should promote learning. The development of new tools to target specific neuronal population, and manipulate them in a precise temporal manner, has allowed to create artificial RPE signal in VTA dopaminergic neurons. This signal was able to change rat behavior and promote learning of a new association [START_REF] Steinberg | A causal link between prediction errors, dopamine neurons and learning[END_REF][START_REF] Morrens | Cue-Evoked Dopamine Promotes Conditioned Responding during Learning[END_REF]. On the opposite, inhibiting dopaminergic neurons impaired the association between a novel cue and a reward (Parker et al., 2016a;[START_REF] Sharpe | Dopamine transients are sufficient and necessary for acquisition of model-based associations[END_REF][START_REF] Morrens | Cue-Evoked Dopamine Promotes Conditioned Responding during Learning[END_REF].

Importantly, all these recordings and manipulations account for DA neurons in the VTA, but might not applied to the SNc, or only in a minor way (Parker et al., 2016a;[START_REF] Keiflin | Ventral Tegmental Dopamine Neurons Participate in Reward Identity Predictions[END_REF]. Noteworthy, while most of the studies focused on the phasic mode of firing as a way to encode reward value, a recent study highlighted the role of tonic firing to also track changes in reward value [START_REF] Wang | Tonic firing mode of midbrain dopamine neurons continuously tracks reward values changing moment-bymoment[END_REF].

ii. Motivation

In addition to its contribution into reward signaling, it has been proposed that DA controls motivation. Each function is encoded by the different firing mode of dopaminergic neurons. Indeed, motivation has been largely demonstrated to rely on tonic firing. Increasing artificially DA levels via a DAT knock-down in mice, mimicking a higher tonic activity, tends to enhance motivation to work [START_REF] Cagniard | Mice with chronically elevated dopamine exhibit enhanced motivation, but not learning, for a food reward[END_REF]. On the opposite, non-specific DA depletion induces motivation impairments [START_REF] Zhou | Dopamine-deficient mice are severely hypoactive, adipsic, and aphagic[END_REF][START_REF] Sotak | Dysregulation of dopamine signaling in the dorsal striatum inhibits feeding[END_REF] and a pharmacological DA depletion induces a decreased motivation to obtain a reward in increasing reinforcement schedule [START_REF] Salamone | Motivational views of reinforcement: Implications for understanding the behavioral functions of nucleus accumbens dopamine[END_REF][START_REF] Niv | Tonic dopamine: Opportunity costs and the control of response vigor[END_REF]. Following the DA release over slow time scale with microdialysis revealed a strong correlation between DA and behavioral activity [START_REF] Freed | Regional brain dopamine metabolism: A marker for the speed, direction, and posture of moving animals[END_REF].

However, faster timescale (i.e. seconds) changes have been demonstrated to be involved in motivation [START_REF] Mohebi | Dissociable dopamine dynamics for learning and motivation[END_REF]. Ramps of DA encode the spatial proximity of rewards, thus signaling the reward expectation [START_REF] Howe | Prolonged dopamine signalling in striatum signals proximity and value of distant rewards[END_REF]. Additionally waves of DA release signal the temporal proximity of rewards, which is associated to an invigoration of the ongoing behavior [START_REF] Hamid | Mesolimbic dopamine signals the value of work[END_REF]. These variations of DA are also shaped by local modulations in the NAc core [START_REF] Mohebi | Dissociable dopamine dynamics for learning and motivation[END_REF].

Beyond external information, motivation is also regulated by internal cues and physiological states such as being hungry or at satiety. This information is signaled via ghrelin, a peripheral hormone associated with hunger, which have been shown to modulate mesolimbic activity [START_REF] Cone | Ghrelin regulates phasic dopamine and nucleus accumbens signaling evoked by food-predictive stimuli[END_REF].

Therefore, DA increases with a higher motivation to obtain an expected outcome, and is modulated depending on internal and external information (e.g. the proximity of the reward, the satiety).

DA is therefore necessary for signaling reward value and reward related vigor 

Motor related functions

When describing the contribution of DA to motor function, two main aspects have been described: first, the motor learning which is the acquisition of a new skill; second, the motor action execution that can vary in multiple ways.

i. Motor learning

Motor learning can be defined as the evolution of movement parameters, with practice and the ability to maintain these performances. Therefore, with time, the movement is performed faster, with a better accuracy.

The role of DA in RPE and reinforcement learning has been detailed above, and is consistent with plastic changes described to reinforce cortico-striatal synapses in learning. It has been shown that RPE signal also promote motor learning [START_REF] Steinberg | A causal link between prediction errors, dopamine neurons and learning[END_REF]Parker et al., 2016a). In addition, plastic changes occurring at cortico-striatal synapses during learning are strongly dependent of phasic burst of DA. However, the acquisition of a new motor skill not only relies on reinforcement learning (based on outcome value), but sensory feedbacks are also critical. These feedbacks are a comparison between the current motor state and the intended one. This second form of learning, the error-based learning, is thus based on sensory prediction errors (SPE), and seems to also be signaled via DA [START_REF] Syed | Action initiation shapes mesolimbic dopamine encoding of future rewards[END_REF][START_REF] Takahashi | Dopamine Neurons Respond to Errors in the Prediction of Sensory Features of Expected Rewards[END_REF][START_REF] Lee | Reward prediction error does not explain movement selectivity in dms-projecting dopamine neurons[END_REF][START_REF] Stalnaker | Dopamine neuron ensembles signal the content of sensory prediction errors[END_REF][START_REF] Chen | Actor-critic reinforcement learning in the songbird[END_REF]. Therefore, DA is a crucial actor in motor learning, via RPE and SPE. These conclusions also arise from recent computational studies that have modelled DA function in learning [START_REF] Gardner | Rethinking dopamine as generalized prediction error[END_REF][START_REF] Bogacz | Dopamine role in learning and action inference[END_REF].

From experimental perspectives, SNc DA neurons projections have long been shown to be necessary in dorsal striatum to promote skill learning. In humans, DA increases in the putamen during the acquisition of new motor skill [START_REF] Kawashima | Changes in striatal dopamine release associated with human motor-skill acquisition[END_REF]. On the other hand, SNc lesions impaired motor skill learning [START_REF] Miyoshi | Impaired learning in a spatial working memory version and in a cued version of the water maze in rats with MPTP-induced mesencephalic dopaminergic lesions[END_REF][START_REF] Ogura | Impaired acquisition of skilled behavior in rotarod task by moderate depletion of striatal dopamine in a pre-symptomatic stage model of Parkinson's disease[END_REF], but without affecting motor performances itself [START_REF] Matsumoto | Nigrostriatal dopamine system in learning to perform sequential motor tasks in a predictive manner[END_REF]. Moreover, patients with altered DA transmission display impaired performances in learning new motor sequences [START_REF] Jackson | Serial reaction time learning and Parkinson's disease: Evidence for a procedural learning deficit[END_REF]. Pharmacological alteration of DA signaling with antagonists, blocking either D1-R or D2-R, impairs correct motor skill learning as well [START_REF] Willuhn | Motor-skill learning-associated gene regulation in the striatum: Effects of cocaine[END_REF][START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF][START_REF] Bello | Inducible ablation of dopamine D2 receptors in adult mice impairs locomotion, motor skill learning and leads to severe parkinsonism[END_REF][START_REF] Iino | Dopamine D2 receptors in discrimination learning and spine enlargement[END_REF]. Besides, the overexpression of DAT, which increases the DA reuptake, induces learning deficits [START_REF] Bernhardt | Learning deficits in rats overexpressing the dopamine transporter[END_REF], while cocaine, a psychostimulant blocking DA reuptake, facilitates motor learning [START_REF] Willuhn | Motor-skill learning-associated gene regulation in the striatum: Effects of cocaine[END_REF]. Lastly, the deletion of NMDAR in dopaminergic neurons also induces learning deficits [START_REF] Zweifel | Disruption of NMDARdependent burst firing by dopamine neurons provides selective assessment of phasic dopamine-dependent behavior[END_REF]. Overall, these studies suggest the necessity of DA transmission in motor learning via plastic changes such as spine enlargement [START_REF] Iino | Dopamine D2 receptors in discrimination learning and spine enlargement[END_REF].

Studies in songbirds on vocal motor learning bring substantial progress on the understanding of DA function. The high homology between birds and mammals allows to make parallels between systems. In songbirds, the Area X is a specific area specialized into song learning and densely innervated with dopaminergic fibers [START_REF] Sohrabji | Selective impairment of song learning following lesions of a forebrain nucleus in the juvenile zebra finch[END_REF][START_REF] Person | Organization of the songbird basal ganglia, including area X[END_REF]. In line with studies in mammals, dopaminergic lesions, specifically to the Area X, have been shown to impair song learning [START_REF] Hoffmann | Dopaminergic contributions to vocal learning[END_REF].

Looking at DA dynamic across learning revealed the emergence of specific signals across trial-to-trial and their necessity for acquisition. Indeed, across the learning of a motor sequence, DA activity increases throughout learning [START_REF] Jin | Start/stop signals emerge in nigrostriatal circuits during sequence learning[END_REF], while the inhibition of DA in instrumental learning in the VTA-SNc or in the Area X affect future behaviors in both mice and birds, respectively (Parker et al., 2016a;[START_REF] Xiao | A Basal Ganglia Circuit Sufficient to Guide Birdsong Learning[END_REF].

ii. Motor execution

A large literature reports the necessity of DA to motor execution. However to better understand the contribution of DA during action execution, it seems important to discriminate different types of movements based on how they are generated : 1/ Spontaneous movements, such as locomotion or licking, not cued by external stimuli but internally triggered; 2/ Cued movements, that are usually performed following a 'Go' cue in order to obtain an expected outcome (either positive or negative); 3/ Habitual behaviors, considered as such only when animals have been over trained and are performing independently of the expected outcome.

a.

Spontaneous movements

Investigating spontaneous (i.e. internally generated) movements to dissect the specific role of DA in motor execution is one of the easiest paradigm and has been performed in numerous studies (of which the main recent are summarized in Table 2). Early studies monitoring DA with microdialysis of DA and its metabolites DOPAC and HVA (dihydroxyphenylacetic acid and homovanillic acid) reported increased basal levels following the run of rats on a treadmill. The faster the rat was running, the higher were the metabolites levels [START_REF] Hattori | Striatal dopamine turnover during treadmill running in the rat: Relation to the speed of running[END_REF].

More precise monitoring of dopaminergic neurons activity with electrophysiological recordings or of the DA release with DA sensors coupled with fiber photometry have been since developed. These studies confirmed the correlation between DA and spontaneous movement execution [START_REF] Dodson | Representation of spontaneous movement by dopaminergic neurons is cell-type selective and disrupted in parkinsonism[END_REF][START_REF] Howe | Rapid signalling in distinct dopaminergic axons during locomotion and reward[END_REF][START_REF] Kunimatsu | Striatal dopamine modulates timing of self-initiated saccades[END_REF][START_REF] Coddington | The timing of action determines reward prediction signals in identified midbrain dopamine neurons[END_REF][START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF][START_REF] Patriarchi | Ultrafast neuronal imaging of dopamine dynamics with designed genetically encoded sensors[END_REF][START_REF] Zolin | Context-dependent representations of movement in Drosophila dopaminergic reinforcement pathways[END_REF]. However, contradictory results seem to remain. Some studies conclude to the contribution of DA in encoding the acceleration of movement with an increased release [START_REF] Howe | Rapid signalling in distinct dopaminergic axons during locomotion and reward[END_REF][START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF]. Others report a modulated activity (e.g. activation or inhibition) of DA activity at the onset of movement depending of the SNc subregion [START_REF] Dodson | Representation of spontaneous movement by dopaminergic neurons is cell-type selective and disrupted in parkinsonism[END_REF] or neuronal identity [START_REF] Coddington | The timing of action determines reward prediction signals in identified midbrain dopamine neurons[END_REF][START_REF] Zolin | Context-dependent representations of movement in Drosophila dopaminergic reinforcement pathways[END_REF]. Besides, while some optogenetic stimulations of DA fibers was able to elicit bouts of locomotion [START_REF] Howe | Rapid signalling in distinct dopaminergic axons during locomotion and reward[END_REF][START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF], it did not initiated licking in the work of Coddington and Dudman. However, because stimulation protocols were different, it may illustrate the necessity of DA at specific timescale. Overall, the activity of dopaminergic neurons tends to increase at movement onset, and can be associated with an increase of the acceleration. However, some heterogeneity of response remains in DA neurons subpopulations.

A spontaneous movement can be directed to an expected outcome. Interestingly, Coddington et al., showed a bidirectional modulation (i.e. increase or decrease) of DA activity that could occur depending on the level of reward expectation [START_REF] Coddington | The timing of action determines reward prediction signals in identified midbrain dopamine neurons[END_REF]. Indeed, the authors reported that self-initiated movements before being associated to a reward induced an inhibition of dopaminergic neurons. Upon training in which water reward was consistently delivered after movement execution, they observed that a proportion of neurons displayed an increased activity before movement onset, suggesting an association between movement and reward-related effect. That being said, this modulation might also have been related to an increase in motivational signal.

In summary, these studies point toward a modulation of DA neurons activity around the onset of spontaneous movement, but the precise timing as well as the specific behavioral feature encoded by DA neurons are still debated.

b. Cued-movements

A large proportion of our daily movements are generated in response to a cue. For example, the coffee machine beeps when coffee is ready instructing customers to 'reachand-grab' for their cup, and the green light of the traffic lights indicates when to start driving.

Understanding the contribution of DA in this particular context has been the focus of many studies, especially since such 'Go' signal offers the possibility to align precisely the response of DA neurons. Importantly, these cued-movements are less severely impaired in parkinsonian patients, suggesting different mechanisms. Additionally, it has been suggested that slow movements are only an implicit adaptation of PD patients to reduce the cost of energy [START_REF] Mazzoni | Why don't we move faster? Parkinson's disease, movement vigor, and implicit motivation[END_REF] These cued movements are generally performed in a rewarding context, such as goal-directed movements. Therefore, they are best performed after a training phase that requires learning the association between a stimulus, an action, and its outcome. As for selfgenerated movements, an increased activity of dopaminergic neurons by mean of burst firing has been reported at movement onset [START_REF] Nomoto | Temporally extended dopamine responses to perceptually demanding reward-predictive stimuli[END_REF]Parker et al., 2016a;[START_REF] Coddington | The timing of action determines reward prediction signals in identified midbrain dopamine neurons[END_REF][START_REF] Hamilos | Slowly evolving dopaminergic activity modulates the moment-to-moment probability of reward-related self-timed movements[END_REF][START_REF] Zolin | Context-dependent representations of movement in Drosophila dopaminergic reinforcement pathways[END_REF], and pharmacological blockade of DA receptors disrupted their correct generation [START_REF] Leventhal | Dissociable effects of dopamine on learning and performance within sensorimotor striatum[END_REF]. When action execution requires a motor sequence, DA neurons also burst at movement termination, thus signaling the beginning and the end of an action rather than single movements [START_REF] Jin | Start/stop signals emerge in nigrostriatal circuits during sequence learning[END_REF][START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF]. Inhibiting this activity disrupt movements [START_REF] Zolin | Context-dependent representations of movement in Drosophila dopaminergic reinforcement pathways[END_REF] and sequence initiation [START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF]. Interestingly, as for DA reward-related signaling in pavlovian tasks, dopaminergic neurons display a bi-phasic activity that starts with a first burst at cue presentation (likely sensory-related), and a second burst at movement onset [START_REF] Nomoto | Temporally extended dopamine responses to perceptually demanding reward-predictive stimuli[END_REF][START_REF] Coddington | Learning from Action: Reconsidering Movement Signaling in Midbrain Dopamine Neuron Activity[END_REF]. Therefore, it seems that DA signal, could not only encode movements, but also predict it.

More detailed analysis also revealed that DA modulates fine motor parameters, rather than its execution. Indeed, optogenetic stimulations of DA neurons did not elicit movements per se, but can increase its acceleration, shift early the timing of initiation [START_REF] Coddington | The timing of action determines reward prediction signals in identified midbrain dopamine neurons[END_REF][START_REF] Hamilos | Slowly evolving dopaminergic activity modulates the moment-to-moment probability of reward-related self-timed movements[END_REF], and modulate the paw kinematics in a skilled-reaching task [START_REF] Bova | Precisely-timed dopamine signals establish distinct kinematic representations of skilled movements[END_REF]. Besides, a role in postural control has also been described in mice [START_REF] Barter | The role of the substantia nigra in posture control[END_REF][START_REF] Barter | Beyond reward prediction errors: the role of dopamine in movement kinematics[END_REF]. Even if posture is more an adjustment of the body position, it can still be considered as a movement. Indeed, in a goal-directed lever press task for example, a body adjustment will be required. Barter et al. described a bidirectional modulation of DA activity depending on the body direction. A population of dopaminergic neurons increases its activity with the velocity, while other are inhibited [START_REF] Barter | Beyond reward prediction errors: the role of dopamine in movement kinematics[END_REF].

Overall, these studies investigating cued movements highlighted the necessity of DA for the correct motor execution at short latencies (i.e. millisecond scale) and revealed differences among DA subpopulations (as summarized in Table 2). However, while these works report the necessity of DA phasic bursts, ramps of DA release in the dorsal STR are also described [START_REF] Hamid | Wave-like dopamine dynamics as a mechanism for spatiotemporal credit assignment[END_REF]. These slower DA modulations have been correlated to movements execution [START_REF] Howe | Prolonged dopamine signalling in striatum signals proximity and value of distant rewards[END_REF][START_REF] Kunimatsu | Striatal dopamine modulates timing of self-initiated saccades[END_REF][START_REF] Hamilos | Slowly evolving dopaminergic activity modulates the moment-to-moment probability of reward-related self-timed movements[END_REF] hand have been shown to predicts movement initiation [START_REF] Hamilos | Slowly evolving dopaminergic activity modulates the moment-to-moment probability of reward-related self-timed movements[END_REF].

Therefore, the precise timing of action of DA in movement execution seems to still be unclear.

Finally, spatially, as mentioned previously the striatal region that support goal-directed actions is the DMS. In line with this, DA activity in the DMS has been reported [START_REF] Holly | Striatal Low-Threshold Spiking Interneurons Regulate Goal-Directed Learning[END_REF]. However, a recent study imaging DA in the DMS showed non-related movement activity [START_REF] Moss | Dopamine axons in dorsal striatum encode contralateral visual stimuli and choices[END_REF]. Instead, DA only encoded visual stimuli. On the other hand, movement related activity in the DLS has been described [START_REF] Hamilos | Slowly evolving dopaminergic activity modulates the moment-to-moment probability of reward-related self-timed movements[END_REF], thus suggesting the contribution of the DA DLS into movement execution. These two recent work question therefore the classic description of the DMS contribution, and not the DLS, to goaldirected actions. execution. An instrumental behavior is considered habitual when an action is performed in a stimulus-response manner and is no longer dependent on its outcome value. By definition, habits are thus opposed to goal-directed movements. For example, once learned, cycling a bike do not demand a high level of attention to be successful. Importantly, habitual behaviors are highly associated to a specific context.

As mentioned in the section 1.1 describing the different subregions of the STR and their associated functions, the main characteristic of habits is the striatal sub-region where it is encoded and the switch from the DMS to the DLS during habit formation. Habitual behaviors have been shown to rely on dopaminergic signaling in the DLS [START_REF] Faure | Lesion to the nigrostriatal dopamine system disrupts stimulus-response habit formation[END_REF][START_REF] Yin | Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill[END_REF]. The main hypothesis underlying a switch of the DA signaling is the ascending spiral hypothesis (Haber et al., 2000b). Via a tri-synaptic circuit, neurons of the DMS could modulate the activity of dopaminergic neurons to the DLS. However, recent study

shows their non-functionality of these connections into disinhibiting DA signaling [START_REF] Ambrosi | Striatonigrostriatal Circuit Architecture for Disinhibition of Dopamine Signaling[END_REF]. In addition, the necessity of the DMS DA, but not the DLS, into habit formation has been shown. DMS DA is reinforcing habitual behaviors while DLS DA is stable in rats developing a habit strategy in a lever preference test (van Elzelingen et al., 2022b).

In term of DA dynamic, if a habitual behavior is no longer updated by the value of the outcome, we can expect a decreased DA signal. Indeed, while comparing rats developing or 

Pathophysiology of dopamine in motor action: Parkinson's disease

We have seen so far how, physiologically, DA is crucial for new skill acquisition, correct motor execution and adapt movement depending on the current external and internal context. Its necessity in the BG circuitry is best illustrated in pathophysiological conditions such as PD. Indeed, PD patients, once more than 80% of DA fibers in BG are degenerated present severe motor symptoms. This hallmark of the disease is highly debilitating in most advanced stages of the disease. In this last chapter of the Introduction, I will dissect the specific consequences of DA depletion in the context of PD, and how it affects striatal dynamics.

