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Étude in vivo et in vitro du rôle des interneurones cérébelleux dans le cadre d'une tâche d'apprentissage moteur.

Résumé

Le cervelet est impliqué dans la coordination des mouvements fins et dans l'apprentissage moteur, mais le rôle des différents types cellulaires dans le cortex cérébelleux reste à définir.

Ma thèse est centrée sur le réseau interconnecté d'interneurones de la couche moléculaire. Ces interneurones inhibent les cellules de Purkinje en induisant des pauses dans l'activité de potentiels d'actions simples.

Dans une première série d'expériences, j'ai utilisé une lignée de souris transgénique exprimant la channelrhodopsin2 dans les interneurones cérébelleux afin de les activer de façon optogénétique. J'ai étudié les changements de fréquence de décharge des interneurones induits par les stimulations optogénétiques dans des tranches de cervelets de souris. L'augmentation de la fréquence de décharge induite par la photo-stimulation est suivie par une pause transitoire qui débute à la fin de la photo-stimulation. Nous avons appelé cette pause : Post-Stimulation Silencing. Bloquer la transmission GABAergique par des moyens pharmacologiques n'empêche pas l'expression du PSS. De plus, le Post-Stimulation Silencing peut être induit par une injection de courant dans un seul interneurone ou par la photostimulation d'un interneurones unique. Ces résultats tendent à soutenir l'hypothèse que le PSS reflet une propriété intrinsèque des interneurones plutôt qu'un effet du circuit interconnecté. Par la suite, j'ai cherché à caractériser l'activité de léchage dans le cadre de notre paradigme comportemental. J'ai démontré 2 modes d'activité motrice basés sur des patrons temporels distincts. Nous avons interprété cette différence comme un indicateur de l'état de motivation des souris. Ceci nous a apporté des éléments d'interprétation sur les différentes corrélations entre le léchage et les signaux calciques enregistrés dans les interneurones lors d'expériences d'imageries biphotoniques.

Dans un dernier temps, j'ai entrepris d'étudier l'implication des interneurones de la couche moléculaire pendant le léchage en entraînant les souris à lécher pendant des périodes de temps spécifiques. La disponibilité en eau était modulée par une valve contrôlée par un ordinateur.

Cet entraînement a eu pour résultat la production de longs épisodes de léchage de façon répétée sur plusieurs essais lors d'une même session d'entraînement.

Nous avons observé une amélioration des performances à la tâche au cours des jours d'entraînement en mesurant le temps de réaction et le taux de succès. Photostimuler les interneurones au moment de l'ouverture de la valve n'a pas eu d'effet sur ces deux paramètres et aucun effet significatif n'a été observé sur les paramètres moteurs de la tâche. Plusieurs suggestions d'interprétation et des éléments de discussion sont apportés afin de discuter des résultats présents et des récents modèles sur l'apprentissage cérébelleux.

Title

In Vivo and in vitro study of the role of cerebellar interneurons in a motor learning task.

Abstract

The cerebellum is implicated in fine motor coordination and motor learning but the role of the different cell types in the cerebellar cortex has yet to be defined. My thesis centers in the interconnected network of molecular layer interneurons, which by inducing pauses in simple spike activity, are responsible for the feed forward inhibition of Purkinje cells. I aimed to study the role of these interneurons in the performance of a motor task, namely licking in water deprived mice.

In the first series of experiments I used optogenetic activation to interfere with neuronal activity in a mouse line, which expresses channelrhodopsin2 in cerebellar interneurons. I first examined the changes in interneuron spike rate induced by optogenetic stimulation in cerebellar slices of adult mice. Firing rate increases induced by photo-stimulation were followed by a transient pause at the end of the light pulse, here called Post-Stimulation Silencing. Pharmacological experiments showed that blocking GABA transmission does not prevent the silencing. Furthermore, Post-Stimulation Silencing could be elicited by injecting current in single cells or by performing single-cell photo-stimulation. These results argue against a circuit-based mechanism and suggest that Post-Stimulation Silencing relies on intrinsic electrophysiological properties of the interneurons.

I next sought to characterize the licking activity during our behavioral paradigm. I showed two distinct temporal patterns for licking, which we interpreted as indicative of the motivational state of the mice. The distinction shed light on the temporal correlation between licking and calcium rises from two-photon imaging work.

Finally, I studied the implication of molecular layer interneurons during licking, by training mice to lick during specific time periods. Water delivery was controlled via a computeroperated valve. This training results in long licking episodes and allows for trial repetition during a training session. Licking performance, assessed by reaction time and success rate, improved over training days. We asked whether photo-stimulating molecular layer interneurons during the trial affects the behavior. Photo-stimulation during the initiation of the task did not alter reaction time or success rate and had no significant effect on the motor parameters of rhythmic licking. Interpretation of the behavioral results in light of current models of cerebellar learning and suggestions for further experiments are discussed.
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Liste des principales abréviations

I. Introduction

Our model of study is the cerebellum. Long time considered just as a motor area, it is now generally accepted that the cerebellum is implicated in functions other than motor control and motor learning [START_REF] De Zeeuw | Motor Learning and the Cerebellum[END_REF], including cognition [START_REF] Schmahmann | The cerebellum and cognition[END_REF], emotional balance [START_REF] Adamaszek | Consensus Paper: Cerebellum and Emotion[END_REF], sleep [START_REF] Canto | The Sleeping Cerebellum[END_REF] and reward processing [START_REF] Carta | Cerebellar modulation of the reward circuitry and social behavior[END_REF]. The afferents from and projections to the cerebellum have been under study for a long time [START_REF] Allen | Cerebrocerebellar communication systems[END_REF] for review).