Generalities

PD has been first described in 1817 by James Parkinson in "An Essay on the Shaking Palsy". He characterized 3 main motor symptoms: resting tremor, postural instability and the difficulty to initiate movements, later called akinesia. More than 200 years later, as Obeso et al. remind us, Parkinson's initial description is still reliable about the clinical features described (both motor and non-motor) [START_REF] Obeso | Past, present, and future of Parkinson's disease: A special essay on the 200th Anniversary of the Shaking Palsy[END_REF]. Since then, the pathophysiology and etiology have long been studied.

Epidemiology

PD is the second most common neurodegenerative disease after Alzheimer's disease and second cause of motor disability after strokes. Its prevalence is around 0.5 to 2% over 70 years of age in the world. There is a higher prevalence in man than women at age 50 years [START_REF] Dorsey | Global, regional, and national burden of Parkinson's disease, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF]. In the last 25 years, the number of PD cases has more than doubled, from 2.5 million to 6.1 million patients in 2016 [START_REF] Dorsey | Global, regional, and national burden of Parkinson's disease, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF], partly due to the ageing population. Projections report a doubling of the number of patients by about 2050.

Related to the ageing population distribution, but not only, the distribution of PD patients is highly heterogeneous in the world, with higher prevalence in more developed countries.

Additionally to ageing, PD is multifactorial disease, and result from a combined effect of both environmental and genetic factors. The vast majority of PD is sporadic; however 10 to 20%

of PD is associated to genetic causes.

Pathophysiology

PD is a progressive neurodegenerative disease. It is defined by the loss of dopaminergic neurons of the SNc, and the presence of Lewy bodies (LB). Classically, motor symptoms apparition corresponds to a loss of more than 60% of dopaminergic neurons and more than 80% of the dopaminergic fibers projecting to the putamen (Marsden, 1990). The neurodegeneration is mainly limited to SNc dopaminergic neurons but it also affects noradrenergic and serotonergic populations in the locus coeruleus and the raphe nucleus respectively.

LBs are cytoplasmic inclusions mainly composed of alpha-synuclein and ubiquitin [START_REF] Spillantini | α-Synuclein in Lewy bodies[END_REF]. In pathological condition, alpha-synuclein will misfold, aggregate and accumulate in LBs. It leads to mitochondrial dysfunction, oxidative stress and autophagy impairments among other cellular toxic effects and will contribute to neuronal degeneration.

In addition to their aggregation property, alpha-synuclein propagates. Aggregates spread throughout the brain following a rostro-caudal axis as detailed by Braak and colleagues in 2003.

Clinical features

PD is characterized with a range of motor and non-motor symptoms. There expression varies between patients. To be diagnosed they must exhibit the core clinical features and respond to L-Dopa therapy. These core clinical symptoms include a slowness of movement (bradykinesia), akinesia, tremor and postural instability. Importantly, the clinical picture can be heterogeneous between PD patients based on the prevalent motor symptoms (i.e.

akinetic-rigid vs. tremor dominant form of the disease.

i. Motor symptoms

The motor symptoms are the direct consequence of the loss of DA in the SNc. A triad of symptoms is commonly described: the bradykinesia, the akinesia and the tremors. They are usually asymmetric. The postural instability (i.e. gait and balance disorders) is also classically added to the motor features but might be related to the neuronal loss in brainstem cholinergic system [START_REF] Seidel | The Brainstem Pathologies of Parkinson's Disease and Dementia with Lewy Bodies[END_REF] The bradykinesia is accompanied with difficulties of planning and performing sequential or simultaneous tasks, and associated to the inability to initiate movements [START_REF] Jankovic | Parkinson's disease: Clinical features and diagnosis[END_REF]. This is an easily recognizable symptom of PD, and the stronger is the deficit, the higher is the DA deficiency [START_REF] Vingerhoets | Which clinical sign of Parkinson's disease best reflects the nigrostriatal lesion?[END_REF][START_REF] Lozza | The Metabolic Substrates of Bradykinesia and Tremor in Uncomplicated Parkinson's Disease[END_REF].

Interestingly it is highly dependent of the emotional state of the patients, and "normal movements" can be performed if triggered by external stimuli. For example, a PD patient hearing the fire alarm could be able to walk and escape. These observations are consistent with recommendations of using cues or self-instructions to improve motor deficits [START_REF] Lee | The effects of visual and auditory cues on freezing of gait in patients with parkinson disease[END_REF][START_REF] Barthel | Visual cueing using laser shoes reduces freezing of gait in Parkinson's patients at home[END_REF][START_REF] Ginis | Cueing for people with Parkinson's disease with freezing of gait: A narrative review of the state-of-the-art and novel perspectives[END_REF]. The resting tremors are prominent in the distal part of the body such as hands, but are also described for the lips, the chin and the jaw. They occur between 4 to 6 Hz at rest, but disappear during actions. The postural instability occurs in late-stages of PD. It is common cause of falls and increases the risk of hip fracture. Other motor symptoms, that are secondary, may be observed such as gait disturbances, speech disturbances and alteration of blinking and eye movements.

As briefly mentioned previously, goal-directed behaviors are less impaired than habitual behaviors. Indeed, while PD patients can learn new associations in a visuo-motor task, their performances are more impaired in late stage of learning, commonly associated to habit formation period [START_REF] Hadj-Bouziane | Advanced Parkinson's disease effect on goal-directed and habitual processes involved in visuomotor associative learning[END_REF]. In early stages of the disease, the disruption of habitual action makes everyday activities more effortful for patients. Indeed, cognitively, goal-directed actions are more effortful. This can be explained in part by the more severe and earlier degeneration of DA fiber projecting to the caudal putamen in humans [START_REF] Redgrave | Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease[END_REF]. This region is the homolog region of the DLS, associated to habit formation. Importantly, while the severity of the disease increases, deficits in goal-directed actions are observed [START_REF] De Wit | Habitual versus goal-directed action control in Parkinson disease[END_REF].

ii. Non-motor symptoms

In addition to motor symptoms, a broad spectrum of non-motor symptoms is described in the literature. They are reported by a large majority of patients and highly impact their quality of life. For example, they report sleep and sensorial disturbances as well as hypophonia, gastro-intestinal disturbances and pain. Cognitive related symptoms mostly appear while the disease progress as shown in Figure 10.

Other non-motor symptoms are prodromal and can appear 10 years before the early motor deficit development. The most recognized are depression, constipation, hyposmia (reduced ability to smell and detect odors) and rapid eye movement sleep behavior disorders. They are interesting symptoms to detect in order to identify high risk individuals and better understand the development of the disease. 

Current treatments

Currently, no treatment can prevent the onset or stop the progression of the disease.

Two approaches, pharmacological and surgical, have been developed in order to manage mainly motor symptoms.

The objective of pharmacological approaches is to compensate the lack of DA. The gold standard treatment is the L-Dopa or Levodopa (L-3,4-dihydrioxyphenylalanine). This dopaminergic precursor is converted in DA in the remaining dopaminergic neurons. It provides significant improvements of motor symptoms. However, usually after 5 to 10 years of treatment, call the "honey moon", long term side effects appear, including fluctuations of the treatment effect and the development of dyskinesias. Indeed, with time, more frequent doses of L-Dopa are required, as well as higher doses. This is mainly due to the lack of efficiency to store extra DA [START_REF] Chou | The spectrum of "off" in Parkinson's disease: What have we learned over 40 years[END_REF].

Other pharmacological approaches have been developed such as DA agonists and monoamine oxidase B (MAO-B) inhibitors. DA agonists induce an increased expression of post synaptic D1 receptors. They are not as effective as L-Dopa but used in conjunction, they are associated with lower risk of dyskinesia. The MAO inhibitors induce a decrease of the DA metabolism, therefore increasing the DA availability and prolong its effect. They are used to reduce motor symptoms in early/mild PD and can be associated with L-Dopa in late-stage of the disease.

The surgical approach is deep-brain stimulation (DBS) [START_REF] Benazzouz | Reversal of rigidity and improvement in motor performance by subthalamic high-frequency stimulation in MPTPtreated monkeys[END_REF]. This is an invasive option proposed for advanced PD but it requires specific criteria, such as being no longer responsive to L-Dopa treatments. It consists of a chronic implantation of one or more electrodes to target the STN or the GPi. Electrodes are connected to a device which delivers high frequency (130 to 185 Hz, 60 to 120 msec pulses) electric stimulations continuously. It influences the activity of the all BG circuitry and patients have sustained clinical improvement for at least 10 years [START_REF] Castrioto | Ten-year outcome of subthalamic stimulation in Parkinson disease: A blinded evaluation[END_REF]. However, one limitation is battery life. Therefore, more and more interest focuses on closed-loop and adaptive DBS, in order first to optimize stimulation parameters and second to provide stimulations only when necessary [START_REF] Habets | An update on adaptive deep brain stimulation in Parkinson's disease[END_REF].

Animal models of PD

In order to study the disease, animal models have been developed over time. Such experimental models exist across species from yeast to flies and rodents, as well as nonhuman primates. Whatever the benefit of each model, it is important to keep in mind that every models have limitations and makes approximations of PD.

Lesion models using the 6-hydroxydopamine (6-OHDA) toxin

The 6-OHDA model has been first developed in 1968 by Ungerstedt [START_REF] Ungerstedt | 6-Hydroxy-Dopamine Induced Degeneration of Central Monoamine Neurons[END_REF]. He reported the effectiveness on DA removing of the stereotaxic bilateral injection of this toxin in rats. Since then, the 6-OHDA model is one of the most used experimental animal models of PD. Different models exists depending if the injection is unilateral or bilateral as well as depending on the injection site. Indeed, some target the SNc to specifically affect one population of dopaminergic neurons, while other inject the toxin over the medial forebrain bundle (MFB) containing all dopaminergic fibers from the midbrain projecting to forebrain areas. More restrictive lesions can be made to target restricted projections areas of DA fibers such as some striatal regions.

6-OHDA is a catecholamine analog of DA. Once injected in the CNS it is taken up from presynaptic terminals of dopaminergic fibers through the DAT or noradrenaline transporter (NET). It can therefore be recaptured noradrenergic fibers as well. Within the neuron it is oxidized and lead to mitochondrial dysfunction and oxidative stress, in turn, inducing to the neuronal death. The use of NET blocker such as desipramine is necessary to protect NA fibers.

The loss of DA neurons induces local changes, similar to what have been described in PD. Indeed, an increase of the density of D2-R and a decrease of D1-R are reported following 6-OHDA injections [START_REF] Qin | Lesions of Mouse Striatum Induced by 6-Hydroxydopamine Differentially Alter the Density, Rate of Synthesis, and Level of Gene Expression of D1 and D2 Dopamine Receptors[END_REF][START_REF] Svenningsson | Opposite tonic modulation of dopamine and adenosine on c-fos gene expression in striatopallidal neurons[END_REF]. Behaviorally, 6-OHDA injection mimics motor deficits observed in humans such as the bradykinesia or the akinesia in mice and rats [START_REF] Ungerstedt | Quantitative recording of rotational behavior in rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system[END_REF]. Unilateral injections induce an imbalance in the DA systems that can be assessed with the evaluation of rotational behaviors as well as the imbalance between the use of the contra vs. ipsilateral paw in a cylinder. As in humans, motor deficits can be reversed with L-Dopa injections. These injections when performed chronically will lead to a decrease response with time and the development of dyskinesias, also observed in PD patients [START_REF] Oh | Glutamate-mediated striatal dysregulation and the pathogenesis of motor response complications in Parkinson's disease[END_REF].

In term of dynamic, the injection of the toxin cannot capture the progressive neurodegeneration present in PD. Indeed, 6-OHDA injection in the MFB has been shown to decrease the DA release by 80% within 45 minutes in the STR of mice [START_REF] Svenningsson | Opposite tonic modulation of dopamine and adenosine on c-fos gene expression in striatopallidal neurons[END_REF]. Additionally, it reduces the tonic inhibitory effect exerted by D2-R on striatopallidal neurons as shown by the increase of c-Fos expression within 75 minutes after the lesion [START_REF] Svenningsson | Opposite tonic modulation of dopamine and adenosine on c-fos gene expression in striatopallidal neurons[END_REF]. Motor deficits occur quite fast as well. From unpublished observations, rats waking up after the unilateral 6-OHDA injections surgery (which lasted an hour) usually display motor deficits and rotational behavior in their homecage. However, most studies only assess the motor deficits after few days due to the post-surgery recovery time.

Other neurotoxic models have been developed such as 1-methyl-4-phenyl-1,2,3,6tetrahydroptridine (MPTP). This lipophilic toxin cross the blood-brain barrier and is highly selective of the SN. Almost the same mechanism of action of 6-OHDA is described. Chronic i.p. injections over 3 to 7 weeks will result in a progressive but total loss of DA neurons [START_REF] Meredith | MPTP mouse models of Parkinson's disease: An update[END_REF].

Lesion models have the advantage of inducing large and fast neuronal degeneration.

Therefore, they recapitulate very well motor symptoms and are a model of choice to evaluate symptomatic therapies. However, they do not reproduce the slow and progressive loss of DA neurons described in PD.

Alpha-synuclein viral over-expression models

As previously described, Parkinson's disease is associated to alpha-synuclein misfolding and aggregation. Thus, animal models have been develop on this specific feature of the disease. More precisely, they rely on the overexpression of the human form (wildtype or mutant) of alpha-synuclein protein using adeno-associated virus (AAV).

It has been initially shown that this approach reduces cell viability of cultured neurons [START_REF] Zhou | Overexpression of human αsynuclein causes dopamine neuron death in rat primary culture and immortalized mesencephalon-derived cells[END_REF] and further demonstrated its efficiency in vivo with a decrease of 50% of the dopaminergic neurons and the degeneration of axon terminals [START_REF] Dong | Overexpression of Parkinson's diseaseassociated α-synucleinA53T by recombinant adeno-associated virus in mice does not increase the vulnerability of dopaminergic neurons to MPTP[END_REF][START_REF] Kirik | Parkinson-Like Neurodegeneration Induced by Targeted Overexpression of-Synuclein in the Nigrostriatal System[END_REF][START_REF] Yamada | Overexpression of α-synuclein in rat substantia nigra results in loss of dopaminergic neurons, phosphorylation of α-synuclein and activation of caspase-9: Resemblance to pathogenetic changes in Parkinson's disease[END_REF]. However, the time course of such decrease and the extent of cell loss are variable. Therefore while the progressive nature is an interesting feature of this model, the variability of the motor impairments observed has limited its wide use in research [START_REF] Kirik | Parkinson-Like Neurodegeneration Induced by Targeted Overexpression of-Synuclein in the Nigrostriatal System[END_REF][START_REF] Klein | Dopaminergic Cell Loss Induced by Human A30P α -Synuclein Gene Transfer to the Rat Substantia Nigra[END_REF][START_REF] Yamada | Overexpression of α-synuclein in rat substantia nigra results in loss of dopaminergic neurons, phosphorylation of α-synuclein and activation of caspase-9: Resemblance to pathogenetic changes in Parkinson's disease[END_REF]. Interestingly, over the past 10 years, new generation of optimized viruses allowed for more consistent induced phenotypes with cell degeneration of 70% and motor symptoms [START_REF] Decressac | Progressive neurodegenerative and behavioural changes induced by AAV-mediated overexpression of α-synuclein in midbrain dopamine neurons[END_REF].

Currently, those models are used to study molecular and cellular processes of PD and identify molecules for therapeutic approaches.

Genetic models

Genetic manipulations allow now the development of transgenic model of PD, than can be more progressive and more reliable of the slow progression of the disease as observed in humans. Importantly they mostly demonstrate non-motor symptoms and only moderated motor symptoms, depending on the model.

A portion of PD forms are genetic. Therefore, models have been developed based on them such as mutations of alpha-synuclein or LRRK2, which are linked to familial forms of PD.

As described above, mitochondrial dysfunctions are strongly involved in neuronal death of DA neurons. Models targeting them have been developed as well. For example, MitoPark model in mice is characterized by a specific deletion of the Tfam gene, necessary for mitochondrial transcription, selectively in DA neurons [START_REF] Ekstrand | Progressive parkinsonism in mice with respiratory-chain-deficient dopamine neurons[END_REF]. The cell loss appears several months after birth and motor deficits progress slowly.

Genetic model are insightful mainly for understanding mechanisms that lead to neurodegeneration. They seem therefore useful to identify biomarkers.

How the lack of Dopamine impacts the striatal circuitry in PD?

DA depletion in PD is progressive and irreversible. Therefore, it induces chronic changes at the level of micro-circuits, especially within the STR which is densely DA innervated.

These changes of activity will be transmitted to downstream structures of the BG circuitry.

Importantly, compensatory mechanisms also occur to maintain as much as possible a balanced activity and the computational properties of BG circuits.

Micro-circuit effects

As previously described, DA is a strong modulator of local plastic changes and, thus, of the activity of striatal neurons and interneurons. The chronic depletion is going to deeply modify the balanced activity of the local striatal circuits.

First, at the level of DA receptors, the lack of DA will induce changes of their sensitivity and expression level at the plasma membrane. There is an increased density of D2-R onto iMSNs while an increased sensitivity is detected for D1-R d-MSNs [START_REF] Gerfen | D1 Dopamine Receptor Supersensitivity in the Dopamine-Depleted Striatum Animal Model of Parkinson's Disease[END_REF][START_REF] Hurley | What has been learnt from study of dopamine receptors in Parkinson's disease?[END_REF]. Thus, striatal circuit responds to the loss of DA by biasing the activity in favor of the direct pathway while increasing inhibitory effect on iMSNs. However, these plastic changes has been suggested to account for compensatory mechanisms.

As described above, DA is necessary for synaptic plastic changes such as LTP and LTD. Therefore, in its absence, both mechanisms are impacted (Calabresi et al., 1992b(Calabresi et al., , 1992a;;[START_REF] Centonze | Unilateral dopamine denervation blocks corticostriatal LTP[END_REF], and lead to changes in synaptic strength and the remodeling of cortico and thalamo-striatal connections [START_REF] Helmich | Spatial remapping of cortico-striatal connectivity in parkinson's disease[END_REF][START_REF] Warre | Altered function of glutamatergic cortico-striatal synapses causes output pathway abnormalities in a chronic model of parkinsonism[END_REF]Parker et al., 2016b). Morphologically, these plastic changes translate in MSNs as a reduction in dendritic spines numbers, which in addition exhibit abnormal shape [START_REF] Mcneill | Atrophy of medium spiny I striatal dendrites in advanced Parkinson's disease[END_REF][START_REF] Ingham | Spine density on neostriatal neurones changes with 6-hydroxydopamine lesions and with age[END_REF]. Further findings have reported pruning in both direct and indirect MSNs, but iMSNs are affected more slowly in time [START_REF] Fieblinger | Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia[END_REF][START_REF] Graves | Delayed spine pruning of direct pathway spiny projection neurons in a mouse model of parkinson's disease[END_REF]. However, even if the amount of striatal spines loss is correlated to DA loss, it is not the only feature leading to motor impairments [START_REF] Villalba | Dopaminergic denervation and spine loss in the striatum of MPTP-treated monkeys[END_REF].

Indeed, in addition, DA depletion induces changes in the excitability of striatal populations. MSNs are first subject to these changes because of their dense expression of DA receptors. Indeed, in vivo electrophysiological recordings have reported a decreased excitability in dMSNs, while iMSNs become hyperactive, therefore inducing a bias toward the indirect pathway [START_REF] Mallet | Cortical inputs and GABA interneurons imbalance projection neurons in the striatum of parkinsonian rats[END_REF][START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]Parker et al., 2016b). Restoring their activity, using optogenetic manipulations, restored motor impairments in PD mice model [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. In addition, a reduced DA signaling have been shown to modulate the recruitment of neuronal ensemble, with smaller dMSNs and larger iMSNs ensembles in PD conditions [START_REF] Maltese | Dopamine differentially modulates the size of projection neuron ensembles in the intact and dopamine-depleted striatum[END_REF]. Importantly, in toxic lesion model this increased activity of iMSNs, measured with c-fos activity, seems to occur in a relative fast time scale (75 min) (Svenninsson, 1994). This is therefore suggesting a relatively fast effect of the lack of DA, which is worsening the imbalance between both striatal pathways. However, homeostatic changes occur and tend to restore it. Indeed, comparing the iMSNs ensemble size and activity acutely (1 day after the lesion) and at longer time scales (14 days after the lesion) revealed a time effect: their increased recruitment mainly account for the acute loss [START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF][START_REF] Maltese | Dopamine differentially modulates the size of projection neuron ensembles in the intact and dopamine-depleted striatum[END_REF]. With similar time scale, an increase excitability of iMSNs have been reported [START_REF] Fieblinger | Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia[END_REF], suggesting circuit adaptations to the lack of DA.