Studies showed anatomical and functional connections between the cerebellum and not only the motor cortex but several others brain areas including the basal ganglia and the prefrontal cortex [START_REF] Caligiore | Consensus Paper: Towards a Systems-Level View of Cerebellar Function: the Interplay Between Cerebellum, Basal Ganglia, and Cortex[END_REF]Strick, 2010, Caligiore et al., 2017 for a consensus paper), the anterolateral motor cortex [START_REF] Chabrol | Cerebellar contribution to preparatory activity in motor neocortex[END_REF], Gao et al. 2018), the ventral tegmental area [START_REF] Carta | Cerebellar modulation of the reward circuitry and social behavior[END_REF] and the hippocampus [START_REF] Babayan | A hippocampo-cerebellar centred network for the learning and execution of sequence-based navigation[END_REF].

My work focused on one specific cell type in the cerebellar cortex, the molecular layer interneurons (MLIs), and their implication in motor control and motor learning during a rhythmic licking task.

The Cerebellum: hub of neural network

The cerebellum (Cb in Figure 1 Left) is a region of the central nervous system located in the caudal part of the encephalum above the pons, forming the roof of the fourth ventricle, and lying under the interparietal bone (Figure 1 Right). Left: Nissl staining of a sagittal slice of a mouse brain (modified from The Allen Institute Reference Atlas). The cerebellum is noted by "Cb". Right: Graph representing the bones of the skull in mice viewed from the top (modified from [START_REF] Spijker | Dissection of Rodent Brain Regions[END_REF].

On a dorsal view as shown in Figure 2, we can distinguish 3 parts to the cerebellum: the vermis in the middle and 2 hemispheres on each side. We focused on the right cerebellar hemisphere and more specifically the Crus II area. In red are the names of some of the area of the cerebellar hemispheres: Lobus simplex (LS), Crus I and II and one of the flocculus (Flo).

The cerebellum is attached to the brainstem via the cerebellar peduncles through which travel the fibers connecting this structure to the rest of the nervous system. There are two major inputs:

• Mossy fibers, which originate from different nuclei and send their axons to the granule cell layer of the cerebellar cortex,

• Climbing fibers (CFs), which originate from the inferior olive and send their axons to the cerebellar cortex.

The sole output of the cerebellum is provided by axons of neurons in the deep cerebellar nuclei (DCN). Neurons from the DCN send their axon to the contralateral thalamus, which projects to the motor cortex (Allen and Tsukuhara, 1974). The functionality of this pathway has been demonstrated using transcranial stimulation in healthy humans (Ugawa et al 1991).

Two stimulations were applied: one over the motor cortex (cortical stimulation) to produce a muscular response (recorded by electromyography, EMG) and one over the cerebellum (cerebellar stimulation) that preceded the cortical stimulation. The authors observed a reduction of the EMG response when the cerebellum was stimulated. They also demonstrated that the more they stimulated the cerebellum, the more the EMG response was reduced. This phenomenon is known as cerebellar inhibition (CBI) and allowed for a precise and quantifiable parameter to probe the cerebellar influence over the motor cortex, and for this reason the test is still widely used in human studies.

Based on their different anatomy, we can consider that the cerebellum is composed of two parts: the cortex and the DCN. In Figure 3a we see a dorsal representation of the cerebellum with the plan of cut in blue. In Figure 3b we see a Nissl stain of the sagittal slice, in roman numbers are identified the different lobules. Lobule X is also called the flocculo-nodular lobe.

Figure 3c shows a zoom into the region delimited by the blue quadrant in figure 3b, to better display the basic organization of the cerebellar cortex. It is a three-layer cortex composed of the • Molecular Layer (ML) in which we can find molecular layer interneurons (MLIs), Purkinje cell (PCs) dendrites and parallel fibers (PFs);

• Purkinje Cell Layer (PCL) in which we can find the cell bodies of PCs;

• Granule Cell Layer (GCL) in which we can find the cell bodies and dendrites of granule cells (GCs).

Under this cortex we find the white matter (WM) composed of all the axons projecting in and out of the cortex plus the DCN. Thanks to its relative simplicity, the microanatomy of the cerebellar cortex is well known; the different cell types are shown in Figure 3d. We will focus mainly on the GCs, PCs and MLIs, which form the basic circuitry of the cerebellar cortex (Figure 4).

Granule Cells (GCs)

Granules cells (GCs) are small neurons (cell body of 5 m of diameter) that are located in the GCL (Figure 3D) and represent more than 50 % of the neurons in the brain.

They receive excitatory inputs from the mossy fibers, with less than 7 MF contacting one GC (Chen et al., 2017). GCs generally have only 4 short claw-shaped dendrites [START_REF] Albus | A theory of cerebellar function[END_REF][START_REF] Gilmer | Morphological Constraints on Cerebellar Granule Cell Combinatorial Diversity[END_REF] The Cerebellum as a Neuronal Machine | John C. Eccles | Springer, n.d.) and an axon that goes up the ML through the PCL and then divide in two to form the PFs. These PFs travel through the cerebellum to a distance up to 2 mm in the horizontal plane. PFs form glutamatergic synapses with PCs and MLIs. GABA-A receptors are also present on PFs and it has been shown that they can lead to the depolarization of the PFs [START_REF] Stell | Activation of presynaptic GABA(A) receptors induces glutamate release from parallel fiber synapses[END_REF] and participate in a positive feedback loop in vivo (Astorga et al., 2015). The spike rate of GCs can go up to 220 Hz in vivo in mice (Chen et al., 2017).

Purkinje Cells (PCs)

PCs are big inhibitory neurons that project to the DCN, making them the sole output of the cerebral cortex. Their cell bodies are the biggest of the cells in the cerebellar cortex (around 70 m), which makes them easily recognizable. They are neatly organized in a monolayer forming the PCL, while their massive dendritic trees expand in the ML. These dendrites are oriented in the parasagittal plan and restricted to a section, preventing the intermingling of dendrites from different PCs. This orientation allows for PFs to cross the dendritic tree of several PCs one after the other.