Looking now at the striatal activity during movement, the pattern of activity of MSNs seems to also be affected [START_REF] Panigrahi | Dopamine Is Required for the Neural Representation and Control of Movement Vigor[END_REF]. While they have been shown to strongly signal the onset of movement in physiological conditions [START_REF] Jin | Start/stop signals emerge in nigrostriatal circuits during sequence learning[END_REF][START_REF] Cui | Concurrent activation of striatal direct and indirect pathways during action initiation[END_REF], there is an overall decreased recruitment and modulation after DA depletion at action onset [START_REF] Panigrahi | Dopamine Is Required for the Neural Representation and Control of Movement Vigor[END_REF][START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF]. Interestingly, L-dopa chronic injections have been shown to restore the neural representation of movements in a few hundreds of trials [START_REF] Panigrahi | Dopamine Is Required for the Neural Representation and Control of Movement Vigor[END_REF]. Independently of motor deficits, this impaired DA signaling also affects motor skill acquisition [START_REF] Ogura | Impaired acquisition of skilled behavior in rotarod task by moderate depletion of striatal dopamine in a pre-symptomatic stage model of Parkinson's disease[END_REF][START_REF] Chagniel | Partial dopamine depletion in MPTP-treated mice differentially altered motor skill learning and action control[END_REF][START_REF] Kawashima | Reduced striatal dopamine release during motor skill acquisition in Parkinson's disease[END_REF].

DA depletion also affects MSNs indirectly via interneuron populations. CINs are major local actors into the modulation of DA release. However, while no increase of their spontaneous activity is reported [START_REF] Ding | RGS4-dependent attenuation of M4 autoreceptor function in striatal cholinergic interneurons following dopamine depletion[END_REF], they exhibit a higher excitability [START_REF] Fino | Effects of acute dopamine depletion on the electrophysiological properties of striatal neurons[END_REF]. It leads to an increased cholinergic signaling in the STR, suggesting therefore stronger thalamic inputs. In addition, CINs send more projections to iMSNs in PD models [START_REF] Salin | Changes to interneuron-driven striatal microcircuits in a rat model of Parkinson's disease[END_REF]. Therefore, because Ach tends to activate iMSNs, it participates to the imbalance. Their inhibition have been shown to improve motor impairments, via restoring LTP at cortico-striatal synapses of dMSNs [START_REF] Maurice | Striatal Cholinergic Interneurons Control Motor Behavior and Basal Ganglia Function in Experimental Parkinsonism[END_REF][START_REF] Laverne | Cholinergic interneuron inhibition potentiates corticostriatal transmission in direct medium spiny neurons and rescues motor learning in parkinsonism[END_REF].

Additionally to CINs adaptations, changes in the contribution of GABA interneurons are described. The activity of FSIs is not affected per se in 6-OHDA models [START_REF] Mallet | Cortical inputs and GABA interneurons imbalance projection neurons in the striatum of parkinsonian rats[END_REF]. However, they have been shown to bias their projections to iMSNs after DA depletion, therefore increasing the feedforward inhibition to this population [START_REF] Gittis | Rapid target-specific remodeling of fast-spiking inhibitory circuits after loss of dopamine[END_REF]. FSIs are the main source of feedforward inhibition, and have therefore a strong influence on the overall striatal activity. It has been shown that these changes participate to an enhanced synchrony of iMSNs [START_REF] Gittis | Rapid target-specific remodeling of fast-spiking inhibitory circuits after loss of dopamine[END_REF].

Finally, beyond the striatal boundaries, the remaining DA neurons have as well their activity impacted. In a genetic model of PD, it has been shown that the remaining population of DA neurons is no longer firing significantly at movement onset [START_REF] Dodson | Representation of spontaneous movement by dopaminergic neurons is cell-type selective and disrupted in parkinsonism[END_REF].

Therefore, the chronic lack of DA induces local striatal adaptations. Among them, it promotes the activity of iMSNs, classically associated to movement suppression. These changes will affect the global BG circuitry activity.

Macro-circuit effects i. Imbalance between direct and indirect pathway

Early observations in PD conditions have led to the canonical description of BG organization by [START_REF] Albin | The Functional Anatomy of Basal Ganglia Disorders[END_REF]. They reported a hypo-activity of striato-nigral pathway, and a hyperactivity of the striato-pallidal pathway, resulting in an increased activity of BG outputs. Consistently, the work of Kravitz et al. confirmed these pioneer observations of the imbalanced activity between the direct and indirect pathway. This imbalance is believed to be part of the origin of hypokinesia in PD. Indeed, the restoration of this striatal balance improves motor symptoms [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. On the opposite, creating this imbalance with the inhibition of dMSNs induces motor deficits [START_REF] Christensen | Direct-Pathway Spiny Projection Neuron Inhibition Evokes Transient Circuit Imbalance Manifested as Rotational Behavior[END_REF].

This imbalance affects downstream structures of the STR. Indeed, in PD, the STN is characterized with an increased activity. This is partly due to the disinhibition of the STN via the increased activity of iMSNs. Indeed, it has been shown to increase the GABA transmission between the GPe and the STN [START_REF] Fan | Proliferation of external globus pallidus-subthalamic nucleus synapses following degeneration of midbrain dopamine neurons[END_REF]. This is consistent with strategies that aimed at decrease STN activity in PD mice models. In addition, cortico-STN projections are weakened in PD models which likely participate to motor deficits [START_REF] Chu | Inputs Following Degeneration of Midbrain Dopamine[END_REF].

Finally, outputs structures are also affected. The EPN and SNr receive GABA direct inputs from the STR and glutamatergic inputs from the STN. In PD conditions, impaired plastic mechanisms are reported: striato-nigral and subthalamo-nigral projections are increased. The remaining net effect is an increased activity in BG outputs, which therefore impose a constant inhibition on forebrain structures such as the PPN and the motor thalamus. Reducing there activity using a chemogenetic approach have been shown to improve motor performance of PD mice [START_REF] Assaf | A chemogenetic approach for treating experimental Parkinson's disease[END_REF].

ii.

Synchronization and Oscillations

In addition to the increased activity in the indirect pathway, excessive neuronal synchronized oscillatory activity have been reported in BG of PD patients [START_REF] Marreiros | Basal ganglia-cortical interactions in Parkinsonian patients[END_REF][START_REF] Neumann | Europe PMC Funders Group Long term correlation of subthalamic beta band activity with motor impairment in patients with Parkinson[END_REF]. Indeed, abnormal expression of beta oscillations, in the 13-30 Hz frequency range, have been proposed as the neural correlates of akinesia/bradykinesia in PD patients.

Supporting the pathophysiological nature of these oscillations, enhancing them with transcranial stimulations in healthy subjects slows-down movements [START_REF] Pogosyan | Boosting Cortical Activity at Beta-Band Frequencies Slows Movement in Humans[END_REF], while reducing them through L-Dopa our DBS stimulation in PD patients decrease the motor deficits [START_REF] Hammond | Pathological synchronization in Parkinson's disease: networks, models and treatments[END_REF][START_REF] Kühn | Pathological synchronisation in the subthalamic nucleus of patients with Parkinson's disease relates to both bradykinesia and rigidity[END_REF]. These synchronized beta oscillations have been shown to originate from the dynamical properties and interactions of feedback loops contained in BG circuit, and more precisely from the GP. Indeed, the increase activity of iMSNs neurons following DA loss impact on the activity level of GP neurons which then favor the generation of synchronized and oscillatory activity [START_REF] La Crompe | The globus pallidus orchestrates abnormal network dynamics in a model of Parkinsonism[END_REF].

Additionally, their emergence has been associated with a chronic and prolonged DA depletion [START_REF] Leblois | Late emergence of synchronized oscillatory activity in the pallidum during progressive parkinsonism[END_REF].

To summarize, the chronic lack of DA seen in PD is causal to the profound motor deficits observed. These impairments have been shown to occur when more than 80% of DA fibers in the striatum are depleted.

Additionally, the DA precursor L-Dopa, commonly used treatment, allows for their alleviation. It is therefore demonstrating the necessity of striatal DA for correct motor execution.

The DA depletion in the STR induces local micro-circuits changes that are transmitted to downstream structures. Among them, it leads to increase the activity of iMSNs, creating an imbalance in favor of the indirect pathway.

However, it is not clear when and how these striatal changes occur.

Indeed, most studies only looked for motor deficits many days after the toxin injection. Additionally, differences observed between acute and longer term lesions, suggesting adaptations mechanisms. Therefore a more complex time scale of action seems to happen after DA depletion.

Characterization of the reach-and-grasp lever press task

Humans are able to produce highly skilled movements. This ability relies on learning processes that are developed over practice. We have described so far the crucial contribution of DA into their correct and optimal execution. Those precise movements can be divided in two main categories: spontaneous movements and cued movements, which can be triggered by either internal (e.g. motivation or hunger) or external cues (e.g. sound, light, etc…). They represent most of our daily movements. Therefore, in order to characterize them, a lot of studies have modelized external cued movements tasks, and studied the dopaminergic contribution related to the cues from the one related to movements. However, they are usually not isolating the motivational aspect. Thus, we designed a new skilled reaching task for rats, self-initiated, which requires a continual motivation all along the behavioral session. Additionally, to properly dissect the contribution during specific movement phases, we designed this task such as we can isolate the preparatory phase of the movement (i.e. reaction time) from the execution phase (i.e. movement time, kinematics) it-self.

This first chapter aims at characterizing the neuro-physics of this reach-and-grasp lever press task.

Methods

Animals

All experimental procedures were performed on Long Evans and Sprague Dawley rats. Rats were housed per 2 under artificial conditions of light (light on at 7:30 a.m.), temperature (24°C), and humidity (45%) with food and water available ad libitum for the 3 firsts weeks after their arrival. During the training and experimental period rats were water restricted to 15 mL minimum of water per day, adjusted on the volume of sucrose they had during the daily session. A total number of 25 rats were used for this study.

Behavioral training

After 3 weeks of acclimatization in the animal facility, rats were accustomed to the experimental training setup (Figure 12). Each operant box (IMétronic, France) is composed of two levers, placed on each side of the reward container on the front wall. They are equipped with 3 LEDs (central, right and left) and 2 speakers and a white noise is played all along the session. After a gradual learning, rats were able to perform the task as follow: the task is initiated when animal's forepaws are in contact with two metallic pads located in front of the levers. After a variable delay (VD: 0.5 -1.5s), an auditory 'Go' is played (6 kHz and 1 kHz for the left and right lever, respectively) as well as a brief illumination (50 ms) of a LED associated with the lever (located above the left or right lever). This is cueing the rat to press the correct lever in order to receive a reward of 40 μL of sucrose (5%). Rats were daily trained during 1h session in the operant box. Once they display a success rate higher than 80% on each lever, they underwent the stereotaxic surgery for the toxin injection or guide cannulas' implantation.

Stereotaxic injections of Ibotenic Acid

To induce irreversible lesion we injected a solution of ibotenic acid. It was freshly prepared and was diluted at 10μg/μL into NaCl (0.9%) and injected under stereotaxic conditions in rats. The concentration of 10μg/μL is commonly used for lesion studies ans lead to efficient neuronal cell-death [START_REF] Jurado-Parras | The Dorsal Striatum Energizes Motor Routines[END_REF]. Briefly, rats were anesthetized with isoflurane (induction 5%, maintenance 1.5%; Iso-vet), fixed on a stereotaxic frame and placed on heating blanket. They received 6 mg/kg of local anesthetic (Lidocaine, Lurocaine) and 0.5 mg/kg of opioid analgesic (Buprenorphine, Buprecare). An ophthalmic ointment was used all along the surgery to prevent eye dehydration. To evaluate the necessity of BG output structures to perform the motor task, the toxin was injected unilaterally in the EPN and SNr (n = 5, 1 injection in EPN at coordinates AP: 2.4mm posterior to bregma, ML : 3.0 mm and DV:-7.5mm, volume : 400 nL; 2 injections in SNr at coordinates AP: 4.8mm and 5.5mm

posterior to bregma, ML: 2.5mm and 2.0mm, DV: 8.0 mm, volume: 400 nL per sites).To test the contribution of the motor cortex the toxin was injected unilaterally (n = 5, 6 points of injections at coordinates, 4 sites AP: 1mm anterior to bregma, ML: 2.0 mm and 4.0 mm, DV: at coordinates: AP: 1.0 mm anterior to bregma, ML: 2.6mm, DV: -4.2 and -6.2 mm and AP: -0.4 mm anterior to bregma, ML:+4.0 DV: -4.2 and -6.2 mm). At the end of the surgery animals received 5mg/kg of anti-inflammatory (Carprofen, Rimadyl). The motor parameters of the contralateral paw were assessed starting at day 3 after the lesion.

Muscimol injections

To induce reversible lesion of the striatal areas we injected muscimol via cannulas. Rats underwent the same surgery procedures than previously described. They were implanted with cannulas (diameter: 26G -0.44 mm, length: 6mm, Platic1, Phymep) either in the DLS (AP: 0.2 mm anterior to bregma, ML : 4.0 mm, AP ; -4.5 mm or in the DMS (AP; 0.4 anterior to bregma, ML : 2.1 mm, DV : -4.0 mm ) on the contralateral side of the preferred paw for each animal and fixed in place with bone cement (Zimmer Biomet). After 1 week of rest, they were back to the operant boxes to perform the task. They received 0.5 μL of muscimol (0.5 μg/μL diluted into NaCl 0.9%), freshly prepared injected via the cannula at a rate of 0.6 μL/min, using an infusion pump (UMP-3, WPI). After 3 min in situ the cannula was removed.

We waited 5 minutes before behavioral testing. Animals were tested for at least a session of 1h. Drug concentrations were first determined from the literature and then adapted [START_REF] Yin | The role of the dorsomedial striatum in instrumental conditioning[END_REF].

Antagonists injections

To test the contribution of striatal DA, we injected DA antagonists via cannulas. Rats underwent the same surgery procedures than previously described. They were implanted with guide cannulas (diameter: 26G -0.44 mm, length: 6mm, Platic1, Phymep) in the DLS (AP: 0.2 mm anterior to bregma, ML : 4.0 mm, AP ; -4.5 mm on the contralateral side of the preferred paw for each animal with bone cement. After 1 week of rest, they were back to the operant boxes to perform the task. D1R antagonist (SCH 23390 -Sigma, 1μL at 1μg/μL) and D2R antagonists (Raclopride -Sigma, 1μL at 2,5 μg/μL) or a mix of both (1μL, 1μg/μL -SCH 23390 and 2,5μg/μL -Raclopride) were freshly prepared and injected via the canula at a rate of 0.6 μL/min, using an infusion pump (UMP-3, WPI). After the injection, the canula remained for 3 min in situ. We waited for 5 min before animals were back to operant boxes in order to assess the effect on performances and movement parameters. Drug concentrations were first determined from the literature and then adapted [START_REF] Leventhal | Dissociable effects of dopamine on learning and performance within sensorimotor striatum[END_REF].

solution of PBS 0.01 mM -formaldehyde 4% and then cut in 50 μm slices with a vibratome (VT1000, Leica Microsystems). The slices were stored at 4°C in PBS 0.01 mM -Azide 0.1%.

To validate the lesions, slices were incubated overnight at room temperature with primary antibodies against GFAP (Rb, 1:1000) and NeuN (Ch, AB91, Lot 2695293, 1:1000 in a solution of PBS 0.01 mM -Triton 0.3%. The slices were then washed 3 times in PBS 0.01 mM, and incubated 3h with the secondary antibody (Anti-Rb 488 nm and anti-Ch, A32933, 646 nm, 1:500 and 1:500) in a solution of PBS 0.01 mM -Triton 0.3% containing. The slices were washed 3 times in PBS 0.01 mM and mounted onto slides in vectashield medium.

Images were acquired with an epifluorescence microscope (Zeiss), and analyzed with Fiji.

Similar procedure has been followed for rats implanted and receiving muscimol injections. Slices were washed 3 times and mounted onto slides in vectashield medium without immuno-histo-chemistry as the muscimol was fluorescent (568nm). Images were acquired with an epifluorescent microscope (Zeiss) and analyzed with Fiji.

Statistics

Statistic tests were performed according to the characteristics of analyzed data and are specified for each analysis in the legends. They were performed with the GraphPad software Prism (version 9.4).

Results

One of the key objectives of this thesis was to better understand the DA dynamics during the execution of a 'reach-and-grasp' motor task that we developed in the lab.

Nevertheless, in order to do so properly, we first had to determine the neurophysiological characteristics of our behavioral task. Indeed, DA has been shown to be associated to multiple aspect of movements. However, depending on the degree of dexterousness and more importantly the strategy used to obtain an expected outcome (e.g. goal-directed vs.

habitual), DA contribution might be different.

Thus, we first monitored the evolution of motor parameters during the acquisition of the task and then, investigated the contribution of the cortico-BG loop for precise movement execution. In a second step, we evaluated the behavioral strategy and the striatal sub-region controlling fine motor action execution.

Long time learning for movement optimization

This first set of experiments aimed to better characterize our newly designed task in the lab. This task has been developed in order to have a powerful tool to closely monitor movement parameters (e.g. the reaction time -RT, the movement time -MT) of behaving rats. Additionally, because it requires the motivation of animals to perform it, all the trials are in the same motivational state. Briefly, rats have to initiate the task by themselves, by putting their two front paws onto two metallic pads, positioned in the front of the operant box (Figure 13A, B). In a second time, after a variable delay (VD : 0.5 -1.5s), an auditory "GO" signal is played (low or high pitch), cueing the rat to press a lever (left or right, respectively). If the lever press was correct regarding the cue, and performed within 3 sec, the press was rewarded with 40 μL of 5% sucrose. Therefore, this is a complex skilled-reaching task, which depends on the coordinated activity of muscle groups found in the elbow, the forearm, the wrist, the hand, and the fingers to be correctly executed. Learning this task requires more than 50 sessions of training to fully master it and have stable motor performances (Figure 13C).

Across daily sessions we observed a progressive decrease of the action time (AT), while the level of complexity was increasing. Indeed, in order for the rats to do this complex task, the learning has to be gradual going through a 5-step process from simple to more complex version of the task (Figure 13E). The first step starts with the association between the lever press (LP) and the reward delivery (task 1). The second step is the introduction of cue sound (task 2), then, the introduction of a time-off (6s of penalty characterized by the impossibility to obtain a reward and signaled by the house light on) due to errors (e.g. press the wrong lever, anticipation, task 3 to 5). Finally rats learned the necessity to initiate the task with the pads (task 6). This last step allowed us to distinguish within the AT, the RT, starting from the Go cue to the moment when the paw is off the pad and the MT, finishing at the LP (Figure 14A). In parallel to the movement optimization, characterized by the decrease of RT and MT, as well as a decrease in the number of errors (no movement initiated -cut off RT, unfinished movement -cut off MT, wrong lever press -bad L1/L2) and the number of anticipations, we observed a progressive increase of the number of LP per sessions (Figure 15, Figure 16). We noticed a difference between the number of correct LP accumulated on L1 and L2 (L1= 9049 ± 1591 SEM vs. L2= 6204 ± 1220 SEM), which is explained by a higher number of initiated LP on L1, but not a higher number of errors. This difference is due to the slight bias in the probability of getting a left trial (56%) vs. a right trial (46%) which become clearly noticeable when looking at cumulated values over time. 

A, B, C, D. Evolution of the number of cut off reaction time (Cut off RT -initiated trial but no movement engaged) (A); the number of cut off movement time (Cut off MT -engaged movement but no lever press within 3 seconds) (B); number of anticipations (lever press before Go cue)(C); number of bad lever press on left (L1) or right (L2) lever (D).

The cortico-BG loop is critical for dexterous movement execution specifically

As extensively described previously, the STR is a key structure of the BG for the modulation of actions and movement execution. However, whether the cortex is crucial is debated. Evidence in rodents have shown its necessity for dexterous movements (Guo et al., 2015a), but others have suggested that they only rely on the BG circuitry integrity [START_REF] Kawai | Motor Cortex Is Required for Learning but Not for Executing a Motor Skill[END_REF][START_REF] Wolff | Distinct roles for motor cortical and thalamic inputs to striatum during motor skill learning and execution[END_REF]. Therefore, we decided to test the 'necessary condition' of the cortex for the correct execution of the reach-and-grasp movements learned in the task. To do so, we induced chronic lesions of the motor cortex with stereotaxic injections of ibotenic acid (n=5) (Figure 17A). This toxin induces neuronal death as exemplified with an increased inflammation (anti-GFAP immuno-labeling) and a decreased number of neurons (anti-NeuN immuno-labeling), in the motor cortex area. Additionally, we performed lesions of the STR (n=5) (Figure 17B), and of the output structures of the BG (n=5) (Figure 17C) and observed how each of them would affect motor execution in time, while monitoring movement parameters (RT and MT). For all these experiments, we tested the motor performances 3 days after the lesion, in order to minimize an effect due to the post-op recovery from surgery and anesthesia.

First, rats which received ibotenic acid in the motor cortex showed strong motor deficits in their performances on day 3 (Figure 17A -bottom panel). This was associated to an increase of errors, with a higher number of initiated trials, which were not followed by a movement (cut off RT), as well as unfinished movements (cut off MT) (Figure 18A). However, only discrete impairments of the RT and MT were observed at day 3. Thus, the few correct trials performed were optimized movements. Movement parameters worsened in the following days, illustrating that lesions of the motor cortex affected motor execution and the ability to produce previously-learned skilled movements. However, we observed in the following days an increase of performance to reach and grasp the lever. Importantly, motor parameters seemed still affected, therefore suggesting not optimal movement performances.

Additionally, we assessed motor impairments on the ipsilateral side (relative to the lesion side) and noticed the same profile of motor deficits (Figure 19A,B). Therefore, it suggests a bilateral contribution of the motor cortex.

In comparison, striatal lesions induced more severe motor deficits (Figure 17B).

Indeed, rats were no longer able to perform any correct movements after ibotenic acid injections. Most of the initiated trials were aborted (no movements -cut off RT), and the few initiated movements were characterized by slow RT (Figure 18). Additionally, when we assessed motor deficits in a cylinder test, a standard test in PD models, we observed an asymmetric use of their front paws, in favor of the ipsilateral paw (relative to toxin injection side) (Figure 17D -middle panel). Furthermore, these deficits were generalized to both contralateral and ipsilateral movements (Figure 19 C,D). The full striatal lesions confirm the necessity of the STR for appropriate motor execution.

Finally, we observed deficits induced by lesions of the EPN and SNr, the two output structures of the BG (Figure 17C). As for the other lesions, we first reported motor impairments, with slower movement parameters, accompanied with an increased number of errors (Figure 18C). Additionally, we noticed rotational behavior in two out of the 5 animals injected, mainly at day 3 (data not shown). In the following days, we observed an increase of the success rate, however movement parameters remained affected (except for one animal who did not recover). Besides, ipsilateral movements were affected in the same manner (Figure 19E,F). Therefore, lesion of output structures affected the optimal execution of learned movement, but seemed to allow for reach and grasp movements. 

Goal-directed strategy driving performances

As mentioned previously, this task requires extensive motor training, and a high number of trials repetitions, which might suggest over-training. It is classically described in the literature that over-training usually leads to the development of habitual behaviors [START_REF] Dickinson | The effect of the instrumental training contingency on susceptibility to reinforcer devaluation[END_REF][START_REF] Dickinson | Actions and Habits : The Development of Behavioural Autonomy[END_REF]. Therefore, we asked whether these motor executions relied on a goal-directed strategy or a habitual strategy. To decipher between these two strategies, we first used a classical devaluation test which consists in giving an ad libitum access to the outcome (here, sucrose 5%) (Figure 20A). Then, we evaluated the motor performances of animals. First, we observed a decrease of the number of initiated trials on both L1 and L2, associated with a large increase of uninitiated movements on both L1 and L2 (cut off RT). It was accompanied with a significant decrease of the number of correct LP, explained by increased number of non-initiated movement (cut off RT), thus inducing a drop of the success rate (Figure 21A). Interestingly, we monitored movement parameters in parallel. At the level of one animal, we saw a shift in the distributions of RT and MT when comparing a control session with a devalued session (Figure 20C).

The global analysis for all movement parameters revealed a significant increase of both RT and MT (Figure 20E). The same effect was observed in all animals (n=5). This

shows the sensitivity of the movement execution to the change of the reward value. We wondered if these parameters were related to one another during one movement execution, and how the devaluation would affect this relationship. While in control conditions, a linear regression analysis did not show any relationship between RT and MT (R 2 <0,001), a small tendency appeared after the devaluation toward longer movement associated with short RT (Figure 22 B -right panel). Finally, we observed different strategies used to press the levers (Figure 22 -left bottom panels). Indeed, while a subgroup of rats pressed the lever in straight fashion (e.g. left paw to press left lever -L1), others were crossing to reach the lever (using the right paw to press L1). However, in both strategies, we observed the same effect of the devaluation on movement parameters. The lack of significant increase on MT in left handed rats is explained by a low number of presses after the devaluation as revealed by the comparison of distributions. Overall, this first experiment demonstrates the use of a goal-directed strategy to perform the task, however extended was the training. 100

Then, we questioned the behavioral response following the omission of the reward delivery on one lever (L1) during a session, a strategy called extinction (Figure 20B). The lack of reward after a LP is expected to change the cost-beneficial balance to produce a movement. Thus, if animals are flexible in their movement execution and driven by a goaldirected strategy, they should stop pressing the lever, following the auditory 'Go' cue. For this experiment, rats were in the same conditions regarding the access of water (restricted) in both control and extinction sessions. First, we observed a significant decrease of their performances on the extinct lever, while the performances on the second lever were not affected. This deficit was associated with a decreased success rate on L1. Then, regarding movement parameters, we observed a shift toward longer RT1, while MT1 did not seem affected (Figure 20D). Interestingly, RT2 distribution was also significantly shifted toward slower values, but movements to reach L2 were performed faster. These observations were confirmed with the population analysis of all animals (Figure 20F). Importantly, these deficits only occurred after rats had first experienced the omission of the reward. Thus, to explain the lack of effect on MT1, we checked if the values of MT were not heterogenous within the session (i.e. faster MT for trials early in the extinction vs. slower MT for last trials), but we did not see any significant differences on MT while RTs were affected (Figure 20G). Then, we looked for individual variability and compared single rat average MT in the two conditions (Figure 20H). Two groups were revealed: 9 rats were affected with slower MT (group A), while 4 did not show any MT deficits and, in fact, became faster (group B). The negative MT modulation of group B was not explained by higher MT values in the control session but, this heterogeneity of MT between rats explains why no MT change was detected in the group analysis (Figure 23). Interestingly, these results reveal two different behavioral strategies of rats in response to reward extinction: unlike group A which decreased their willingness to LP (slower MT), group B increased it, perhaps in an attempt to get to the next trial, potentially rewarded, faster. However, both groups decreased their overall motor performances on L1, thus showing their sensitivity to the delivery of the reward to engage a correct reaching movement and a LP (Figure 20I, Figure 23). As for the devaluation experiment, we observed a negative correlation between RT and MT thus showing a tendency to higher RT associated with slower movement. Finally, we further split rats depending on their strategy to reach the lever (e.g. straight vs. crossed movements)(Figure 22B). All animals exhibited slower RT following a left trial. However, looking at other movement parameters no clear pattern can be explain by the reaching strategy used. These results probably reflect the variability of motor responses of animals to a lack of reward.

Overall, we showed the sensitivity to the reward (value and presence) of all animals to engage a movement. Their behavior is therefore flexible, and goal-directed to the outcome however extended was the training. Besides, we described impairments of movement parameters (RT and MT), highlighting as well that movements are optimized in order to obtain an expected outcome.

The DLS but not the DMS is necessary for optimal movement execution

As just demonstrated, the execution of our 'reach-and-grasp' motor task relies on a goal-directed strategy. Therefore, we next decided to check which striatal area was implicated and necessary. Indeed, it is classically described that goal-directed behaviors rely on the integrity of the DMS, while the DLS is associated with habitual behaviors. Importantly, recent studies have shown the role of the DMS in promoting habits [START_REF] Seiler | Dopamine signaling in the dorsomedial striatum promotes compulsive behavior[END_REF]van Elzelingen et al., 2022a), thus changing the dichotomic view of the contribution of these striatal regions to specific behaviors. Additionally, the DLS receives dense projections from cortical regions associated with the control of forelimbs movements [START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF][START_REF] Foster | The mouse cortico-basal ganglia-thalamic network[END_REF], arguing for its necessity in motor execution implicating forepaws.

Therefore, to better characterize our task and identify the striatal region required, we locally inactivated with the GABAA agonist muscimol, the DLS or the DMS and observed how it affected movements. Rats received muscimol via intracerebral canulas, in order to follow the evolution of movement's parameters within minutes following the injection.

First, at the level of one representative animal we observed an overall increase of the RT (Figure 24B, in purple) and higher MT values for contralateral LP. Then, looking at global performances, animals exhibited a decreased success rate as compared to baseline, and to saline injections, associated with a significant decrease of the correct number of LP. These decreased performances were accompanied with an impairment of movement parameters (Figure 24C,D). This effect on movement kinematics was observed for almost all animals (Figure 24E). Additionally, 3 animals were no longer able to perform any correct movements at all. As a supplementary control, muscimol injections did not affect MT of movements on the ipsilateral lever (straight and crossed movements) (Figure 25A). However, in both p=0,001,RT2,p=0,78,MT1,p=0,96,MT2,p=0,185. strategies, it impaired RT as well as the performances. Thus, we first show here the crucial function of the DLS for LP movement execution.

In parallel, we performed the same inactivation experiments in rats implanted in the DMS (Figure 24F). First, our results show that neither the success rate nor the number of correct LP dropped after DMS local inactivation with muscimol (Figure 24H). Additionally, it did not impair MT (Figure 24I). In opposition it tends to reduce RT, but variability was observed in the population of rats (Figure 24J). Ipsilateral movements (parameters and success rate) were not affected, however, the number of LP decreased (Figure 25B). This result accounts for only one rat and would require more animals to conclude. Because DMS is described as an associative area, it might be explained by a sensory integration deficit.

Thus, rats do no take as much time to integrate sensory information and to initiate a movement and we observe faster RT. In addition, DMS inactivation affected movement parameters of crossed movements (Figure 25B -bottom panel). muscimol,p=0.0001;p=0.81,p<0.0001,p<0.0001;p=0.723,p<0.0001,p<0.0001;p=0.81,p=0.96,p=0.91.E, J. Comparison of the average RT and MT for each animal before and after muscimol injection in the DLS (E) and the DMS (J). Wilcoxon test DLS: RT: p=0.024, MT: p=0.011; DMS: RT: p=0.87, MT: p=0.99.

DA in the DLS is necessary

Going further into the description of the DLS function for skilled movement execution in our behavioral task, we assessed for the DA necessity. Usually, besides the contribution of the striatal network of the DLS vs. the DMS, DA necessity in each of these functions is also described. Therefore, we questioned it with the use of antagonist injections via implanted intracerebral cannulas in trained animals (Figure 26A).

Animals were recorded during a baseline session before any injection to evaluate their performance and movement parameters. Then, we performed the drug infusion of DA antagonist and followed the trial-by-trials motor performances. Looking at the evolution of RT and MT across the session, we observed a tendency to an increase of the RT mainly after the injection of raclopride and both D1-R (SCH-23390) and D2-R (Raclopride) antagonists (Figure 26A). MT seemed also affected comparing to the distribution of values before and after injections of each antagonist, but while we observed impairments after SCH-23390 and co-infusion of both antagonist, there seems to be a tendency for acceleration after D2-R antagonist's injection. At the level of the global analysis, these tendencies were confirmed; however, we mainly revealed a strong effect of the co-injection of antagonists (Figure 26C).

These impairments were associated with slow decreased success rate and correct presses (Figure 26B). Importantly, more errors were also detected, with mainly movement initiated but not terminated (cut off MT) (Figure 27). 

Spatio-temporal dynamics of striatal DA during reach-and-grasp movements

DA function into motor execution has been extensively studied. From physiological state to pathophysiological conditions, there is no debate on its necessity for correct movement execution. Indeed, PD patients experience severe motor symptoms such as bradykinesia and akinesia while the extent of dopaminergic neuronal death increases. Experimental models of PD have also demonstrated many times that 6-OHDA injection in the MFB or the SNc induces neuronal death of DA neurons, resulting in motor impairments in animals [START_REF] Ungerstedt | Quantitative recording of rotational behavior in rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system[END_REF]. However, the time-scale dynamic of its necessity remains debated. Indeed, optogenetic inhibition of DA neurons have so far not shown consistent motor effects. While some studies show that inhibition can induce motor deficits online, others have had difficulties to demonstrate any effect [START_REF] Coddington | The timing of action determines reward prediction signals in identified midbrain dopamine neurons[END_REF][START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF]Bova et al., 2020b). Therefore, in which time extent DA is required for motor execution is still to be determined.

In addition, we have demonstrated previously the necessity of the DLS, but not the DMS for an optimal reach-and-grasp movement. Thus, we further explored the contribution and dependency of DA in each of these two region for motor execution.

Methods

Animals

All experimental procedures were performed on Long Evans rats (for behavioral experiments), and TH-cre Long Evans rats (for anesthetized experiments). Rats were housed per 2 under artificial conditions of light (light on at 7:30 a.m.), temperature (24°C), and humidity (45%) with food and water available ad libitum for the 3 firsts weeks after their arrival. During the training and experimental period rats were water restricted to 15 mL minimum of water per day, adjusted on the volume of sucrose they had during the daily session. A total number of 25 rats were used for this study and are detailed below depending on each experiment.

were adeno-associated virus injected under stereotaxic conditions in TH-cre rats using glass capillary connected to a Picospritzer pressure system. Optogenetic stimulations were performed with an AAV-DIO-Chrimson-mCherry injected into the SNc (n=5, 2 injection site, coordinates: 2 sites of injections, from bregma, AP: -4.8 mm or 5.2 mm, ML: 2.2 mm or 2.0 mm, DV: -7 mm). In addition they received an AAV-hSyn-rDA2m for the expression of DA sensors into the STR (coordinates, from bregma, AP: +0.2 mm, ML= +/-4 mm, DV=-4.5 mm).

We realized experiments at least 6 weeks after viral injections. They were performed under urethane anesthesia (1,2g/kg). Animals were fixed in a stereotaxic frame and placed on a heating blanket. They received 0.5 mg/kg of opioid analgesic (Buprenorphine, Buprecare) and 6 mg/kg of local anesthetic (Lidocaine, Lurocaine). An ophthalmic ointment was used all along the surgery to prevent eye dehydration. The skull was exposed and craniotomies performed at the same coordinates used for viral injections. Optogenetic stimulation were performed using optical fibers (core diameter: 200 µm) placed in the SNc. In order to inject 6-OHDA and follow the local effect on the DA release at the same spot, we used a home-made optical fiber glued with an intracerebral cannula (Figure 28) connected to a Hamilton microsyringe filled with the toxin or Ascorbic acid (1%). The optic fiber was connected to the fiber photometry system (RWD). Recordings in the STR were performed using a 410 nm LED, used to acquire the control isosbestic signal, and a 470 nm LED to excite GRAB-DA. Data Ab137869, 1:2000) in a solution of PBS 0.01 mM -BSA 1/500 -Triton 0.3% at room temperature. The next day, the slices were washed 4 times into PBS 0.01 mM and incubated for 30 min with the polymer second reagent (Rabbit DAKO envision plus). Slices were washed 4 times into PBS 0.01mM. We then proceeded to the DAB (3'3-Diaminobenzidine) revelation (DAKO DAB) for few seconds and the reaction was stopped with PBS. Finally, the sections were mounted on gelatin coated slides. The extent of the lesion is calculated as a percentage of the non-labelled area of the STR, determined with a threshold, via a script developed on Fiji.

Statistics

Statistical tests were performed according to the characteristics of analyzed data and are specified for each analysis in the figure legends. They were performed with the GraphPad software or with python package in the case of violin plot across days following 6-OHDA injections.

Results

In order to better understand the spatio-temporal dynamics of DA and its dependency for appropriate motor execution, we studied how a deficit of DA release would affect movement kinematics in our reach-and-grasp lever press task. To do so, we first used a transient and reversible optogenetic inhibition of DA neurons activity. However, no effects on movement parameters were observed using specific optogenetic inhibition of DA. Therefore, in a second time, we focused on using permanent and irreversible DA lesions using 6-OHDA intra-striatal infusion and follow the motor consequences both acutely after the infusion (within session analysis) or chronically throughout days (between session analysis).

Furthermore, we have addressed this question in the DLS and the DMS, in order to better characterize the spatial dimension of the DA transmission which is crucial for movement execution.

Optogenetic inhibition of DA neurons is not sufficient to induce motor impairments

The dynamic of DA and its associated function to motor control has been initially investigated using reversible tools to inhibit neuronal activity. Indeed, previous members of the lab have tested a transitory inhibition of DA neurons in behaving animals and looked for associated motor consequences. To do so, they expressed in TH-cre rats, the inhibitory opsin ArChT3.0 in SNc DA neurons (Figure 29A). They first validated the efficiency of the approach in anesthetized animals via single unit recordings of dopaminergic neurons (Figure 29B). They showed that a 2 sec light stimulation induces an inhibitory effect on the extracellular neuronal activity of DA cells (Figure 29C). The inhibition was efficient in 48% of recorded neurons (Figure 29D). Then, in trained animals, using the same viral approach, they applied optogenetic stimulation on 30% of initiated trials either during the RT or the MT period. However, none of these protocols had any impact on the animals' motor performances nor on the kinematics of movements or movements velocities (Figure 29 E-J). Therefore, we decided to induce a chronic striatal lesion of DA, and follow the short time-scale (minutes to hours within session) as well as longer time-scale (days to weeks across sessions) consequences of such lack of DA on movement parameters. It allowed us to dissect precisely the temporal evolution of motor impairments following the loss of DA transmission and their spatial dependency toward striatal DMS vs. DLS DA loss.

Striatal 6-OHDA infusion induces fast and long-lasting DA depletion

The toxin 6-OHDA represent a standard model of PD, extensively used to induce large and complete DA depletion following injection in the MFB, or the SNc. However, these approaches do not allow for specific DA lesion. Because we have previously determined that DA in the DLS is crucial for a correct and optimal movement execution we decided first to induce chronic lesion restricted to this striatal region.

First, in order to only target the DLS region we performed test experiments to determine the optimal volume injection and concentration of the toxin. For the concentration, previous lab experiments of striatal 6-OHDA infusion using a solution at 3 µg/µL revealed that the striatal DA loss was present but not total such that many TH+ axons remained at the site of infusion. On the opposite, the infusion of a 6-OHDA solution at 10 µg/µL lead to the total removal of TH+ DA axons at the site of injection. We thus used this concentration to perform our test of volume of infusion. We tested 3 different volumes: 0,5 µL, 1 µL and 1,5 µL injected in the striatum. Animals were perfused 15 days after stereotaxic injections.

Regarding the amount of DA depletion induced by each volume in striatum, we decided to use 1 µL as a standard volume of injection (Figure 30).

Then, we wanted to characterize the effect of such striatal 6-OHDA lesion on the dynamic of DA release. For this purpose, we used a double viral approach in TH-cre animals with a red-shifted excitatory opsin (AAV-DIO-Chrimson-mCherry) injected in the SNc and a 114 DA sensor injected in the STR (AAV-hSyn-GRAB-D2m-EGFP) (Figure 31A). We measured the DA release after either a phasic (4 pulses, 15Hz) or a tonic (5 pulses, 5Hz) optogenetic stimulation (Figure 31B). In baseline conditions, we observed a high and fast increase of the DA release following phasic stimulation and a pic after each pulses of the tonic stimulation.

However, following the injection of 1 µl of 6-OHDA (at 10 µg/µL), we found a drastic decrease of DA release after 1 minute, which worsened after 5 minutes (Figure 31 C,D). We quantified the area under the curve (AUC) and observed a strong decrease which was maintain for over 1 hour after the 6-OHDA injection (Figure 31 E,F). For comparison we ,4p15Hz: 1min,p=0,036;5min,p=0,006;15min,p=0,003;30min,p=0,003;45min,p=0,003,1h,p=0,003,5p15Hz: 1min,p=0,17;5min,p=0,35;15min,p=0,024;30min,p=0,018;45min,p=0,026,1h,p=0,023. 115 injected saline in the same condition but did not see any decrease of the evoked DA responses. DA in the DLS but not the DMS is required for optimal movement execution Then, having determined the time-scale of 6-OHDA effect, we next questioned its behavioral impact on the rats' movement kinematics and performances. In order to follow the trial-by-trial effect of DA depletion, the toxin was injected via cannulas in freely-moving condition. First, at the level of one animal we observed slower RT and MT, thus increasing the variability of the movement performances (Figure 32 A, B, left panels). Looking at the distribution of movement parameters, we noticed a shift in both RT and MT (Figure 32 A, B, right panels). Importantly, it did not affect ipsilateral movements (Figure 32 D,E). Thus, rats developed bradykinesia in a relatively short time scale. However, they were still able to execute the task correctly as the success rate did not drop on the day of the injection (Figure 32C). Therefore, these results first highlight a temporal contrast between the strong and fast decrease in DA release and the progressive slow degradation of motor performances. It thus revealed a time window where DA transmission seems to not be necessary for movement execution. In the following days, the movement deficits worsened and animals were no longer able to initiate a movement, thus developing profound akinesia (Figure 32C).

Therefore

Checking at the few movement trajectories performed, we observed different profiles as compared to baseline trajectories (Figure 32H). Importantly, the number of initiated trials did not decrease, thus highlighting that animals are still motivated to perform the task.