One of the particularities of PCs is that they generate two types of spikes. Indeed, PCs generate what are called simple spikes (SS) as well as complex spikes (CS). The PFs inputs are responsible for SSs, with a basal firing rate around 50 Hz. CFs contact PCs with a one-toone ration and their activation produces CSs (J. C. Eccles et al., 1966a) at 1-2 Hz rate. One of the characteristics of these spikes is that they give rise to an influx of calcium in the dendrites.

CSs are easily recognizable in an electrophysiology trace because of their typical waveform and are followed by a pause in the SSs firing [START_REF] Davie | The origin of the complex spike in cerebellar Purkinje cells[END_REF]. [START_REF] Kandel | Principles of Neural Science, Fourth Edition[END_REF].

Motor learning in the cerebellum

The Cerebellum as a whole: lesions studies and human patients As we mentioned previously, the cerebellum has for a long-time been considered a motor area of the nervous system. And even if it has been accepted that it participates in other functions, we focus here on how the cerebellar cortex encodes motor learning. According to [START_REF] Bastian | Understanding sensorimotor adaptation and learning for rehabilitation[END_REF], motor learning is defined as "the formation of a new motor pattern that occurs via long-term practice (i.e. days, weeks, years)", while adaptation is "modification of a movement from trial-to-trial based on error feedback in which the following criteria are met".

As Coco and Perciavalle stated in their 2015 review, the involvement of the cerebellum in motor control has been known since the beginning of the 19 th century. Researchers have observed animal's behavior after lesions of the cerebellum. In 1809, Luigi Rolando hypothesized that the cerebellum acted as a battery sending the electrical signal to the cerebrum in order to initialize movements [START_REF] Rolando | Saggio sopra la vera struttura del cervello dell'uomo e degli animali e sopra le funzioni del sistema nervoso[END_REF]. To prove this hypothesis, he performed cerebellectomies on young goats and observed that the operated animals were unable to stand up. This observation served as evidence to support his experiment. He went on to describe the cerebellum as a motor area responsible for the initiation of movement. Later in 1824, Marie-Jean-Pierre Flourens, professor of physiology at the college de France in Paris, opposed Rolando's statement and performed cerebellectomy on several species including birds, dogs and cats [START_REF] Flourens | Recherches expérimentales sur les propriétés et les fonctions du système nerveux dans les animaux vertébrés[END_REF]. Flourens performed lesions of different degrees: from the removal of a few layers to the entire cerebellum. The general observation was that cerebellectomized animals lacked in what he called "harmony" in the movement, and that the impairment was ipsilateral to the lesion. This phenotype was proportional to the extent of the ablation. Removing the entire cerebellum resulted in a total absence of movement coordination ("la perte totale du cervelet entraîne la perte totale des faculties régulatrice du movement"). Flourens noted that swimming, flying and locomotion were not impossible but only impaired. He presented the cerebellum for the first time as a structure responsible for the coordination of movements that were initiated elsewhere in the brain. Flourens was also the first to clearly consider the cerebellum as the structure responsible for balance ("l'équilibre des mouvements ne substistait plus, cet équilibre depend donc du cervelet"). Both Rolando and Flourens failed to observe long-term effects of the cerebellectomy because of the death of the animals shortly after the surgery.

Technical advances in operative care and prevention of sepsis allowed for more advanced experiments.

In 1891, Luigi Luciani published a monograph on cerebellar physiology that provided extended insight on surgical methods and phenotypes following the lesions. His work has been diligently reviewed by Manni and Petrosini (1997). In his monograph, Luciani describes the surgery protocols of the cerebellum in dog and primates. It included hemicerebellectomy (sectioning in the middle of the vermis along the sagittal axis), allowing him to obverse impairment in motor coordination and balance ipsilaterally to the lesion. These impairments also lasted for weeks before the animals showed improvement. Luciani also performed total cerebellar ablations and observed that motor impairments were stronger. He was the first to describe the functional co-operation of the cerebellum with the motor cortex. He performed ablation of the motor cortex during the compensatory phase and observed the disappearance of the recovery. And he also noted that no compensation was possible if the motor cortex had been ablated before the cerebellar lesions. In his monograph, Luciani described a triad of symptoms following cerebellar lesions: atonia, asthenia and astasia. Atonia is described as the decrease in muscle tone on the ablated side, causing a resistance to passive movements.

Asthenia is described as the weakness of the muscles in the operated side and atasia the abnormal movement and tremors of the trunk and the head.

The study of cerebellar physiology in humans also started very early. Joseph Babinsky and Gordon Holmes made major contributions. French neurologist Joseph Babinsky studied the symptoms following cerebellar lesions [START_REF] Pedroso | Babinski's contributions to cerebellar symptomatology: building the basis of the neurological examination[END_REF] for review) and described symptoms such as "asynergy", which was the lack of coordination between agonists and antagonist muscle movements (1899). He later included the notion of timing in movement, describing a difficulty to engage in a movement without change in muscle strength (1902). He furthered his study and described "hypermetry" which he observed with a simple test where patients were asked to point to their nose missed the target by overshooting (1913).

However, the effects produced by cerebellar lesions in humans and animal models remained disparate. The very nature of the lesions presented one certain bias, as the ones observed in human patients were considerably more variable than the ones in animal models. Indeed, physiological studies conducted in animal models used precise, documented and directed protocols as Gordon Holmes remarked in 1917. He proposed to observe the symptoms of soldiers from the on-going World War I with gun-shot wounds over the cerebellum that were more localized than lesions from tumors, vascular accidents or degenerative diseases [START_REF] Holmes | THE SYMPTOMS OF ACUTE CEREBELLAR INJURIES DUE TO GUNSHOT INJURIES[END_REF]. He confirmed Luciani's work and observed symptoms such as atonia and asthenia. He described ataxia as the most commonly observed symptom of cerebellar lesions, especially in complex movements. He defined ataxia as the "irregularity in voluntary movement" and presented its several components such as dysmetria, tremor or what he calls the decomposition of movement. The latter had been previously observed by Babinsky (asynergy), and Holmes gave the following example: if a patient lying down in a bed is asked to raise his arms perpendicularly to his body and then point to his nose, the movement will appear as a succession of smaller movement instead of one fluid action. The patient would first flex his elbow in the direction of the bed and then approach his finger to his nose. Two observations worth noting are the effects of the lesions on oculomotricity and speech. Holmes observed a common symptom, namely the presence of nystagmus in his patients when fixing a point. As for speech, he described it as "abnormal, (…) usually slow, drawling and monotonous".

By the 1920's, there was a well-documented body of research on the effect of the cerebellar lesions that led to describe the cerebellum as a structure in charge of balance an gait, motor coordination and capable of recovery with time.

The cerebellar circuit: electrophysiology and theoretical models

Later in the 20 th century, researchers have tried to decipher the role of the different parts of the cerebellar circuit in motor control and motor learning. This was made possible thanks to the work of Ramon y Cajal (1888) who provided a detailed insight on the organization of the cerebellar circuit using Gogli staining in birds (Figure 4). But it was John Eccles and colleagues that performed the first characterizations of the electrophysiological properties of cerebellar neurons. They studied the cerebellar cortex and the individual cells composing it from a morphological and electrophysiological standpoint. They described the excitatory inputs provided by the PFs and CFs to the PCs, the inhibitory nature of MLIs and PCs in a series of papers (J. C. Eccles et al., 1966aEccles et al., , 1966b;;John C Eccles et al., 1966). In 1967 the book "The Cerebellum as a Neuronal Machine" was published and gathered these news discoveries in a comprehensive way that is still relevant today.

The knowledge of the nature of the connections between neurons allowed for theoretical work on how the cerebellum encoded learning. David Marr proposed that the cerebellum was responsible for the learning of a conditioned motor reflex and described PFs as conveying the context of a movement while CFs were activated in case of an error [START_REF] Marr | A theory for cerebral neocortex[END_REF]. If both inputs were activated at the same time, it would lead to a facilitation of the PF-PC synapse as a memory trace. Shortly after, James Albus published his model of cerebellar function that extended Marr's theory but presented one major difference [START_REF] Albus | A theory of cerebellar function[END_REF]. Albus proposed that the co-activation of PFs and CFs would depress the PF-PC synapse, instead of facilitating it as Marr had hypothesized. It was in 1982 that the existence of long-term depression (LTD) at the PF-PC synapse finally received experimental support [START_REF] Ito | Long-lasting depression of parallel fiber-Purkinje cell transmission induced by conjunctive stimulation of parallel fibers and climbing fibers in the cerebellar cortex[END_REF]. Ito and Kano recorded in vivo the potentials in PC dendrites in the posterior vermis and the paraflocculus of rabbits. They observed that conjunctive stimulation of PFs and CFs resulted in a long lasting (over one hour) depression of the PC synaptic potentials evoked by PF stimulation. This effect was no observed when stimulating only one of the inputs. This corpus of evidence gave rise to what is now known as the Marr-Albus-Ito model. The veracity of this model has not been unanimously accepted to this day [START_REF] Mauk | Does cerebellar LTD mediate motor learning? Toward a resolution without a smoking gun[END_REF][START_REF] Raymond | Computational Principles of Supervised Learning in the Cerebellum[END_REF][START_REF] Schonewille | Reevaluating the Role of LTD in Cerebellar Motor Learning[END_REF].

The cerebellum has also been described a center for supervised learning (Raymond and Medina, 2018 for review). The theory states that the motor command would be integrated in the cerebellum as an efferent copy, which corresponds to what the motor output is supposed to be. After the movement, the sensory feedback would be processed in the cerebellum, and if this feedback differs from the efferent copy, an error signal would be sent to the cerebellar cortex. This error signal has been thought to be the determining stimulus sent to PCs in order to rearrange the synaptic weights and correct the movement until matching the efferent copy.

Cerebellar-dependent behaviors and neural substrates

In parallel to the modeling and electrophysiology work, researchers have studied motor behaviors and tried to establish the correlations with firing activity in the cerebellum.

Two of the most commonly used behavioral tasks in the study of cerebellar control are the vestibulo-ocular reflex (VOR) and the eye blink conditioning (EBC). The VOR's function is to stabilize the image on the retina by moving the eyes in the opposite direction of the head, and it has been shown that the cerebellum is crucial for VOR adaptation [START_REF] Beh | Cerebellar Control of Eye Movements[END_REF] for a review). One of the particularities of the VOR is that the vestibular circuitry does not include immediate feedback. In 1970 Ito, Highstein and Fukuda presented results on the inhibitory action of the cerebellum on the VOR. They stimulated the flocculus of cats while recording potentials in the vestibular nuclei and observed inhibitory postsynaptic potentials [START_REF] Fukuda | Cerebellar inhibitory control of the vestibuloocular reflex investigated in rabbit IIIrd nucleus[END_REF]. These potentials were blocked by an injection of the GABA-A blocker picrotoxin. Two years later they showed that the electric stimulation of the flocculus in rabbits provoked a significant inhibition of the VOR, which once again could be prevented by injection of picrotoxin [START_REF] Ito | The Cerebellar Modification of Rabbit's Horizontal Vestibulo-Ocular Reflex Induced by Sustained Head Rotation Combined with Visual Stimulation[END_REF]. This cerebellar inhibition of the vestibular nuclei was interpreted as the feedback mechanisms used for VOR control. Ito proposed that VOR adaptation relied on plasticity in the flocculus [START_REF] Ito | Specific patterns of neuronal connexions involved in the control of the rabbit's vestibulo-ocular reflexes by the cerebellar flocculus[END_REF]. At the time, Steve Lisberger and Albert Fuchs were performing single unit recording of PCs in the flocculus of monkeys (Lisberger and Fuchs, 1978a, 1978b[START_REF] Rolando | Saggio sopra la vera struttura del cervello dell'uomo e degli animali e sopra le funzioni del sistema nervoso[END_REF]. They observed correlated activity in the SS firing of PCs elicited by vestibular stimulation, eye movements and passive head movements. They proposed that the mossy fiber input to the floculus represented eye velocity signals and not vestibular signals. They also challenged Ito's "flocculus hypothesis" as to where plasticity was taking place. Lisberger and Fuchs proposed that plasticity underlying VOR adaptation took place in the vestibular nuclei [START_REF] Lisberger | Physiologic basis for motor learning in the vestibulo-ocular reflex[END_REF][START_REF] Lisberger | Relationship between eye acceleration and retinal image velocity during foveal smooth pursuit in man and monkey[END_REF] while Ito proposed that the LTD at the PF-PC synapse underlies this type of learning [START_REF] Attwell | Cerebellar Function in Consolidation of a Motor Memory[END_REF][START_REF] Ito | Historical Review of the Significance of the Cerebellum and the Role of Purkinje Cells in Motor Learning[END_REF][START_REF] Ito | Long-lasting depression of parallel fiber-Purkinje cell transmission induced by conjunctive stimulation of parallel fibers and climbing fibers in the cerebellar cortex[END_REF].