Additionally, no such motor deficits were observed on the ipsilateral paw, although an acute but modest deficit in motor performances have been noticed due to postural perturbation from the contralateral paw. The akinesia phase lasted on average 7 days after the toxin injection, where we noticed an amelioration of the motor parameters associated to an improvement of motor kinematics and a decrease of the number of errors (Figure 33). While surprising at first, this functional recovery remained stable in the following days. No significant differences were observed while comparing movement parameters at day 7 with baseline conditions, suggesting a recovery of optimized movements (Figure 32G). However, the trajectories did not seem as highly stereotyped as before the DA lesion, thus variability remained (Figure 32H).

In parallel with this group of animals lesioned in the DLS, we asked whether a similar DA depletion in the DMS would induce a similar effect on skilled movement execution (Figure 34). Indeed, because rats' performances relied on a goal-directed strategy, DMS DA could be crucial. We thus performed the same experiment with animals implanted with intracerebral cannulas in the DMS. First, at the level of one rat, looking at trial-by-trial evolution of movement kinematics, we noticed a slight impairment of the RT after the toxin injection, as confirmed by the shift of the RT distribution (Figure 34A). However, no effect was observed on MT. Then, at the population level of 5 animals, our results do not show any effect of the DA depletion on the day of the injection, nor the following days on movement parameters or animal performances (Figure 34B,D). Finally, we assessed motor performances on a cylinder test (Figure 35). Confirming results in the behavioral task, we did not see any impairment and asymmetrical use of their forepaws. 

Time but not training allows for the motor recovery

In order to explained the recovery phenomenon, we hypothesized for a reoptimization of movements through fast re-learning of movement execution. As learning requires practice, we chose to not train a subset of animals during 6 days following the toxin infusion (Figure 36A). Thus, in the time-scale of the experiment, both groups were initially trained to learn the task, then, we first monitored movement parameters of animals on the day of the injection (D0) and one day after the injection. This allowed us to behaviorally first confirm the lesion effect. Then, we only assessed their performances on D7 after the injection (untrained rats). Interestingly, while we observed impairment on D7, the motor deficits improved on D8 with a decrease of the MT and an increase of the successful trials as compared to initiated trials (Figure 36C). A comparison between trained vs. untrained rats did not show any significant differences on D8 (Figure 36D).

Thus, our results suggest that time rather than practice, is required for the motor recovery. 120

Finally, we hypothesized that spontaneous movement might be differently impacted than cued movements. Indeed, externally and internally driven movements and the contribution of DA to each of them has been often explored separately, thus using different protocols and slightly different behavioral paradigm. In addition, it is classically described that externally cued movement in PD patients are less impaired than others, suggesting a different contribution of DA. p=0,99;1,p<0,0,0001;8,p=0,54;p=0,20;1,p=0,0098;8,p=0,53.

Therefore, we designed a variant of the reach-and-grasp LP task, in which LP are performed spontaneously (Figure 37A). In this 'internal reach' task, only internal cues will lead rats to go and press the lever. As in the classic version of the task, we monitored movement performances, however we only had access to MT. First, we followed the evolution of their performances across learning (Figure 37B). Because it only required the self-initiation of animals, and no errors were possible, we noticed a faster learning phase, marked with a high number of anticipations. In a second time, we checked for the necessity of the DLS in these internal self-initiated trials with muscimol injections via implanted cannulas (Figure 37C). Our result show that the local inactivation of the DLS impaired performances and movement kinematics. Finally, we performed 6-OHDA lesion. On the day of the injection (D0) we noticed a shift of the MT distribution after the toxin injection, as compared to the value distribution of the baseline session (Figure 37D). The movement kinematic worsened in the following days. However, on average, only a limited deficit occurs on success rate and the ability to press correctly the lever (Figure 37D). Importantly we observed, as for 'Go' cued movements a functional recovery. 

Characterization of compensatory mechanisms

The STR is a key structure of the BG for correct motor execution. We have indeed confirmed its necessity for skilled movement execution in our reach-and-grasp lever press task. In physiological conditions, the activity of its neuronal populations is modulated by glutamatergic cortical and thalamic inputs, as well as DA. Indeed, first, across learning, DA has been shown to be a major player for plastic changes occurs, strengthening synapses and inducing the pruning of others. In addition, it has been described that following DA depletion, striatal microcircuit adapt to compensate for the lack of DA. More specifically, MSNs will first overexpress their DA receptors. to better sense DA signaling, but structural and connectivity changes also occur to compensate for the imbalance activity induced by DA loss between direct and indirect striatal pathways [START_REF] Day | Selective elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models[END_REF][START_REF] Gittis | Striatal microcircuitry and movement disorders[END_REF][START_REF] Zhai | Striatal synapses, circuits, and Parkinson's disease[END_REF].

Thus, we hypothesized that striatal adaptations could explain the functional motor recovery observed after 6-OHDA injection in the DLS of behaving rats. In this last study we investigated few hypotheses trying to better understand these compensatory mechanisms occurring in the STR on which rely the functional recovery observed in DA depleted rats.

Methods

Animals

All experimental procedures were performed on Long Evans rats. Rats were housed per 2 under artificial conditions of light (light on at 7:30 a.m.), temperature (24°C), and humidity (45%) with food and water available ad libitum for the 3 firsts weeks after their arrival. During the training and experimental period rats were water restricted to 15 mL minimum of water per day, adjusted on the volume of sucrose they had during the daily session. A total number of 8 rats were used for this study and are detailed below depending on each experiment.

Behavioral training

The training was the same as described in the previous study. After the stabilization of their performances and movements kinematics, animals were implanted with intracerebral guide cannulas and optic fibers during stereotaxic surgeries.

Stereotaxic implantations

To monitor movement execution as well as the calcium activity or the DA release right after the 6-OHDA injection rats were implanted with cannulas and optic fibers under stereotaxic conditions as described previously. Cannulas were implanted (without angle) in the dorsolateral striatum (DLS, coordinates AP: 0.2 mm anterior to bregma, ML: 4.0 mm, DV: -3.5 mm) on the contralateral side of the preferred paw for each rat. In addition, optic fibers (200 µM core) were implanted with an angle of 20° (DLS, coordinates AP: -0,36 mm anterior to bregma, ML: 4.0 mm, DV: -4.56 mm) to monitor the activity of the striatal region further depleted in DA. Both canula and optic fibers were secured with bone cement. At the end of the surgery animals received 5mg/kg of anti-inflammatory (Carprofen, Rimadyl).

Fiber photometry (DA sensing and calcium imaging)

To determine the evolution of DA release after the 6-OHDA injections, we sensed DA with GRAB-DA sensor [START_REF] Sun | A Genetically Encoded Fluorescent Sensor Enables Rapid and Specific Detection of Dopamine in Flies, Fish, and Mice[END_REF]. For this, we injected an AAV-hSyn-rDA2m of DA sensors in the DLS (500 µL, coordinates AP: 0.2 mm anterior to bregma, ML: 4.0 mm, DV: -3.5 mm) of 3 WT rats. In addition, to monitor the activity of MSNs we injected an AAV-GCamPf8-EYFP in the DLS (500 µL) of 3 D1-cre rats, and 1 A2a-cre rat during the implantation surgery. Virus were injected as previously described.

Photometry fiber recordings started at least 4 weeks after viral injections. The optic fiber was connected to the fiber photometry system (RWD). Recordings in the STR were performed using a 410 nm LED (Thorlabs), used to acquire the control signal, and a 470 nm LED to excite GRAB-DA or GCamP. First, 410 nm and 470 nm LED intensity were settled to apply 50 µW and 100 µW, respectively. The intensity was checked prior to every recording day.

Data were acquired at 100Hz via the Multichannel-Fiber-Photometry software (RWD) and further analyzed with a Python script. Data are presented as the delta between the fluorescent signal resulting of the 470 nm excitation and the 410 nm excitation, divided by the fluorescent signal at 410 nm (Delta F/F).

Rats were first habituated to the fiber connections. Then, in control sessions, they were connected to the contralateral fiber (relative to their preferred paw) for around 30 min, and secondly to the ipsilateral fiber, in order to monitor DA release or calcium activity in both hemispheres. Then, we proceeded to 6-OHDA lesions. Prior to the injection we assessed motor performances and during a baseline session of at least 40 correct trials. Then, we injected desipramine (1,2 µg/µL) through the cannula. We waited for 10 min and started the 6-OHDA injection (10 µg/µL) at a rate of 0,6 µL/min. We waited 3 min in situ and removed the cannula. Rats had a 5 min period of rest in their homecage before starting a behavioral session of 1h. DA release or calcium activity were monitored during the session, and in the following days.

Histology

After 15 days of behavioral training after the 6-OHDA injections, rats were sacrificed with an overdose of pentobarbital (Exagon). An intracardiac perfusion (PBS 0.01mM following by formaldehyde 4%) was then performed. The brain was kept 48h in a solution of PBS 0.01 mM -formaldehyde 4% and then cut in 50 μm slices with a vibratome (VT1000, Leica Microsystemes). The slices were stored at 4°C in PBS 0.01 mM -Azide 0.1%. To validate the lesions, and checked the viral expression we proceeded to a TH immunestaining couples with an amplification of the GFP signal. The sections were rinsed 3 times in PBS 0.01 mM, and incubated overnight with primary antibodies against tyrosine hydroxylase and against GFP (anti-TH, Ab137869, 1:2000, anti-GFP, GFP-1020, 1:500). Slices were washed 3 times and incubated for 2h with a secondary antibody (anti-Rb, 1:1000, Life, A31573, 647nm, anti-Ch, 1:500, Jackson, 703-545-155, Lot 100057, 488). Finally, the sections were mounted onto slides in vectashield medium. Images were acquired with an epifluorescence microscope (Zeiss), and analyzed with Fiji.

Results

To investigate the compensatory mechanisms that could account for the motor recovery we observed following partial DA lesion in the DLS, we first hypothesized for a 'relocation' of the motor function into non-lesioned striatal area. To test this, we first checked for the 'necessary condition' of the DA-depleted DLS area with intracerebral muscimol infusion. We next verified whether DA release was still occurring and if it was functionally important.

Finally, we monitored the calcium activity of dMSNs and iMSNs before, during and after motor impairments to monitor any adaptations in their activity.

DA-depleted DLS area is still necessary for movement execution

To better explain the motor recovery in lesioned animals, we hypothesized for a relocation of the function. In other words, we postulated that the striatal region necessary for correct motor execution was no longer the DLS. Thus, inactivating the DA-depleted area should not impaired fine motor performances. To test this, we injected the GABAA agonist muscimol (through the cannula that induced the DA depletion) in 6-OHDA lesioned animals that recovered their motor function in our task (Figure 38A). First, we observed a decrease of the number of LP after the injection, while the success rate was almost not affected (Figure 38B). Aside of this, RT and MT were strongly affected (Figure 38C). Importantly, as compared to muscimol injections before the DA fibers lesions, we saw similar impairments on the RT, but the MT and performances seemed less affected. Overall, in this experiment we showed the necessity of the striatal DA depleted area (the DLS) for optimal movement execution.

DA phasic release is impaired but DA is still necessary

In a second step we looked for a correlation between motor impairments and DA release. Additionally, we aimed at better determine whether the observed motor improvements could rely on an associated recovery of the DA release.

To do so, we expressed a dopaminergic sensor (GRAB-DA) in the DLS of trained rats and monitored the fluorescence signal with implanted optic photometry fibers (Figure A).

These implantations were coupled to implantations of cannulas in order to evaluate the DA release, before and after 6-OHDA injections. The position of the fiber and the correct expression of the virus was checked post-mortem with an amplification of EGFP signal. It was coupled with a TH-immunostaining to measure the extent of the 6-OHDA lesion. p=0,0005,p=0,34;MT: baseline vs. muscimol,p<0,0001,p=0,99,p<0,0001,p=0,0005. 127 First, in baseline conditions, we studied the DA release during movement execution (Figure B, C, D, E). We observed consistency in between trials, sessions and animals, with a large increase of the DA release, after the 'Go' cue presentation (Figure B). It lasted hundreds of milliseconds. Importantly, whether a correct movement was associated or not to the trial, the same increase of the DA release was observed (Figure A). Thus, this activity does not predict movements. In addition, we recorded the ipsilateral hemisphere (to the movement) DA release and we noticed an increase of DA release present to the 'Go' cue 
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(Figure B). Then, a second pic of activity occurred after the lever press, thus probably associated with the reward delivery. Indeed, when the rat pressed the wrong lever and was not rewarded, we saw a decrease of the signal. Consistently, during an extinction experiment where no reward was delivered after a lever press (on only one lever), the second pic was no longer observed (Figure 41D). Interestingly, across the session we observed a progressive decrease of the DA release signaling to the 'Go' cue (Figure 41B, C, D -right panel). These results first suggested that the DA release at the auditory cue do not primarily signal movement execution, but may encode for the probability of reward delivery.

Then, we induced DA fibers lesion in the DLS via 6-OHDA injections (Figure 42). The lesion was performed through intracerebral cannulas, allowing us to follow the DA release 5 minutes after the DA depletion, in behaving rats. In the 3 animals recorded, we showed a strong decrease of the signal on the first trials initiated by animals (Figure 42A). This effect lasted for the entire session of 1 hour. First, this is consistent with our previous experiment monitoring DA release in anesthetized animals. In addition, here we highlight that while the DA release locally dropped, rats were still motivated to initiate trials and perform the reachand-grasp LP correctly. Besides, we demonstrated that during akinesia, there is no consistent phasic DA release associated to cue presentation (Figure 42B). Unfortunately, no further recordings were performed for technical reasons, leaving an open question on the DA release during the motor recovery. Importantly however, THimmunostaining attested for complete lesion in the DLS of animals, suggesting no recovery of the DA transmission.

In addition, we examined the functional necessity of DA in the DLS of depleted animals. For this purpose, we used a pharmacological approach with injections of DA antagonists via cannulas (Figure 43A). Following SCH-23390 (D1-R antagonist) and raclopride (D2-R antagonist) injection we observed a decrease of the motor performances.

These effects were even stronger following the injection of both antagonists (Figure 43B).

Consistently, we noticed movement kinematics impairments, with increased RT and MT (Figure 43C). Thus, these experiments suggest for a functional role of dopaminergic receptors in the DA depleted DLS. 

Striatal adaptations allow for the motor recovery

In a last set of experiments, we aimed at investigating the striatal adaptions occurring after the DA depletion. Indeed, knowing that the DLS depleted region was still crucial for optimized movement execution, we postulated for striatal projections neurons adaptations.

Therefore, we used transgenic rat lines, D1-cre and A2a-cre and monitored the calcium activity of dMSNs and iMSNs, respectively, with calcium sensors (GCamP8f). We primarily characterized their activity during baseline movement execution, and in a second time followed any adaptation occurring after DA depletion. First, while looking at the activity of dMSNs during reach-and-grasp LP, we observed an overall activity related to movement execution (Figure 44). More precisely, there is first a fast but limited increase signaling the auditory 'Co' cue, followed by a large and high increase of the calcium activity (Figure 44A). This higher peak started mainly when the movement is initiated and lasted after the lever press. Considering that the movement do not end when the lever is pressed (the rat puts its paw back to the pad), we concluded that the activity of dMSNs population transfected was correlated to movement execution. Consistently, we observed a similar pattern when rats performed anticipatory movements and pressed the lever before the cue presentation (Figure 44B). Finally, looking at trials that were not rewarded (incorrect trials), we observed a similar increase of the calcium activity when a movement was initiated (Figure 44C). Thus, the activity of dMSNs signals movements, but does not predict its successfulness.

Then, we induced DA depletion and followed the evolution of the calcium fluorescence signaling. Mainly, we observed an overall decrease of the activity (Figure 44D).

In addition, we could not detect a signal associated to the auditory 'Go' cue. Importantly, an increased activity persisted during movement execution on the day of the injection (D0). The activity across trials ordered by RT displays a slight shift of the activity, suggesting increased RT. This was confirmed with the observation of a bradykinesia, as well as a decrease of the number of correct trials. In the following days, rats displayed difficulties to initiated trials. Both correct and incorrect trials were characterized by a general decreased activity of dMSNs (Figure 44 F,G).

Interestingly, during the recovery period observed in two animals, we noticed an increased activity, associated to movement execution (Figure 44H). As compared to baseline signal, this signal was lower, however, the functional recovery might rely on this activity. In A2a-cre rats, the calcium signal is less evident, and the results presented here are very preliminary. Briefly, in baseline condition we observed an activity of iMSNs associated to movement execution (Figure 45A). As for dMSNs, a peak of activity was initiated at the cue presentation and lasted at the LP. Consistently, a similar activity was observed for anticipatory movements. Then, looking at correct trials after 6-OHDA injection we recorded an activity associated to the movement initiation (Figure 45B). This signal was abolished in the following days, and does not clearly seem to recover. Importantly, due to the lack of GCaMP signal in the other 4 implanted animals, the results presented here only come from one animal. Further investigations are therefore required to make convincing conclusions. In this last study, we aimed at characterizing the functional recovery observed in DA-depleted rats.

First, we showed that the striatal region necessary for correct and optimal movement execution was still the DLS. Thus, no relocation of the function seems to happen.

Then, we demonstrated a rapid and strong loss of the DA signaling after the 6-OHDA injection. Indeed, while in physiological condition we recorded an DA release associated to the cue presentation and the reward delivery, this signal was abolished in the first trials following the lesion, while rats were correctly performing the movement.

In More precisely, we have first dissected the contribution of key structures of cortico-BG loop to LP reach and grasp execution. We confirmed the necessity of the STR for movement execution. In addition, we highlighted the capital function of the motor cortex and the output structure of BG for optimal skilled movement execution.

In a second time, we characterized the behavioral strategy used by animals to perform movement and obtain the expected outcome. For this, we used classical behavioral tests, such as a devaluation test and the omission of the reward delivery following an action.

We concluded for the use of a goal-directed strategy, despite extensive training. This study further explored the striatal region required for movement execution and highlighted the necessity of the DLS (but not the DMS). Indeed, its inactivation with muscimol, impaired performances, as well as movements kinematics. Besides, with DA antagonists injections, we demonstrated the necessity of DA signaling for appropriate skilled-movement execution.

Therefore, after this characterization, we dissected the spatial and time-sale dependency of DA transmission in the striatum. Preliminary results in the lab had first show the non-necessity of DA for online movement modulation with optogenetic inhibitions. Thus, we postulated for longer term effects of DA on movements and investigated its precise contribution using chronic DA lesion caused by intrastriatal 6-OHDA infusion. To do so, we first monitored the time-course of DA decrease following such lesions in anesthetized rats, and then studied its impact in behaving animals. In particular, we evaluated movement performances (e.g. number of lever presses, errors and success rate), as well as kinematics (RT and MT) and motor trajectories. In this set of experiments, we showed the strong and rapid decrease of DA release following 6-OHDA lesions. Importantly, this first phase, occurring within 15 minutes, was not associated with motor impairment. Indeed, bradykinesia only starts to appear tens of minutes after the lesion and is not present for every trials.

Importantly, motor impairments worsened in the following days with profound akinesia and postural disabilities affecting the contralateral paw of the lesioned hemisphere. However, rats with 6-OHDA lesion in the DLS could recovered motor function, on average, within 7 days.

We demonstrated that this functional recovery was correlated to the extent of the lesion, relied on time (as compared to training) and the integrity of the DA depleted DLS.

To further understand the improvement of movements, we looked for striatal adaptations. While our results are mostly preliminary, they suggest a contribution of dMSNs neurons activity in the recovery mechanism. In addition, while the phasic mode of firing is abolished by our lesion, a tonic signaling might still be necessary for movement execution.

Indeed, we have demonstrated that antagonists local infusion induced motor impairments.

Altogether, these results illustrate both the resilience of striatum to the chronic lack of DA and the plastic mechanisms that are promoted in the striatum to compensate for such chronic lack of DA.

1. The cortex is necessary for optimal movement execution but not for movements

In a first set of experiments, we aimed at identifying the structures of the cortico-BG loop (e.g. the motor cortex, the STR, and the output structures, the EPN and the SNr) capital for motor execution. To do so, we used an irreversible approach with acid ibotenic injections.

The necessity of the motor cortex for motor learning is extensively described and no longer a subject of debate. However, its contribution for motor performances remained unclear.

Indeed, while some studies have shown in monkeys and rodents that motor cortex integrity is crucial for dexterous movement execution (Guo et al., 2015a), other work in rodents have demonstrated that animals can perform trajectories to reach a lever with a lesioned motor cortex [START_REF] Kawai | Motor Cortex Is Required for Learning but Not for Executing a Motor Skill[END_REF].

Here, in our study we shed light on these differences. Indeed, we first show motor impairment related to the motor cortex lesion demonstrating its necessity at relative short time-scale. Thus, the motor cortex is recruited for movement execution. However, it was followed by an improvement of the performances suggesting compensatory mechanisms.

Importantly, while this recovery was total in terms of performances, we observed higher variability in movement kinematics (e.g. reaction and movement time -RT and MT). In addition, the cylinder test reveals the use of both paw on the wall. Therefore, the motor cortex does not seem to be crucial for movement in general. However, it is capital for precise timing of movement execution such as our reach-and-grasp lever presses actions. These results are consistent first with studies using optogenetics activation of cortical interneurons (Guo et al., 2015a). Indeed, they demonstrated the necessity of the motor cortex for movement execution. As these opto-manipulations are fast and complete, they can be paralleled with the first decrease of performances we observed after ibotenic acid injections.

However, they cannot illustrate any recovery mechanisms because they were only applied transiently. On the other hand, the work of Kawai et al., illustrates the long term nonnecessity of motor cortex for movement execution. In addition, they mainly looked at movement sequences on LP, while Guo et al. focus on a pellet grasping task, with a higher level of dexterousness required. It seems important to highlight that the rats in our operant task must grasp a metallic sphere to press the lever, thus increasing the precision of the movement. It is therefore consistent with results observed in monkeys [START_REF] Lawrence | the Functional Organization of the Motor System in the Monkey[END_REF][START_REF] Passingham | The long-term effects of removal of sensorimotor cortex in infant and adult rhesus monkeys[END_REF]. In addition, in humans, patients who have experienced motor cortex stroke report difficulties for prehension and daily fine movement execution such as lacing their shoes.

Overall, our results support the existing literature and suggest the necessary contribution of motor cortex for correct dexterous movement execution, while compensations can occur for pure movements execution.

2. The output structure of BG are capital for optimal movement execution but not necessary

In parallel of ibotenic acid injections in the motor cortex, we identified the output structures of the BG as key hub of the circuitry, and an interesting lesion comparison.

Indeed, the information from the motor cortex and the thalamus computed in the STR is sent to these output nuclei (either via the direct or the indirect pathways). They are thus defined as crucial for movement transduction to downstream structures.

We initially hypothesized for strong motor impairments following such lesions. Indeed, we first observed 3 days and 10 after the acid ibotenic injections strong motor deficits to perform the task, as well as in a standard cylinder test for 3 out of 5 animals. As compared to cortical lesion, the effect seemed generalized to all daily movements. Importantly, we also observed a recovery to perform the task. However, while these motor improvements allowed for correct motor execution, the movement kinematics never recovered from the lesion. Our results therefore demonstrate the necessity of the BG for optimized execution of previously learned movements. From a circuit point of view, it is surprising. Indeed, output nuclei are described as the only way out of the BG. However, this BG outputs lesioning strategy has been used in the past under the term pallidotomy to improve the motor deficits present in parkinsonism. Although rarely done nowadays due to the risk of serious side effects, its efficacy was supposedly linked to the suppression of maladaptive BG output activity. Here, the lesion of the output nuclei tends to suppress any activity, thus forcing for compensation mechanisms to occurs. On the other hand, complete striatal lesion induced severe motor deficits. Overall, it seems like it is better to have no output that not being able to modulate the activity of the EPN and the SNr, as suggested previously [START_REF] Turner | Basal ganglia contributions to motor control: A vigorous tutor[END_REF].

Further experiments will be required to explore this hypothesis, as for example double lesions of first the STR and in a second output nuclei.

Finally, it is important to keep in mind that acid ibotenic injections in the output structures requires at least 3 injections sites, and are maybe not inducing full lesion of both structure. Indeed, the size of each nuclei, as compared to the STR, makes it more difficult to completely lesion both EPN and SNr. Even if we checked for the neuronal loss and an associated inflammation, we cannot exclude that the recovery may also rely on non-total lesions. Therefore, a most careful analysis of the extent of each lesion will be necessary to explain variability between animals.

Over-training do not induce a switch from goal directed to habitual strategy

A large part of the literature describing motor performances to obtain an expected outcome clearly differentiate goal-directed actions from habitual actions. This dichotomic view opposes both strategies and describe mostly a switch from one (goal-directed) to the other (habits) as practice increases [START_REF] Barnes | Activity of striatal neurons reflects dynamic encoding and recoding of procedural memories[END_REF][START_REF] Yin | The sensorimotor striatum is necessary for serial order learning[END_REF].

In our work, because the reach-and-grasp LP task requires extensive training for a complete acquisition and the stabilization of movement parameters, we tested which strategy performances is used by rats at the end of the training to perform the task. We demonstrated the rat's reliance on a goal-directed strategy via two behavioral tests, first an outcome devaluation, and secondly a contingency degradation. Indeed, all animals displayed impaired performances, associated slower preparation time (RT) and execution time (MT) when performing the devaluated or degraded motor task.

Importantly, in most studies exploring habits, the behavioral tasks are designed for the development of this strategy. Indeed, behavioral paradigms used, involve non predictable occurrence of the action performance and the reward delivery, with for example random interval schedules, thus influencing animals to perform more and more the task [START_REF] Dickinson | The effect of the instrumental training contingency on susceptibility to reinforcer devaluation[END_REF]. In our case, rats stayed on a fixed-ratio, where one action, if correct, will be always rewarded with the expected outcome. Thus, it is in favor of the development a goaldirected strategy.

In addition, this dichotomic view have been recently reviewed. First, it has been admitted that our daily behaviors can be driven by habits, however, we have the possibility to faster switch to a goal-directed strategy. For example, driving a bike to go to work do not require a high level of attention and is an automatic behavior. It even allows to think about the upcoming experiments you'll have to perform. However, if you change the route, you'll have to be more careful, and probably switch to a goal-directed strategy. Thus, extensive training allows for habitual behavior, but importantly, do not exclude the use of goal-directed actions to obtain an expected outcome.

Indeed, as suggested by Redgrave et al., and more recently by Balleine, both strategies are probably acting in cooperation more than in competition [START_REF] Redgrave | Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease[END_REF][START_REF] Balleine | The Meaning of Behavior: Discriminating Reflex and Volition in the Brain[END_REF].

DMS vs DLS into goal-directed vs. habitual behaviors

In addition to the determination of a goal-directed strategy to perform our reach-and grasp motor task, we investigated the necessity of the DLS vs. the DMS. Indeed, identifying the striatal region that controlled the correct and optimal execution of our reach-and-grasp LP task was crucial before studying the spatiotemporal dynamics of DA transmission.

The first hypothesis has been to associate this behavior to the integrity of the DLS.

Indeed, the DLS, described as a sensory-motor integrator, is a hub of glutamatergic input from the motor cortex, especially from forelimbs associated areas [START_REF] Voorn | Putting a spin on the dorsal-ventral divide of the striatum[END_REF][START_REF] Hunnicutt | A comprehensive excitatory input map of the striatum reveals novel functional organization[END_REF][START_REF] Foster | The mouse cortico-basal ganglia-thalamic network[END_REF]. In addition, it contributes to motor execution and the modulation of movement vigor [START_REF] Jin | Start/stop signals emerge in nigrostriatal circuits during sequence learning[END_REF]Smith and Graybiel, 2013a;[START_REF] Leventhal | Dissociable effects of dopamine on learning and performance within sensorimotor striatum[END_REF][START_REF] Dudman | The basal ganglia: From motor commands to the control of vigor[END_REF][START_REF] Dhawale | The basal ganglia control the detailed kinematics of learned motor skills[END_REF]. However, as discussed above, we have determined the use of a goal-directed strategy. Extensively described in the literature, goal-directed actions mostly rely on the integrity of the DMS [START_REF] Yin | The role of the dorsomedial striatum in instrumental conditioning[END_REF].

Thus, via reversible inactivation of each DLS and DMS striatal network using muscimol, we asked for the necessity of each of these sub-regions for correct and optimal LP execution We demonstrated that the DLS integrity was crucial for movement execution, thus for goaldirected movement. The diffusion of the muscimol was restricted to the DLS as we postmortem confirmed it with injection of a fluorescent muscimol, inducing motor impairments, during the very last session. Consistently, we have demonstrated that motor impairments occurred also following DA depletion in the DLS, but not the DMS. This finding demonstrates the necessity of the DA signaling in the DLS for goal-directed movement execution. This is consistent with previous studies investigating the effect of DA on motor execution [START_REF] Leventhal | Dissociable effects of dopamine on learning and performance within sensorimotor striatum[END_REF][START_REF] Hamilos | Slowly evolving dopaminergic activity modulates the moment-to-moment probability of reward-related self-timed movements[END_REF]. Importantly, a more complete analysis of DA lesion in impaired rats may reveal whether a specific 'hot spot' of DA necessity in the DLS exists for reach-and-grasp execution.

The capital function of the DLS and the DA signaling in the DLS for the execution a goal-directed movement might seemed conflictual regarding the literature. However, as previously mentioned, the frontier between goal-directed and habitual behaviors is probably blurrier than initially described. We thus argue that the contribution of the DMS and the DLS for movement is less dichotomic than classically described. In line with this, van Elzelingen et al., have demonstrated the necessity of the DA DMS for habit formation while in the DLS, no changes of DA release were detected between rats developing, or not, habits (van Elzelingen et al., 2022a). In addition, DA DMS has been showed to promote the development of compulsive behaviors [START_REF] Seiler | Dopamine signaling in the dorsomedial striatum promotes compulsive behavior[END_REF].

DA is not required for online modulation of movements

The main goal of this PhD project was to dissect the DA contribution to movement execution in time and space.

Trying to investigate the time-scale necessity of DA, we have preliminary demonstrated that short and transient inhibition using optogenetic approaches of DA cell bodies in the SNc did not impaired movement kinematics and performances. While optogenetic stimulations were only applied on 30% of the initiated trials, but not consecutively, it highlights that DA do not seem necessary for the modulation of online movement execution or motor control. It appears however important to notice that only 48% of the recorded neurons were indeed inhibited during the light application. This feature might explain the lack of behavioral effect.

Consistently, we further showed that DA chronic lesions only induces motor deficits within tens of minutes, while the DA release was faster impaired (within few minutes).

Importantly, this is the first time, to our knowledge, that such fast description of 6-OHDA dynamic is described. In addition, blocking DA signaling impaired movement in the same time scale. Overall, these complementary approaches suggest for a short time scale necessity of DA (as compared to an ultra-short time scale).

A lot of work have attempt to elucidate DA contribution to movement using optogenetic approaches, but they were mostly inconsistent to conclude on one time-scale necessity of DA. Consistently to our results, studies have shown that inhibition of SNc DA hypothesis is consistent with the correlation observed between the extent of the lesion and motor impairments period. Indeed, a total lesion do not allow for a motor recovery.

Unfortunately yet, we haven't explored the DA release during the motor recovery. Thus, further experiments will be necessary to better determine whether there is also a recovery of the DA transmission. Importantly, a close monitoring of the evolution of the tonic/residual DA release will be required to investigate the diffusion hypothesis.

In addition to diffusion of DA, dopaminergic receptors' expression and sensitivity adapts to the lack of DA as well. In physiological conditions, D1-R, expressed on dMSNs are low-affinity receptors, and thus, mainly transduce phasic signals. On the opposite, D2-R are described as high-affinity receptors, and thus are more likely to detect tonic changes. In DAdepleted conditions, an increased expression of D2-R have been demonstrated [START_REF] Hurley | What has been learnt from study of dopamine receptors in Parkinson's disease?[END_REF]. In addition, D1-R are more sensitive [START_REF] Gerfen | D1 Dopamine Receptor Supersensitivity in the Dopamine-Depleted Striatum Animal Model of Parkinson's Disease[END_REF]. Thus, the system seems biased toward a better detection of lower levels of DA. Further experiments looking at dopaminergic receptors' expression in DA-depleted animals will investigate this hypothesis.

Striatal compensation mechanisms for motor recovery

To explore the compensation mechanisms occurring, we aimed at defining adaptations of the striatal network. Indeed, in addition to mechanisms involving DA, striatal neurons have been shown to be modulated following DA depletion. Several studies have reported a decreased activity of the dMSNs, while the indirect population tends to be hyperactive [START_REF] Svenningsson | Opposite tonic modulation of dopamine and adenosine on c-fos gene expression in striatopallidal neurons[END_REF][START_REF] Mallet | Cortical inputs and GABA interneurons imbalance projection neurons in the striatum of parkinsonian rats[END_REF][START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF][START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF].

In our work, we first showed that in physiological conditions, there is large increase of the dMSNs activity associated to movement execution. It starts during movement preparation and last at the end of the movement, after the grasping. After 6-OHDA injections, we observed an overall decreased activity. This is consistent with previous findings who have demonstrated a hypoactivity of dMSNs, as well as a decrease pattern of activity [START_REF] Panigrahi | Dopamine Is Required for the Neural Representation and Control of Movement Vigor[END_REF]. Importantly, the GCamP expression in one neuronal subpopulation allows to monitor its overall activity, which is highly informative at the level of the population. Thus, the decreased activity could also account for a decreased recruitment of striatal neurons [START_REF] Parker | Diametric neural ensemble dynamics in parkinsonian and dyskinetic states[END_REF].

When the deficits evolved to akinesia, no activity was any longer detected.

Importantly, we have shown a discrete recovery of the dMSNs activity, while rats displayed the motor recovery. This activity seems therefore necessary for a functional recovery and the expression of learned movements.

The balance between the direct and the indirect pathway is a key determinant for correct motor execution [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF]. While further experiments will be necessary to better characterized adaptation of iMSNs, we may speculate for an increased activity, associated to motor deficits, while during the motor recovery the indirect pathway will be downregulated.

Future directions

This work has demonstrated the spatio-temporal contribution of DA for the execution of goal-directed reach-and-grasp movements. Importantly it raises questions that have been highlighted in the discussion.

First, while characterizing the neurophysiology of our newly designed task, our results

suggest that no output activity is better than a maladaptive activity associated to striatal lesions. Thus, we aimed at inducing sequential lesions, first in the STR, secondly in the output structures of BG, see whether a recovery would occur.

Then, while optogenetic experiments concluded to the non-necessity of DA for online modulation, we plan to further explore this approach. Indeed, chronic lesions, do not allow for a precise manipulation of one specific DA signal. Thus, we will design new experiments, with more powerful inhibitory opsins, and a light application during consecutive trials. This should allow us to closer determine which DA signal is crucial for movement execution, and its time necessity.

Overall, our work questioned the motor recovery occurring after the DA-depletion. We propose that our partial lesion model would be an interesting model to further study the compensatory mechanisms occurring in early stage of PD. Thus, we will first explore the evolution of the iMSNs activity. In addition, we aimed at determining whether there is DA diffusion. This will be first explored with DA sensors during this period. However, their specific sensitivity might not be optimal to monitor discrete changes of residual DA. Thus, it could be investigated via double guide-cannulas implantation to induce sequential 6-OHDA injections, first in the DLS, then in the DMS.

Titre : Contribution spatio-temporelle de la dopamine dans l'exécution de mouvements dirigés vers un but chez le rat Résumé : La capacité à produire des mouvements adaptés à notre environnement est cruciale dans notre vie quotidienne. Des années de recherche pour comprendre cette fonction capitale à notre survie ont ainsi placé la dopamine (DA) au centre des processus de sélection et d'exécution des mécanismes moteurs. Cette fonction capitale s'illustre dans la maladie de Parkinson (MP), où la mort des neurones dopaminergiques, induit des déficits moteurs marqués tels qu'une difficulté à initier les mouvements (akinésie) et leur ralentissement (bradykinésie). Cependant, les mécanismes neuronaux qui sous-tendent ses comportements moteurs ne sont pas totalement élucidés. Cette thèse a eu pour objectif de déterminer la contribution spatio-temporelle de la DA dans ces processus. Dans une première partie de mon projet, nous avons développé une tache motrice de type 'reach-and-grasp' et avons caractérisé la neurophysiologie de cette tâche. Nos résultats montrent que la réalisation optimale du mouvement dépendait de l'intégrité du cortex moteur et des structures de sortie des ganglions de la base. Cette étude a permis souligner le rôle clef du DLS dans la genèse des mouvements et questionne celui classiquement décrit du DMS (vs. du DLS) dans les mouvements dirigés vers un but. Dans la deuxième partie de ma thèse, nous avons étudié les conséquences du manque de DA sur l'exécution du mouvement. Pour cela, nous avons utilisé un modèle toxique de la MP via l'injection de 6-OHDA dans le striatum (STR) afin de caractériser le décours spatio-temporel de l'apparition des déficits moteurs. Les résultats de cette deuxième étude démontre la nécessité à court terme de la DA (à l'échelle de dizaine de minutes) et questionnent l'importance de la dynamique temporelle de la transmission dopaminergique dans le contrôle du mouvement en temps réel. En revanche, ils semblent indiquer un rôle de la DA dans le maintien d'une activité neuronale essentielle pour l'exécution correcte du mouvement à une échelle de temps plus lente. Aussi, nos résultats illustrent les capacités de résilience du DLS face à l'absence de DA. La compréhension de ces mécanismes nécessitera des études complémentaires, mais pourrait apporter des idées novatrices pour développer de nouvelles pistes thérapeutiques. Mots-clés : Dopamine; Striatum; Comportement moteur; Maladie de Parkinson; Boucle corticoganglions de la base ; Imagerie calcique Title: Spatio-temporal contribution of Dopamine in the execution of Goal-directed movements in rats Abstract: The ability to produce movements adapted to our environment is crucial in our daily lives. Years of research to understand this function, which is crucial to our survival, have placed dopamine (DA) as key in motor selection and execution processes. Indeed, beyond its role in the reward circuit, this neuromodulator is known to be central in motor control. This capital function is well-illustrated in Parkinson's disease (PD), where, the death of dopaminergic neurons induces severe motor symptoms, such as difficulty in initiating movements (akinesia), and their slowness (bradykinesia). Importantly, the neurophysiological mechanisms underlying motor execution are not fully elucidated. This PhD aimed at determine the spatio-temporal contribution of DA in these processes. In the first part of my PhD project, we developed a "reach-and-grasp" motor task. Then, we characterized its neurophysiology. Our results show that optimal movements relied on the integrity of the motor cortex and basal ganglia outputs. In addition, we highlighted the necessity of the DLS for goal-directed movements and questioned the standard description of the DMS function in goal-directed actions. In the second part of my PhD, we studied the effect of a lack of DA on dexterous movement execution. We mimicked neuronal death observed in PD via the injection of 6-OHDA in the STR. This aimed at characterizing the spatio-temporal dynamic of motor symptoms development. These results demonstrate the necessity of DA in short time scale (in range of minutes) and question the necessity of fast-scale DA dynamics to control online motor execution. In contrast, DA transmission at a slower time scale seems to be important for the reinforcement and the maintenance of the striatal neuronal activity that is necessary for optimal motor execution. Additionally, our results illustrate the resilience capacity of the DLS to the lack of DA. Understanding the compensatory mechanisms will require further investigations, but its characterization could bring innovative ideas to develop new therapeutic strategies for PD. 
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  ) the Caudate nucleus, dorsal, distributed in the anterio-posterior axis and (2) the putamen, larger and more ventral. Closely and more caudal are situated both segment of the GP. The SN and STN are embedded in the midbrain, under the thalamus. In rodents, caudate and putamen exists only under the large term of STR, while the entopeduncular nucleus (EPN) is the homolog

  Figure 1: Simplified anatomo-functional organization of BG circuitry Classic representation of the BG. Glutamatergic cortical projections targets the striatum. The Medium spiny neurons (MSNs) of the striatum are segregated in 2 populations: direct MSNs inhibit the internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulate (SNr) -output structures; the indirect MSNs tend to stimulate the output structures via the disinhibition of the subthalamic nucleus (STN). The hyperdirect pathway from the cortex to the STN serves as a break to inhibit downstream structures of BG. The striatal activity is modulated via dopaminergic projections from the substantia nigra pars compacta (SNc).

Figure 2 :

 2 Figure 2: Topographic organization of cortical and thalamic inputs to the striatum. Schematic representation of glutamatergic inputs from the cortex (upper left) and the thalamus (upper right) to the striatum (bottom) highlighting the topographic organization of these projections. Abbreviations: ac: anterior commissure, CeM: Central medial thalamic nucleus, CL: Central lateral thalamic nucleus, IMD: Inter-medio-dorsal thalamic nucleus, MD: Medio-dorsal thalamic nucleus, SMC: Sensorimotor cortex, PC: Paracentral thalamic nucleus, PV: Paraventricular thalamic nucleus, PFC: Prefrontal cortex. From[START_REF] Voorn | Putting a spin on the dorsal-ventral divide of the striatum[END_REF] 

Figure 3 :

 3 Figure 3: Functional organization of the STR.Schematic coronal sections with the ventral striatum (VS) in A, the dorso-medial striatum (DMS) and dorsolateral striatum (DLS), in B, and the tail of the striatum (TS) in C. and their main input structures and associated functions.