EBC is a classical conditioning task that relies on the association to a sensory cue (Conditioning Stimulus, CS) with an air puff (Unconditioning Stimulus, US) leading the animal to blink its eye. At first, the animal blinks at the air puff, but after repetition of the CS followed by the US, animals learn to blink before the US in order to avoid the puff (Conditioned Response, CR; Figure 5). The implication of the cerebellum in the EBC was first demonstrated by performing multiple unit electrophysiological recordings of PCs in the lateral cerebellum [START_REF] Mccormick | The engram found? Role of the cerebellum in classical conditioning of nictitating membrane and eyelid responses[END_REF]. They observed an increase of firing correlated with the CS, the CR and the US. Researchers had previously recorded in areas involved in learning such as the hippocampus, but they had never seen a CS-related increase of firing, so finding one in the cerebellum represented a novel result. In the same study they performed ablation of the ipsilateral cerebellum and observed a loss of CR, even though the animal still blinked to the US. From that point in time, the cerebellum was clearly identified as necessary for EBC learning. Lesions of the DCN were then performed and resulted in a complete abolition of the learned response, clearly showing the importance of the cerebellum in EBC conditioning [START_REF] Clark | Effects of lesions of cerebellar nuclei on conditioned behavioral and hippocampal neuronal responses[END_REF]. It was later shown that the anterior interpositus nucleus was the DCN in charge of relaying EBC information (Yeo et al., 1985, p. 198). The next year was first described one particular property of EBC training by Berthier and Moore [START_REF] Berthier | Cerebellar Purkinje cell activity related to the classically conditioned nictitating membrane response[END_REF]. They performed extracellular PCs recordings and observed a pause in the SS firing that coincides with the CR expression. This PC silencing was in line with the Marr-Albus-Ito model that predicted a decrease of PC firing rate in order to disinhibit the DCN and produce a movement.

It still remained unclear if the cerebellar cortex was also involved in EBC learning, as it had been demonstrated specifically for the anterior interpositus nucleus. These mice showed a severe impairment in acquisition on the EBC [START_REF] Chen | Impaired classical eyeblink conditioning in cerebellar-lesioned and Purkinje cell degeneration (pcd) mutant mice[END_REF], indicating a cortical contribution to the learning of the task. Studies have since tried to understand the mechanisms underlying this PCs firing pause and its relevance. In a 2016 review, Jirenhed and Hesslow support the hypothesis that this pause corresponds to the memory trace that drives classical conditioning [START_REF] Jirenhed | Are Purkinje Cell Pauses Drivers of Classically Conditioned Blink Responses[END_REF]. The mechanism underlying the formation of the PC pause is thought to be intrinsic to the PCs. Blocking MLIs inhibition onto PCs doesn't impair the expression of the pause after learning [START_REF] Johansson | Memory trace and timing mechanism localized to cerebellar Purkinje cells[END_REF], but blocking mGluR7 receptors present on PCs does prevent the PC pause [START_REF] Johansson | Activation of a Temporal Memory in Purkinje Cells by the mGluR7 Receptor[END_REF]. 

MLI contribution to motor learning and motor control

Most of the previously cited studies looked at the activity of PCs. Indeed, as the sole output of the cerebellar cortex, PCs activity directly impacts the output of the cerebellum itself, by inhibiting the DCN neurons. In contrast, for a long time MLIs were not considered a critical part of the circuit underlying motor learning, even though they are known to receive the same inputs as PCs.

MLIs are small unmyelinated inhibitory interneurons (cell bodies of 10 m of diameter) found in the ML of the cerebellar cortex. The general term MLI regroups two types of cells stellate cells (SCs) and basket cells (BCs; Figure 3d and Figure 6). Ramon y Cajal was the first one to provide detailed description of the morphology of MLIs. Later in 1974, Palay and Chan-Palay published a book on the cytology and organization of the cerebellar cortex of rats that includes electronic microscopy images and that still serves as reference today. They count three types of MLIS: short axons SCs, long axon SCs, and BCs. Short axons SCs are located in the outer third of the ML. They have relatively short dendrites going in the sagittal plane in a field of 15 to 20 m, their axons are short (30 to 40 m) and only contact a few neighboring PCs. Long axon SCs are found in the middle third of the ML.

Their dendrites are similar to the ones of the short axon SCs, and radiate outward into the ML.

Their axon however is very different: they measure up to 450 m, travel horizontally to the pial surface and send collaterals in both ascending and descending directions. SCs send axonal projections towards PCs dendrites in the ML, which results in a GABAergic inhibition (Bao et al., 2010;[START_REF] Llano | Inhibitory synaptic currents in stellate cells of rat cerebellar slices[END_REF]Mittmann et al., 2005).