Figure 4 :

 4 Figure 4 : Neuronal diversity in the STR Striatal cells scheme illustrating the diversity of neuronal populations. Mediums Spiny Neurons (MSNs) represent 90 to 95% of the neurons and project to the external segment of the globus pallidus (GPe -for indirect MSNs -iMSNs) or the internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr) -for direct MSNs (iMSNs). Interneurons represents 4 to 5% of the neuronal population.

Functional

  organization: from canonical to current concepts Initially, functions of BG have been established from pathological states and clinical observations from Parkinson's disease (PD) patients. The classical model of BG has been described by Albin et al in 1989. They detailed the anatomy and organization of the circuit in physiological condition and the functional changes occurring in PD. This initial model took into account the two subpopulations of projection neurons of the STR, depending on their

Figure 5 :

 5 Figure 5: Cannonical vs. current functionnal organization of the BG circuitry A. Classical representation of the BG circuitry. B. Updated representation of the BG circuitry.

  summarize, BG nuclei are major actors in movement, from motor learning, to the execution as well as movement modulation. More specific nodes are critical in the correct integration of sensory-motor information and encoding motor action such as the DMS and the DLS, the two dorsal areas of the STR. While the medial portion is associated to early phases of learning, the DLS is crucial for well-learned behavior execution. The projection neurons that integrate information, the MSNs, are segregated into 2 subpopulations depending on their target projections and the expression of dopaminergic receptors. Their firing rate is directly modulated by cortical and thalamic glutamatergic inputs, but local inhibitory mechanisms strongly affect their activity. Across learning, a refinement of the neuronal ensembles occurs, but both pathways are recruited all along the learning process as well as for the correct movement execution. The striatal micro-circuitry supports local plasticity at cortico and thalamo-striatal synapses, via long and/ or short-term plasticity mechanisms which are key into the motor modulation.

(

  CNS), but also in the periphery. It is a metabolite of the amino acid tyrosine. However, it was only considered as a precursor of epinephrine and norepinephrine in initial works. The classical pathway for DA synthesis was first proposed in 1939 by Blashko. It results from the hydroxylation of the tyrosine into L-DOPA (L-3,4-dihydroxy phenylalanine), by the tyrosine hydroxylase (TH). It is then transformed into DA by the DOPA decarboxylase. The activity of TH is crucial for the rate synthesis and is strongly modulated. Its expression is classically used to identify of dopaminergic neurons.

Figure 6 :

 6 Figure 6 : Dopaminergic systems A. Scheme representing the mesolimbic projections from the VTA (in blue) and nigrostriatal projections from the SNc (in purple). B. Topographic organization of these projections from the VTA and SNc to the STR (Adapted from Chuhma, 2017).

  Indeed, besides different dopaminergic inputs to the DMS and DLS, they also exhibits different activity patterns. In addition to the projection diversity, a functional heterogeneity exists.Farassat et al. tried to fill the gap between anatomy and functions heterogeneity reported in DA midbrain population. They highlight distinct pattern of activity of dopaminergic neurons projecting to the DLS, depending on their origin. Namely, DA neurons from the
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 7 Figure 7 : Extensive arborization of dopaminergic neurons

Figure 8 :

 8 Figure 8 : Dopamine receptors subtypes in the plasmic membrane Representation of D1-like receptors and D2-like receptors in the plasma membrane, coupled with their G proteins(From Martinez et al., 2020) 

Figure 9 :

 9 Figure 9 : DA signaling in the context of Reward Prediction Error

(

  motivation). Specific control of their two mode of firing can subserve different behavioral function. Indeed, DA neurons can encode reward value using phasic burst of activity and motivational states through tonic activity. These reward-related behaviors are principally relayed by VTA dopaminergic neurons that mostly target the ventral striatum. However, the dopaminergic system can be subdivided into complex sub-circuits projecting to different BG area and contributing to various functions. As described previously, the second main dopaminergic structure is the SNc which densely innervate the dorsal portion of the STR, a region crucial for motor-related behavior. Therefore, it is likely that SNc neurons participate to motor functions and I will review the scientific evidences in the following sections.

  not habits in an over-trained lever press task, van Elzelingen et al. showed an overall decreased signaling in the DMS at pellet delivery. However, during lever presses (on variable interval schedule), they observed an increased DA release. Using optogenetic stimulations (1sec, 20Hz, at nosepoke) to increase DA release across training promoted the development of habitual behaviors(van Elzelingen et al., 2022a). This is consistent with recent findings on compulsive behaviors. While habitual behaviors are characterized by a lack of flexibility, and expressed in physiological state, they become pathological in compulsive behavior.Promoting DA, with similar protocols, in the DMS accelerated the development of compulsive behaviors, while inhibiting DA delayed it[START_REF] Seiler | Dopamine signaling in the dorsomedial striatum promotes compulsive behavior[END_REF], highlighting the role of DA in the DMS into promoting habitual movements.Striatal DA in the control of spontaneous and cued actions has generated a large number of studies (for review, seeTable 2), that all conclude that DA is crucial for correct movement execution. Beyond execution, DA has been shown to encode movement parameters, independently of the presence of a cue. Interestingly, as in a pavlovian task, DA signals 'Go' cues, and predicts movements. Dynamically, it results however from inhibitory studies that, the timing of action of DA remains debated. In addition, while some claims the necessity of DA in immediate trial to trial execution, others argue for slower dynamics. From the spatial point of view, the necessity of DA in the main input structure of BG is clearly established. However, the specific contribution of DA in the DMS vs. the DLS for goal directed vs. habitual actions, respectively, have recently been challenged. To summarize, DA is a crucial neuromodulator in the CNS that encode daily functions and allows for adaptation in an ever-changing environment. DA system is thus crucial for survival in all species. Besides the mode of firing activity (phasic or tonic) of dopaminergic neurons, their diversity support the diversity of functions associated to DA. This key neurotransmitter has been shown to encode the RPE as well as motivation, mainly via neurons of the VTA projecting to the ventral STR. In addition, DA is crucial in motor function. It signals movements (spontaneous, cued or habitual), and is suggested to encode motor parameters such as the velocity or trajectory. However, its precise timing of action, and spatial necessity is not clearly established and varies on the context. In this second chapter, we have summarized the main functions and dynamics of DA transmission in basal ganglia circuits. However, they were mainly described from a physiological point of view. Indeed, we have seen how DA allows for the correct learned and skilled movement execution. Yet, insights about DA functions could also come from studying pathophysiological conditions. In the next chapter, we will thus present the motor dysfunctions induced by the loss of DA neurons in Parkinson 's disease.

Figure 10 :

 10 Figure 10: Time course of non-motor symptoms of PD Summary of the non-motor symptoms developed and their progression (in green) over the evolution of the disease. The diagnosis is established at the black dashed line once motor clinical dysfunctions (in red) occur. From Schapira et al, Nature Neuroscience, 2017

Figure 11 :

 11 Figure 11 : Scheme of BG organization in DA depleted contextWhen the release of DA decrease (in pink), it induces a hyperexcitability of the indirect pathway (bold purple line), thus increasing the glutamatergic (in green) excitatory tone exerted by the STN on the output structures (GPi/SNr), resulting in a stronger inhibition of the thalamus and downstream structures.

Figure 12 :

 12 Figure 12 : Behavioral training setup A. Picture of the behavioral operant box from left point of view, with the control camera above, the levers and the reward spout. B. Setup from the back of the operant box showing the position of the 3 LEDs: the central one indicating the start of the trial, and the side one indicating the lever to press C. Setup from the top, showing the position of the two pads, and the two levers.

Figure 13 :

 13 Figure 13: Description of the behavioral task A. Schematic representation of the operant box. B. Time scale of the task .C. Evolution of the action time (AT) on the left lever (L1 -in blue) and on the right lever (L2-in orange) and cumulated number of lever presses (LP) across daily session of learning (upper panel) in n= 13 animals. D. Number of animals engaged in a task depending of the task complexity (rated 2 to 8). Evolution of the mean task for n=13 animals across learning. The color code refers to the table E. Evolution of complexity of the task associated with the steps and rules.

Figure 16 :

 16 Figure 16: Evolution of movement parameters across late phases of learning A. Evolution of reaction time (RT) and movement time (MT) on left and right lever (RT1/MT1 and RT2/MT2) in ms, during late phase of learning (from task 6). B. Evolution of the number correct vs initiated trials on the left (L1) and right (L2) levers, normalized on 20 min.

Figure 14 :

 14 Figure 14: Cumulated trials across late phase of learning Average number of accumulated correct (dashed line) and initiated (full line) trials on left (L1 -blue) and right (L2 -orange) levers.

Figure 15 :

 15 Figure 15: Evolution of errors across late phases of learning

Figure 17 :

 17 Figure 17: Differential contribution of the cortico-BG loop for optimal movement executionA, B and C. Evolution of movement parameters (reaction time -RT and movement time -MT), the success rate, and the number of lever presses (LP) correct and initiated per 20 min following the injection of ibotnic acid in the motor cortex (A), the striatum (B), or the output structures of BG (e.g. EPN and SNr (C). Representative brain slice of one animal after ibotenic acid injection with GFAP immunostaining (Green -active astrocytes marker) andNeuN (Red -neuronal marker). D. Cylinder test scheme and average number of contact of the ipsilateral (green) and contralateral (blue) paw on the cylinder wall before (ctl) and 10 days after the lesion in the motor cortex (left), the striatum (middle) and the output structures (right).

  Overall, this set of experiments confirmed the necessity of the STR for movement performances and fine motor execution. Most importantly, it revealed the requirement of the cortex for the production of optimal skilled reaching and grasping movements. This might reconcile past studies on the subject, while the motor cortex is not necessary for gross movement production such as locomotion, it is for precise skilled movement execution such as grasping. Additionally, we revealed the nonnecessity of BG output structures for movement execution. While it might seem surprising at first, we hypothesized that as compared to a striatal lesion, that lead to abnormal BG output activity, removing the BG tonic outputs (by lesioning EPN and SNr) does not prevent movement onset. All things considering, it seems that not having basal ganglia output activity is less deleterious than having abnormal BG output activities, as previously suggested[START_REF] Turner | Basal ganglia contributions to motor control: A vigorous tutor[END_REF].

Figure 18 :

 18 Figure 18: Errors associated to ibotenic acid injections A, B and C. Average number of bad presses (blue), cut off MT (mint) and cut off RT (gold) per 20 minutes across days after the injection of ibotenic acid in the motor cortex (A), the striatum (B) or the EPN and SNr (output nuclei, C).

Figure 19 :

 19 Figure 19: Evolution of movement parameters and performances on the ipsilateral lever after ibotenic acid lesions in the cortico-BG circuitry A, B, C, D, E and F. Evolution of reaction time (RT) movement time (MT), the success rate, and average number of lever presses correct and initiated per 20 min before and after ibotenic acid injections in the motor cortex (A,B), the striatum (C, D) or the output structures (E, F) on the ipsilateral lever, depending on the strategy (straight or crossed) to press the lever.

Figure 20 :

 20 Figure 20: Sensitivity of movement execution to the value and the presence of the reward A, B. Schematic representation of the behavioral design during the devaluation (dev) (A) and the extinction (ext) (B) experiment (upper panels). Number of lever presses (LP)(left) and success rate (right) in control (ctl) and devalued (A) or extinct (B) conditions on left (L1) and right (L2) levers. C, D. Representative example of the distribution of movements parameters (reaction -RT and movement time -MT) in control (green) and devaluation (C) or extinction (D) conditions. E, F. Population analysis of movement parameters in both conditions. Two-way Anova, Tukey post hoc testDev: n=5, p<0,0001 ; p<0,0001: ; p= 0,0017 ; p=0,042; Ext: n=13, p:<0,0001 ; p=0,023 ; p=0,076 ; p<0,0001. G. Comparison of the 50 first trials vs. 50 last trials of extinction experiment for RT and MT. H. Comparison of the mean MT1 in control vs extinction experiments for each animals (n=13). Group A (deep blue)(Wilcoxon test, p=0,0039, **), Group B (purple) (Wilcoxon test, p=0,12, ns). I. Number of LP in the control and extinction experiment depending on group A (deep blue) or group B (purple) previous identification.

Figure 22 :

 22 Figure 22: Movement parameters distributions depending on the strategy use to reach the lever after devaluation and extinction A and B. Time-scale of the devaluation (A) and extinction(B) experiment and distribution of movement time (MT) value in function of the associated reaction time (RT) (right panel). C and D. MT and RT on the left (L1) and right (L2) levers depending on the used strategy (straight or crossed) to reach the lever in the devaluation (C) and extinction experiments (D).

Figure 21 :

 21 Figure 21: Errors associated to the devaluation and extinction experiments A and B. Average number of errors on the left (L1) and right (L2) levers in baseline conditions and during devaluation (A) and extinction (B) experiments.

Figure 23 :

 23 Figure 23: Movement parameters distribution per animals before and during extinction sessions Reaction time (RT) and movement time (MT) on left (L1) and right (L2) lever during a control session and a extinction session. n= 13, Wilcoxon test Blue and purple lines highlight rats which display an increase (blue) or a decrease (purple) of their MT values during the extinction session as compared to baseline. Paired t-test RT1,p=0,001, RT2, p=0,78, MT1, p=0,96, MT2, p=0,185. 

Figure 24 :

 24 Figure 24: Muscimol injections in the DLS but not the DMS impaired movement execution A, F. Schematic representation of the experimental design with muscimol injection in the dorso-lateral striatum (DLS) (A) or dorso-medial striatum (DMS) (F) and the observation of an effect on the contralateral paw relative to the injection side. B, G. Representative example of the evolution of movement parameters (reaction -RT and movement -MT) before (green) and after muscimol injection (purple -DLS, B; blue -DMS, G). C, H. Success rate and number of lever press (LP) per 20 min in baseline, saline and muscimol condition in DLS (C) and DMS (H) Friedman test, Dunn post hoc test. DLS -correct trials: baseline -saline, p=0.53, baseline -muscimol, p=0.0002 (****), saline -muscimol, p=0.021 (*); DMS -correct trials: baseline -saline, p=0.86, baseline -muscimol, p=0.86, saline -muscimol, p<0.99 DLS -success rate: baseline -saline, p>0.99, baseline -muscimol, p=0.0016 (##), saline -muscimol, p=0.036 (##); DMS -success rate, all comparisons p>0.99. D, I. Population analysis of movement parameters (RT and MT) during baseline and muscimol sessions in the DLS (D) and the DMS (I). Oneway Anova, Tukey post hoc test DLS: RT: p=0.99, p=0.0007, p=0.0001; p=0.81, p<0.0001, p<0.0001; p=0.723, p<0.0001, p<0.0001; p=0.81, p=0.96, p=0.91.E, J. Comparison of the average RT and MT for each animal before and after muscimol injection in the DLS (E) and the DMS (J). Wilcoxon test DLS: RT: p=0.024,MT: p=0.011; DMS: RT: p=0.87, MT: p=0.99. 

  In this last set of experiment, our results show the necessity of DA for optimal movement execution. Importantly the low doses used might explain the slight effect noted. However, it shows the role of DA for the execution of goal directed and optimized movement. These results are consistent with the DLS inactivation experiment and underline the function of this specific striatal region for optimal movement execution.

Figure 26 :

 26 Figure 26: DA dependency in the DLS A. Schematic representation of the experiment and representative traces for one animal of reaction time (RT) and movement time (MT) values before (in green) and after the injection of dopaminergic antagonists (SCH23390 -left panel in blue, Raclopride -middle panel in green, or both -right panel in purple). B. Success rate and average number of lever presses (LP) performed in 20 min before and after antagonists injections. C. Population analysis of movement parameters (RT and MT) in the different conditions. One-Way ANOVA, Tukey post hoc test, RT: Baseline vs. saline,p=0,0048; saline vs. SCH23390, p=0,01; saline vs. raclopride, p=0,82; saline vs. both, p=0,21; MT: Baseline vs. saline, p=0,67; saline vs. SCH23390, p=0,99, saline vs. Raclopride, p=0,0066; saline vs. both, p<0,0001. 

Figure 27 :

 27 Figure 27: Errors associated to antagonists injections Number of cut off MT, cut off RT and bad presses in baseline (green), saline (coral), SCH-23390 (dark blue), Raclopride (light blue) and both SCH-23390 and Raclopride (purple) conditions.

Figure 28 :

 28 Photometry recording

  Thus, this first set of experiment aimed at better determining the very short timescale (i.e. milliseconds to seconds) dynamics of DA action. However, a brief optoinhibition of DA neurons during all movement planning (i.e. RT) or action execution (i.e. MT) was not sufficient to modulate the online execution of fine movements.

Figure 29 :

 29 Figure 29: Optogenetic inhibition of DA neurons do not affect online movements A. Schematic representation of the experimental design with the expression of the ArCh3.0 opsin in DA neurons of Th-cre rats. The single unit opto-electrode is positioned to record neurons of the SNc. B. Representative example of the recording of a DA cell, characterized with large action potential (AP) and the expression of tyrosine-hydroxylase (TH). C. Representative example of the inhibition effect (2sec, continuous, 15mW) on DA neuron activity. D. Population PSTH of n=14 neurons align on the light stimulation onset. Proportion of neurons inhibited (Inhi) or non-modulated (NM) by the optogenetic stimulation. E, H Time scale of laser stimulation during the reaction time (RT, E) or the movement time (MT, H). F, I. Average correct lever press, RT and MT during nonlaser (grey) and laser (green) trials. G, J. Trajectories and peak velocity for non-laser (NL, in grey) and laser trials (in green) following inhibition during RT (G) or MT (J).

Figure 30 :

 30 Figure 30: Determination of the optimal volume for 6-OHDA injection in the DLS Th-immunostaining of brain slices of 3 different animals respectively injected with 0,5 μL, 1 μL and 1,5 μL of 6-OHDA in stereotaxic conditions. Representative and qualitative reconstruction of the striatum of each animal (in dashed black line) and the extent of the DA lesion (in red).

Figure 31 :

 31 Figure 31: 6-OHDA injections impair rapidly DA striatal release A. Representative scheme of the experimental design in TH-cre rats (left) and representative brain slice with AAV-GRAB-eYFP expression. B. Representative trace of one recording in baseline condition of the delta F/ F signal after phasic (▼) and tonic (*) optogenetic stimulations. C, D. Heatmap of 10 baseline trials aligned on the optogenetic phasic (C) and tonic (D) stimulations onset (upper pannel), Z-score signal of GRAB DA sensor aligned on stimultion onset in baseline conditions (dark green) and 1 min (blue) or 5 min (light green) after the 6-OHDA injection in the striatum. E, F. Area under the curve (AUC) of the delta F/F signal after the injection of 6-OHDA or Saline, aligned on optogenetic stimulation onset (4p15Hz, E; 5p5Hz, F).Two-way ANOVA, Tukey post hoc test, Compared to baseline, 4p15Hz: 1min, p=0,036; 5min, p=0,006; 15min, p=0,003; 30min, p=0,003; 45min, p=0,003, 1h, p=0,003, 5p15Hz: 1min, p=0,17; 5min, p=0,35; 15min, p=0,024; 30min, p=0,018; 45min, p=0,026, 1h, p=0,023. 

  , 6-OHDA toxin infusion in the striatum induces fast and long-lasting decrease of DA release. Importantly, this loss of DA is irreversible as supported by the post hoc immune-histological verification showing the total absence of TH staining at the site of infusion.

Figure 34 :

 34 Figure 34: Evolution of movement kinematics after the chronic lesion of DA fibers in the DMS A. Evolution trial-by-trial of movement parameters and the distribution of the values (reaction time -RT, upper panel, movement time -MT, bottom panel) before and after 6OHDA injection. B. Evolution across days of MT, RT, success rate and the average number of lever presses (LP) per 20 min. C. Representative THimmunostaining after DAB reveal of a brain slice after 6OHDA injection in the DMS, and its representative reconstruction in one animal. D. Comparison of z-score RT and MT before, 1 day and 7 day after the DA lesion in the DMS vs. the DLS. One-way ANOVA, Tukey post hoc, RT: D1 DLS vs. DMS, p=0,57; D7 DLS vs. DMS p=0,079; MT: D1 DLS vs. DMS, p<0,0001; D7 DLS vs. DMS, p<0,0001

Figure 35 :

 35 Figure 35: Evolution of errors in DMS DA depleted rats A. Evolution across days of the number bad presses, cut off MT (initiated movement not completed), and cut off RT (initiated trial but no movement). B. Relative number of ipsilateral and contralateral contact with the cylinder (relative to the 6OHDA injection side).

Figure 37 :

 37 Figure 37: DA depletion affect spontaneous movement execution A. Time-scale of the 'internal reach' task in which rats self-initiate the task with the metallic pad, and self-initiate reach-and-grasp movements. B. Evolution of the number of lever press in left (blue) and right (orange) levers and anticipations (anticip.) across the learning of the task. C. Distribution of MT before and after (orange) muscimol injection, violin plot of MT, success rate and average number of lever presses (LP) per 20 min for n=4 rats. D. Distribution of MT before and after 6OHDA injection and representative TH-immunostaining reveal with DAB after the experiment. E. Evolution of MT, success rate and average number of LP across days following the DA depletion in the DLS.