BCs are found in the lower third of the ML, their dendrites form a fan-like structure vertically oriented in the sagittal plane and can receive the same inputs as PCs. But the most distinguishable part of BCs is the axon. The axon travels horizontally and sends several descending collaterals that surround PCs cell bodies in a formation called the basket where GABAergic synapses are formed. But the collateral itself terminates lower by wrapping the axon initial segment of PCs, in a structure called the pinceau by Ramon y Cajal.

During an anatomical study of 75 profiles of the axon initial segment of PCs from mice it was observed that these axons were covered by astrocytes over 90% of their surface [START_REF] Iwakura | Lack of Molecular-Anatomical Evidence for GABAergic Influence on Axon Initial Segment of Cerebellar Purkinje Cells by the Pinceau Formation[END_REF]. The study failed to find typical synapses between baskets cells and the AIS of PCs.

It has been demonstrated that the pinceau is responsible for an ultra-fast ephaptic inhibition on PCs (Blot and Barbour, 2014). Mosaic image taken with a 63x objective, max projection of 11confocal optical slices. In green are the MLIs expressing the Yellow Fluorescent Protein (YFP) in a transgenic adult mouse (Kim et al., 2014). 1: Cell bodies of stellate cells; 2: cell bodies of basket cells; 3: pinceau from basket cells.

MLIs receive excitatory inputs from PFs (J. C. Eccles et al., 1966b) mediated by AMPA receptors. It was also shown that extra-synaptic NMDA receptors [START_REF] Clark | Activity-Dependent Recruitment of Extrasynaptic NMDA Receptor Activation at an AMPA Receptor-Only Synapse[END_REF] and type 1 mGluR receptors were present [START_REF] Collin | Activation of Metabotropic Glutamate Receptors Induces Periodic Burst Firing and Concomitant Cytosolic Ca2+ Oscillations in Cerebellar Interneurons[END_REF].

Anatomical studies had suggested inputs from CFs onto MLIs (Palay and Chan-Palay, 1974) and it was later shown that MLIs received extra-synaptic input from several CFs via glutamate spillover (Szapiro and Barbour, 2007).

MLIs receive inhibitory inputs from PC collaterals extending up to the ML. They had already been described anatomically (Palay and Chan-Palay, 1974) and recently on a functional level (Witter et al., 2016). Inhibitory post-synaptic potentials were recorded in MLIs after an optical stimulation of PCs. Gabazine receptor blockers prevented these potentials indicating that GABA-A receptors mediate the PC-MLI transmission. MLIs are also connected with other MLIs by GABA-A mediated chemical synapses [START_REF] Häusser | Tonic synaptic inhibition modulates neuronal output pattern and spatiotemporal synaptic integration[END_REF][START_REF] Kondo | Synaptic currents at individual connections among stellate cells in rat cerebellar slices[END_REF][START_REF] Llano | Inhibitory synaptic currents in stellate cells of rat cerebellar slices[END_REF] and electrical synapses [START_REF] Alcami | Measuring the firing rate of highresistance neurons with cell-attached recording[END_REF]Mann-Metzer and Yarom, 1999). It has been shown that a pair of MLIs can be interconnected by both chemical and electrical synapses [START_REF] Rieubland | Structured connectivity in cerebellar inhibitory networks[END_REF].

Several types of plasticity have been reported at MLIs synapses [START_REF] Gao | Distributed synergistic plasticity and cerebellar learning[END_REF]. Both LTD and LTP can be induced at the PF-MLI synapse [START_REF] Rancillac | Synapses between parallel fibres and stellate cells express long-term changes in synaptic efficacy in rat cerebellum[END_REF]. Nitric oxide (NO) was said to be essential for LTP induction, and it was later suggested that the necessary NO was produced after activation of NMDA receptors present on MLIs [START_REF] Kono | Interneuronal NMDA receptors regulate long-term depression and motor learning in the cerebellum[END_REF].

Another type of plasticity present at the PF-MLI synapse relies on the composition of the AMPA receptor. It was shown that a high-frequency stimulation could rapidly change the composition of the receptor to a form lacking the GluR2 subunits, which allow for calcium permeability [START_REF] Clark | Activity-Dependent Recruitment of Extrasynaptic NMDA Receptor Activation at an AMPA Receptor-Only Synapse[END_REF][START_REF] Liu | Synaptic activity at calcium-permeable AMPA receptors induces a switch in receptor subtype[END_REF].

Other types of plasticity are present at the MLI-PC synapse. One is a transient presynaptic plasticity mechanism of the MLI-PC synapse called depolarization-induced suppression of inhibition (DSI). This phenomenon takes place after a rise of calcium in PC dendrites [START_REF] Llano | Calcium entry increases the sensitivity of cerebellar Purkinje cells to applied GABA and decreases inhibitory synaptic currents[END_REF][START_REF] Vincent | Neighboring cerebellar purkinje cells communicate via retrograde inhibition of common presynaptic interneurons[END_REF]. Such calcium rise leads to the production of endocannabinoids [START_REF] Wilson | Endogenous cannabinoids mediate retrograde signalling at hippocampal synapses[END_REF]) that bind to CB1 receptors present on the membrane of MLIs specifically, which inhibit activity dependent calcium transients [START_REF] Diana | Short-Term Retrograde Inhibition of GABAergic Synaptic Currents in Rat Purkinje Cells Is Mediated by Endogenous Cannabinoids[END_REF]. Another type of plasticity at the MLI-PC synapse is a long-lasting postsynaptic plasticity mechanisms following CFs firing called rebound potentiation [START_REF] Kano | Synaptic excitation produces a long-lasting rebound potentiation of inhibitory synaptic signals in cerebellar Purkinje cells[END_REF][START_REF] Llano | Calcium entry increases the sensitivity of cerebellar Purkinje cells to applied GABA and decreases inhibitory synaptic currents[END_REF]. The increase of calcium in PCs dendrites induces an up regulation of GABA-A receptors on the postsynaptic membrane by activation of the Ca 2+ /calmodulindependent protein kinase II [START_REF] Kano | Ca2+-induced rebound potentiation of γ-aminobutyric acid-mediated currents requires activation of Ca2+/calmodulin-dependent kinase II[END_REF].

Even though the inhibitory role of MLIs had been well studied and described, their potential role in motor learning was not equally investigated. Therefore, their contribution to motor learning and motor control has been under debate for a long time.

In a 2010 review Jörntell et al. et al gathered evidence that MLIs have indeed a role in motor learning, whether it be in classical and fear conditioning or in VOR. For example, in a mutant for the GABA-A receptor expressed by PCs (which results in a block of MLI inhibition onto PCs) significant impairment was seen in VOR learning and consolidation (Wulff et al., 2009).

On the other hand, [START_REF] Johansson | Memory trace and timing mechanism localized to cerebellar Purkinje cells[END_REF] reported that blocking GABAergic inhibition onto PCs did not alter the expression of the CR in EBC learning, suggesting that MLIs were not involved in the timing of the learned response. However, this result does not address the question of the learning process itself, but the expression of learned behavior.

Recent studies suggest an involvement of MLIs in motor learning. Extracellular recordings of MLIs in vivo showed a correlation between their spike activity and the expression of the conditioned response in EBC (Ten Brinke et al., 2015;Figure 7A).

In the same paper, they used the mice mutant for the GABA-A receptor expressed in PCs (thus having a deficit in MLI inhibition) and showed impaired learning of the EBC. Following A: Percentage of eyelid closure over training sessions in two groups: a wild type and a mutant group with deficit in MLI inhibition over PCs (from Ten Brinke et al., 2015). The mutant group shows significant impairment in learning over time. B: Ipsilateral photo-stimulation of MLIs leads to gradual decrease in VOR-gain adaptation, unlike contralateral stimulation. LP: low power; HP: high power (from [START_REF] Rowan | Graded Control of Climbing-Fiber-Mediated Plasticity and Learning by Inhibition in the Cerebellum[END_REF].

These studies provide a strong body of evidence on the active role of MLIs in motor learning.

However, the exact role of MLIs in the process remains unknown.

Compared to advances on understanding the role of PCs, the technical difficulties of recording from small MLIs in vivo have definitely been a major brake in deciphering the role of MLIs. But, recent developments of genetically encoded calcium indicators and optogenetic tools provide the opportunity to record and manipulate specific populations of small neurons such as MLIs in the context of behavioral paradigms. This led to several studies of MLI activity and their implication in motor control independently of motor learning. It was shown that optogenetic stimulation of MLIs allowed for a precise control of the eyelid (Heiney et al., 2014a; Figure 8B) while optogenetic silencing of MLIs caused locomotor disruption (Jelitai et al., 2016). Using two-photon calcium imaging [START_REF] Astorga | Concerted Interneuron Activity in the Cerebellar Molecular Layer During Rhythmic Oromotor Behaviors[END_REF] and Gaffield and Christie (2017) showed that the activity of MLI populations was correlated with rhythmic licking. The latter study showed that a chemogenetic inhibition of MLIs in Crus II led to a decrease in lick rate (Figure 8A). A : from Gaffield & Christie (2017). Decrease in lick rate after injection of CNO intraperitoneally in mice expressing the inhibitory hM4Di in MLIs from Crus II. B: from Heiney et al. (2014). Normalized positing of the eyelid as a function of MLI photo-stimulation.

In summary, there is convincing evidence for the role of MLIs in motor control and motor learning, precise technical tools are available to monitor and/or modify MLIs activity in vivo and the precise role of these neurons in the learning process has still to be determined.

Cerebellum and rhythmic licking

Rhythmic licking is a stereotyped behavior known to be under the control of a central pattern generator, or CPG, [START_REF] Lang | The Roles of the Olivocerebellar Pathway in Motor Learning and Motor Control. A Consensus Paper[END_REF][START_REF] Travers | Motor and premotor mechanisms of licking[END_REF]. Studies investigating the correlation between cerebellar activity and rhythmic licking are not recent. In the 1990's multi-electrodes were used to record populations of PCs and study complex spikes generated by the CFs [START_REF] Lang | Patterns of spontaneous purkinje cell complex spike activity in the awake rat[END_REF]Welsh et al., 1995). It was observed that licking was correlated with population activity and not with single neuron complex spikes. These results suggested that the olivo-cerebellum circuit generates rhythmic activity in the cerebellar cortex that synchronized PCs thus contributing to motor control of specific muscles.

Later, studies investigated the correlations between PC simple spike activity and rhythmic licking (Bryant et al., 2010;Cao et al., 2012). They observed dynamic modulations of simple spike activity representing the licking behavior (Bryant et al., 2010) and proposed an implication of the cerebellum in the temporal encoding of the task. They also performed cerebellectomy and pharmacological inactivation of DCN and observed significant changes in the licking frequency, although the "gross licking movement was not obviously altered" (Bryant et al., 2010).

On a technical level, licking is a task that allows for a multitude of experimental paradigms in mice kept in a head fixed configuration [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF]. This configuration is a great advantage because it allows for experiments such as awake in vivo calcium imaging, with mice undergoing behavioral tasks while in a stable posture. Recently, several papers have attempted to understand the implication of the different cells in the cerebellar cortex using rhythmic licking, whether it was in the context of motor control [START_REF] Astorga | Concerted Interneuron Activity in the Cerebellar Molecular Layer During Rhythmic Oromotor Behaviors[END_REF]Gaffield et al., 2016;Gaffield and Christie, 2017), motor learning [START_REF] Heffley | Classical conditioning drives learned reward prediction signals in climbing fibers across the lateral cerebellum[END_REF][START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF] or the rewarding aspect of licking [START_REF] Gao | A cortico-cerebellar loop for motor planning[END_REF]Wagner et al., 2017).