Figure 38 :

 38 Figure 38: Necessity of the striatal DA-depleted DLS for motor recovery A. Schematic representation of the experiment. Muscimol is injected in the DLS via intracerebral cannula and we monitor the movement parameters of the contralateral paw. B. Success rate (in %) and number of correct and initiated lever press (LP) before (green) and after (orange) muscimol injections, before and after 6-OHDA injections.C. Movement parameters (RT and MT), in each conditions (baseline in green, muscimol in orange)(n=5). Two-wayANOVA, RT: baseline vs. muscimol, p=0,0085, p=0,50, p=0,0005, p=0,34; MT: baseline vs. muscimol, p<0,0001, p=0,99, p<0,0001, p=0,0005. 

Figure 39 :

 39 Figure 39: DA release dynamic during reach-and-grasp movements A. Schematic representation of the experiment in behaving rats with the expression of a DA sensor (GRAB DA) in the DLS associated to canula and optic fiber implantation. Representative viral expression with GFP amplification in a brain slice. B, C, D and E. Representative heatmap (upper panel) and average delta F/F signal (bottom panels) aligned on the cue presentation (B), the initiation of the movement (C), the correct lever press (D) and wrong lever press (LP -E).

Figure 40 :

 40 Figure 40: DA release in incorrect trials and in the ipsilateral hemisphere A. Average delta F/F signal aligned to the cue presentation (left) and the initiation of the movement (right) of incorrect trials. B. Average delta F/F signal in the ipsilateral hemisphere to the movement, aligned on the cue (left), the initiation of the movement (middle), and the LP (right).

Figure 41 :

 41 Figure 41: DA release during extinction A. Schematic representation of the experiment where presses on the preferred paw of rats is not rewarded by sucrose. B, C and D. Average delta F/F signal (left) of n=3 animals and heatmap of one animal across the extinction session aligned on the 'Go' cue presentation (B), the movement initiation (C) and the LP (D).

ABFigure 42 :

 42 Figure 42: DA release is abolished after DA fibers lesions A, B. Average delta F/F signal aligned on the cue (left), the movement initiation (middle) and the LP (right) after 6-OHDA intra-striatal injections on the day of the injection (correct trials -A), during akinetic trials (initiated trials -B). Heatmap of the normalized signal (bottom panel). C. Representative TH-immunostaining (in red) associated to an amplification of eYFP (in green).

Figure 43 :

 43 Figure 43: DA functional necessity in the DLS after 6-OHDA lesions A. Schematic representation of the experiment. Antagonists (SCH-23390 and Raclopride) are injected in the DLS via intracerebral cannula and we monitor the movement parameters of the contralateral paw. B. Success rate (in %) and number of correct and initiated lever press (LP) before (green) and after antagonist injections. C. Movement parameters (RT and MT), in each conditions (baseline in green). One-way ANOVA, RT: baseline vs.SCH 23390, p<0,0001, baseline vs. Raclopride, p<0,0001, baseline vs. SCH23390 + Raclopride, p<0,0001; MT: baseline vs. SCH 23390, p<0,0001, baseline vs. Raclopride, p=0,30, baseline vs. SCH23390 + Raclopride, p<0,0001. 

Figure 44 :

 44 Figure 44: dMSNs adapts to DA lesions and participate to motor recovery A, B and C. Average delta F/F signal of the GCamP activity in dMSNs aligned on the cue presentation, the movement initiation and the lever press (A), the anticipatory movements (B) and incorrect trials (C). Heatmap ordered on the RT value (the first line represent the z-scored fluorescence signal of the shortest RT) aligned to 3 steps of the task. D. Average signal and heatmap after the 6-OHDA injection. E. Distribution of the RT and MT before (green) and after (coral) DA-depletion in 3 animals. Average number of correct and initiated LP in the two conditions. F, G and H. Average delta F/F signal during correct movements (F), incorrect trials (G) during 'akinetic-like sessions, and after the motor recovery (H). I. Viral expression of the calcium sensor in green after EGFP amplification and TH-immunostaining.

Figure 45 :

 45 Figure 45: iMSNs activity before and after 6-OHDA injections A, B, C and D. Average delta F/F signal aligned to the cue presentation, the movement initiation and LP as represented with the schemes, in baseline conditions (A), after the injection of 6-OHDA (B), during akinesia (C) and after the motor recovery (D).

  addition, we showed in the last experiments a similar pattern. While the activity of dMSNs and iMSNs were associated to the movement execution in physiological conditions, the DA lesion disrupted it. Besides, we showed that motor improvements were associated to a recovery of the dMSNs signaling. These preliminary results overall suggest for striatal local adaptations. Overall, during my PhD work, we have demonstrated the necessity of DA in the DLS at short time scale for dexterous movement execution in a goal-directed reachand-grasp lever press task. Importantly, when phasic DA activity is no longer present following chronic 6-OHDA lesions, we also highlighted the development of compensatory mechanisms that can rescue motor function. We have shown that these mechanisms rely on striatal adaptations in the DA-depleted area and a residual DA signaling.

Table 1 : Agonists and antagonists of D1-R and D2-R

 1 

		D1-R	D2-R	D1-R / D2-R
	Agonists	SKF-38393	Ropinirole, Pramipexole Apomorphine
	Antagonists	SCH-23390	Raclopride, Sulpiride	Spiroperidol,

Besides DA receptors, DAT are described. It is expressed in the plasma membrane of both soma, dendrites and presynaptic terminals and can translocate DA against its concentration gradient. DAT is crucial for the DA signaling termination and is a regulator of DA dynamic (Condon et al. 2019). Indeed, reuptake of extracellular DA ensure its clearance in the synaptic cleft. Because of the DAT specific distribution in the STR, DA clearance is highest in dorsal regions. It therefore participates into the limitation of DA signaling spatially and temporally

Figure 36: Time but not training is required for motor recovery A.

  Experimental design of untrained rats as compared to trained rats. B. Representative values distribution of RT and MT of one animal before and after 6OHDA, on the day of the injection. C. Evolution of movement parameters, success rate and number of lever presses per 20 min across days before the lesion, 1 day, and after the no training period (D2 to D6). D. Comparison of z-score RT and MT between trained and untrained animals. One-way ANOVA, Tukey post hoc test, RT:

  Key-words: Dopamine; Striatum; Motor Behavior; Parkinson's Disease; Cortico-basal ganglia loop; calcium imaging Unité de recherche Institut des Maladies Neurodégénératives, CNRS, UMR 5293 Centre Broca Nouvelle-Aquitaine, 146 rue Léo Saignat 33076

Overall, in these studies, we unravel the spatial and time scale dynamic of DA for movement execution. Indeed, we showed the necessity of DA in the DLS specifically, as compared to the DMS for goal-directed movement execution. Additionally, we questioned the online contribution of DA for action execution as we demonstrated that its integrity was crucial at the scale of minutes, but not for online motor control.Importantly, this work opens new questions about compensatory mechanisms occurring in the STR. Indeed, the functional recovery observed in DA-depleted animals seems to rely on adaptations of the striatal network. Furthermore, their understanding could bring substantial information about how PD patients do not exhibit motor impairments in the first stage of the disease, and thus help for the development of new therapeutic strategies.
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Abbreviations Objectives

In this global context of the contribution of DA into movement execution in the striatal micro-circuit, some gaps remain.

Most studies on goal-directed actions have mainly investigated the contribution of DA in movement execution without dissecting motivational signals. On the other hand, when motivation was isolated, studied motor actions were spontaneous action. Thus, is order to better study the specific DA role to skilled movements we designed a new behavioral task.

The first objective of my PhD project was therefore, to characterize our newly developed reach-and-grasp lever press task. The acquisition of this task requires few weeks and several hundreds of trials. We first we asked which structure of the cortico-BG loop was necessary for the correct motor execution. To do so, we used an irreversible approach based on stereotaxic injections of ibotenic acid in the cortex, the STR and the BG output structures (e.g. EP and SNr). In a second step, we wondered whether the rats' performances after the extensive training relied on goal-directed or habitual behavioral strategies. We assessed it with classical devaluation task. Finally, we tested which dorsal region of the STR (e.g. DLS or DMS) was critical for goal-directed movement execution, using the GABA agonist, muscimol.

Once characterized as a goal-directed task and knowing the DLS was crucial for optimized motor execution, the second objective was to assess the DA contribution in action execution, looking at time scale and striatal sub-region dependency. To do so, we used chronic lesion of the DLS vs. DMS dopaminergic fibers with the injection of 6-OHDA through intracerebral cannulas. We were able to monitor fine movement parameters (e.g. the reaction time and movement time) before and after the injection. In parallel, we used GRAB-DA sensors to monitor DA release, and assess how it was affected minute-by-minutes following the toxin 6-OHDA injection.

Finally, the third objective was to shed light on the neuronal mechanisms occurring in the STR during movement execution, and how the pattern of activity was affected after DA depletion. We used transgenic rats expressing the cre-recombinase protein either in dMSNs and iMSNs neuronal populations. In this last set of experiments, we were able to monitor neuronal adaptation of MSNs, first in the context of motor deficits, and then, after the functional recovery.

Overall this project aimed at evaluates the DA spatio-temporal dynamics on striatal activity and its dependency for the correct execution of goal directed actions.

Results

Behavioral tests

Devaluation. In order to evaluate the goal-directed dimension of the task, we performed a devaluation task. For this, rats had access to sucrose (5%) ad libitum for 2 days in their home-cage, and were then tested in the operant box. The behavioral session lasted for 1hour. Each correct trial on the left and the right lever were rewarded with 40uL of sucrose (5%).

Extinction. The extinction experiments were performed in the same condition as a control session in term of access to water prior to the session (water restriction). Then, during the behavioral testing, no sucrose was delivered after correct lever presses on L1 for all of the session which lasted 1h. On the opposite presses on L2 were rewarded as normal with 40uL of sucrose (5%).

Ibotenic Acid behavioral Assessment. In order to follow the movement parameters evolution after the lesions, 3 days after the ibotenic acid stereotaxic injections rats were tested in the operant box, during a 1h session. Then, they were tested every day from day 7, up to recovery or to 20 days after the injection.

Muscimol and DA antagonists behavioral Assessment. Rats motor performances were first assessed during a baseline session of at least 30 trials. Then, animals received muscimol or DA antagonist solution as described in their respective section above. After a short resting period of 5 minutes, animals were back in the operant box in order to assess the effect on movement parameters and performances.

Quantification of motor parameters

All data were acquired with Poly Software (iMetronic, Bordeaux, France). We monitored the reaction time (RT), the movement time (MT), the number of correct presses on each lever, the number of initiated trials, and the number of errors (i.e. anticipations, bad presses, too long movement time -cut off MT, too long reaction time -cut off RT). Data were exported in excel files and analyzed with a Python script.

Histology

After 20 days of behavioral training following the ibotenic acid injections, rats were sacrificed with an overdose of pentobarbital (Exagon). An intracardiac perfusion (PBS 0.01mM following by formaldehyde 4%) was then performed. The brain was kept 48h in a 

Behavioral training

The training was the same as described in the previous Chapter. After the stabilization of their performances and movements kinematics, animals were implanted with intracerebral cannulas during stereotaxic surgeries.

Internal reach task

In order to define the contribution of sensory auditory 'Go' cue signals in the task we designed a variant of the task, called 'internal reach'. A group of n=4 rats were trained in this task. It was the exact same lever pressing task to obtain a reward (40uL of sucrose 5%), at the difference that it was not triggered by external 'Go' cue but triggered 'internally' as deliberate choice of the rat. We only impose on the rats to stay in contact with metallic pads for at least 200 ms before movement onset. If the rats press the lever before this time, or when only one pad was activated, the trial was considered as an anticipation.

Stereotaxic implantations

In order to monitor movement execution right after the infusion of 6-OHDA, rats were implanted with guide cannulas under stereotaxic conditions. Briefly, they were anesthetized with isoflurane (induction 5%, maintenance 1.5%; Iso-vet), fixed on a stereotaxic frame and placed on heating blanket. They received 0.5 mg/kg of opioid analgesic (s.c., Buprenorphine, Buprecare) and 6 mg/kg of local anesthetic (s.c., Lidocaine, Lurocaine). An ophthalmic ointment was used all along the surgery to prevent eye dehydration. After craniotomies, guide cannulas (diameter: 26G, length: 6mm, Platic1, Phymep) were implanted and secured with bone cement either in the dorsolateral striatum (DLS, coordinates AP: 0.2 mm anterior to bregma, ML: 4.0 mm, DV: -4.5 mm) or in the dorsomedial striatum (DMS, coordinates AP: 0.4 anterior to bregma, ML: 2.1 mm, DV: -4 mm) depending of animals, on the contralateral side of the preferred paw for each rat. At the end of the surgery animals received 5mg/kg of anti-inflammatory drug (Carprofen, Rimadyl).

Fiber photometry and DA sensing

In order to determine the temporal dynamic of action of 6-OHDA on DA release, we sensed DA with GRAB-DA sensor [START_REF] Sun | A Genetically Encoded Fluorescent Sensor Enables Rapid and Specific Detection of Dopamine in Flies, Fish, and Mice[END_REF]. For this, we used a double viral approach, with an excitatory red-shifted opsin (Chrimson-mCherry) injected into the SNc in order to induce photo-stimulation of DA neurons, coupled with the injection of DA sensors in the STR. Virus Optogenetic stimulation were induced in parallel of fiber photometry recordings using Spike2 Software. We used 2 protocols to mimic the two physiological modes of DA neurons firing: bursting at 15 Hz or tonic at 5 Hz. To reproduce the bursting mode, we applied 4 pulses of 5 ms long light stimulation at 15Hz (4p15Hz), and for the tonic we used 5 pulses of 10 ms at 5Hz (5p5Hz). Light intensity in both cases was set at 15 mW. 4,8 sec separated the phasic and tonic stimulations, and 9,2 sec separated the tonic from the phasic stimulations.

6-OHDA lesions

Anesthetized rats. Rats received 6-OHDA in order to characterize the toxin dynamic on DA release. The injection was performed through an intracerebral cannula coupled to the photometric fiber. The 6-OHDA (10 μg/μL) was freshly prepared, diluted into ascorbic acid (1%) and loaded in the cannula via a Hamilton micro syringe of 5 μL coupled to a pump. Prior to the 6-OHDA lesion, we injected desipramine (12 mg/kg, i.p.) in order to preserve noradrenergic fibers from the 6-OHDA action. After baseline recordings, 6-OHDA (10 μg/μL, 1 μL, rate 0,6 μL/min) was injected.

Behaving rats. Once animals were expert in the task, they were implanted with intracerebral guide cannulas as described above. After a recovery period, rats were trained in order to reach their previous level of expertise in motor execution. Then, we proceeded to 6-OHDA lesions. Prior to the intracerebral infusion, we assessed motor performances during a baseline session of at least 40 correct trials. Then, we injected desipramine (1,2 μg/μL) through the cannula. We waited for 10 min and started the 6-OHDA injection (10 μg/μL) at a rate of 0,6 μL/min. We waited 3 min in situ and removed the cannula. Rats had a 5 min period of rest in their homecage before starting a behavioral session of 1h.

Histology

After at least 20 days of behavioral training after the 6-OHDA injections, rats were sacrificed with an overdose of pentobarbital (Exagon). An intracardiac perfusion (PBS 0.01mM following by formaldehyde 4%) was then performed. The brain was kept 48h in a solution of PBS 0.01 mM -formaldehyde 4% and then cut in 50 μm slices with a vibratome (VT1000, Leica Microsystemes). The slices were stored at 4°C in PBS 0.01 mM -Azide 0.1%. To validate the lesions, slices were incubated first with a DAKO blocking buffer to block endogen peroxidases for 10 min. The sections were rinse 3 times in PBS 0.01 mM, then incubated with a saturation solution (PBS 0.01 mM -BSA 1/50 -Triton X100-0.3%) for 30 min, and finally incubated overnight with primary antibodies against tyrosine hydroxylase (TH, 

A, B, D, E. Evolution trial-by-trials (left panel) and distribution of the values of reaction time (RT -A, D) and movement time (MT-B, E) before (in green) and after 6OHDA injections (in blue and coral) in the contralateral (A, B) and the ipsilateral (D, E) DLS. C, G Evolution of movement parameters (RT and MT), success rate and average number of lever presses (LP) per 20 min across days after the lesion in the contralateral side (C) or the ipsilateral side (F). G.

Comparison of z-score RT and MT before, 1 day and 7 days after the lesion. H. Reaching trajectories of the paw before, 3 days, and 8 days after the injection showing the development of akinesia and a functional recovery. I. Representative THimmunostaining after DAB revelation of rat injected with 1uL of 6-OHDA and its reconstruction in space. J. Comparison of motor deficits depending on the volume and the dose injected. K. Linear regression analysis of the day of recovery in function of the extent of the lesion in percentage of the striatal size

In addition, we tested motor impairments using the classical cylinder test (Figure 33B). We first noticed a strong asymmetrical use of their forepaws. However, in opposition to our results in the reach-and-grasp task, we observed a maintenance of the asymmetry suggesting for a higher sensitivity of this test for DA depletion. For each injected rat, we checked the effectiveness and the localization of the lesion with a TH-immunostaining. Thus, we were able to compare the behavioral effect of a smaller concentration, as well as a larger volume, which affects the extent of the DA depletion. Our results showed that a total lesion of the DA fibers in the STR did not allowed for any recovery. In addition, we showed a correlation between the size of the lesion, and the length of the motor deficit period (Figure 32 K,L). 

Discussion

136 neurons had no effect on an ongoing movement performance or kinematics [START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF]Bova et al., 2020b). Additionally, blocking DA signaling with antagonists in the DLS have suggested as well a longer term effect (over sessions) [START_REF] Leventhal | Dissociable effects of dopamine on learning and performance within sensorimotor striatum[END_REF].

However, it has also been demonstrated that optogenetic inhibitions can alter performances and disrupt movement initiation [START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF]. Importantly, this work investigated the DA necessity in locomotion, which is a spontaneous non-skilled movement. Overall, our work shows the short scale necessity of DA.

Dopaminergic compensation mechanisms for motor recovery

While we have evidenced the necessity of DA at relative short time scale, we have also observed a functional recovery. Indeed, correlated to the extent of the lesion, rats displayed an improvement of their performances and motor kinematics.

Compensatory mechanisms in PD patients are crucial. They allow, while there is a progressive loss of DA neurons, the correct movement executions, thus, not impairing patient daily life. However, once more than 80% of neurons are degenerated, compensation mechanisms are no longer sufficient, and motor deficits appear. Thus, it suggests, for they maintenance that a residual DA may be necessary. Consistently, we have showed that blocking DA signaling in the DA-depleted DLS impaired the motor recovery. Therefore, it suggests for a necessity of the DA transmission during the motor recovery. Few hypotheses could be explored to better understand where DA signaling may come from.

First, it has been demonstrated that following DA depletion, re-sprouting of dopaminergic terminals occur [START_REF] Song | Striatal Responses to Partial Dopaminergic Lesion: Evidence for Compensatory Sprouting[END_REF]. In monkeys recovering from MPTP injections, there is an increase of dopaminergic fibers in the caudate nucleus and putamen [START_REF] Mounayar | A new model to study compensatory mechanisms in MPTP-treated monkeys exhibiting recovery[END_REF]. However, we showed that when animal exhibited motor impairments, the DA lesion was total in the DLS after a TH-immunostaining. In addition, this reinnervation have been exclusively demonstrated at long time scale (over months) [START_REF] Dravid | Spontaneous recovery from motor asymmetry in adult rats with 6-hydroxydopamine-induced partial lesions of the substantia nigra[END_REF][START_REF] Finkelstein | Axonal sprouting following lesions of the rat substantia nigra[END_REF]. Thus, it seems unlikely that there is a re-sprouting in the DLS.

Secondly, we may hypothesize for a diffusion of DA from adjacent regions. Indeed, we are performing total but local DA depletion in the DLS. Thus, even if there is no collateral reinnervation, DA can diffuse. Consistently, in partially lesioned rat displaying a motor recovery, progressive increase of DA has been reported [START_REF] Robinson | Normalization of extracellular dopamine in striatum following recovery from a partial unilateral 6-OHDA lesion of the substantia nigra: a microdialysis study in freely moving rats[END_REF][START_REF] Robinson | Time course of recovery of extracellular dopamine following partial damage to the nigrostriatal dopamine system[END_REF]. In favor of diffusion mechanisms efficiency, the clearance of DA has been shown to be prolonged in 6-OHDA lesioned animals [START_REF] Van Horne | Clearance and diffusion of locally applied dopamine in normal and 6-hydroxydopamine-lesioned rat striatum[END_REF]. This