Rhythmic licking is a task that can be used for many purposes and that is relatively easy to set up in a laboratory. Mice can be easily trained to the task by habituating them to the head fixed configuration, and a controlled water deprivation will make mice lick. An appropriate training technique has been rigorously described in [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF] . On a technical standpoint, setups to record licks could have been described and custom-built system can be achieved at a reasonable price (Hayar et al., 2006).

Finally, the quickly developing body of knowledge on the cerebellar implication to this task made for a good behavioral task to use in a project on cerebellar control of motor learning.

Central question

My PhD project was built around one main question:

"What is the effect on the behavior when we interfere with MLI activity?" Indeed, we aimed to determine if modifying MLI activity by optogenetic tools would impact the motor parameters or the kinematics of rhythmic licking. Additionally, we asked if this interference would alter the learning ability in mice performing the licking task. The idea was to repeatedly photo-stimulate MLIs during the learning phase of a licking task to determine if such stimulation affected the behavioral outcome. Additionally, we attempted to monitor MLI activity during the learning of the licking task using two-photon calcium imaging. The goal was to investigate the possible changes of activity occurring during the learning process.

I will present first our work in vitro, which aimed to characterize the effect of photostimulation on MLIs spike rate. Then, I will talk about our experimental results on the design of a new learning task using rhythmic licking. Finally, I will present the effect of in vivo MLI photo-stimulation on mice performing the same task.

II. Characterization of MLI photo-stimulation in vitro

Introduction

To assess the effects of the channelrhodopsin-mediated photo-stimulation in the spike pattern of MLIs we performed slice electrophysiology recordings. Our goal was to characterize in vitro the response of MLIs to photo-stimulation protocols that we intended to apply in vivo. Astorga et al. (2015) reported that photo-stimulation of ChR2 expressing MLIs in vivo results in an increase in the rate of action potentials (AP), and we aimed at characterizing the increase in the context of our in vivo project.

For that purpose, we prepared sagittal slices of the cerebellar vermis from adult mice of the ChR2-nNos line and recorded MLI spike rate in the cell-attached configuration of the patchclamp technique. Our experiments revealed that after the excitation induced by photostimulation, MLIs decrease their firing rate to levels below baseline. This silencing phenomenon, here on called Post-Stimulation Silencing (PSS), had been previously observed in MLIs (Astorga et al., 2015), in PCs (Lee et al., 2015) and in Golgi Cells [START_REF] Vervaeke | Rapid desynchronization of an electrically coupled interneuron network with sparse excitatory synaptic input[END_REF] but the underlying mechanisms remain obscure.

MLIs are interconnected and also receive collaterals from PCs (Witter et al., 2016). We performed electrophysiology recordings and pharmacological experiments in cerebellar slices to investigate whether PSS originates from activity at these inhibitory connections or rather form intrinsic MLI properties. We also attempted to decipher the possible molecular mechanisms responsible for this phenomenon.

Methods

Animals

For these experiments, we used mice (mean age PN48) expressing the protein channelrhodopsin2 (ChR2) exclusively in MLIs under the neuronal nitric oxide synthase (nNOS) promoter (Kim et al., 2014). The mice used for experiments were heterozygous mice resulting from the breeding of homozygous ChR2-nNOS with wild type SWISS mice.

Slice preparation

Sagittal cerebellar slices (200 m thick) were prepared according to the following protocol.

Mice were anesthetized with isoflurane before being decapitated.

The cerebellar vermis was quickly dissected from the rest of the brain and immersed for 2 minutes in a 4 °C low Na + solution adapted for slicing adult mice brain. Its composition was, in mM: 0.5 CaCl 2 , 10 MgCl 2 , 20 Hepes, 2.5 KCl, 2 thiourea, 5 Na ascorbate, 3 Na pyruvate, 93 N-methyl-D-glucamine, 1.25 NaH 2 PO 4 , 30 NaHCO 3 , and 25 glucose. HCl added to bring pH to 7.4.

The dissected cerebellum was then glued to a metallic platform and set in the Leica VT1200S vibratome to be sliced in the previously described solution that was kept at 4°C. Slices were then maintained at 34°C for 45 min in saline solution, here on called BBS (in mM: 130 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , and 10 glucose).

Electrophysiology recording

Electrophysiological recordings were performed on a custom-build set-up using an EPC-10 patch-clamp amplifier (HEKA Electronik, Germany). Recording pipettes were prepared from borosilicate glass with a Heka PIP-5 vertical puller. The temperature of the filament on the puller was adjusted in order to prepare pipettes of different diameter opening depending on the recording configuration used.

Cell attached recording

To record MLI spike rate we prepared pipettes with 6-7.5 M resistance once filled with a Hepes Buffered Saline, here on called HBS (in mM: 145 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES-Na) and used the loose seal cell-attached (CA) configuration, with seal resistances of the range of 25 to 40 M . No voltage was applied to the patch pipette to limit changing the basal firing rate [START_REF] Alcami | Measuring the firing rate of highresistance neurons with cell-attached recording[END_REF].

Whole cell recording

Whole cell recordings were performed using glass pipette filled with a solution containing (in mM): 140 KGluconate, 5.4 KCl, 4.1 MgCl 2 , 10 HEPES-K, 0.4 GTP Na, 4 ATP Na-and 1mM EGTA K).

Data Analysis

The electrophysiology data was analyzed using IgorPro (WaveMetrics). Spikes were detected using Neuromatics software [START_REF] Rothman | NeuroMatic: An Integrated Open-Source Software Toolkit for Acquisition, Analysis and Simulation of Electrophysiological Data[END_REF].

Data are presented as "mean± sem". For pooled data, "n" represents the number of trials and "N" the number of cells. Comparisons of means were done using the Student's t test, paired or unpaired when appropriate. The p-value, noted "p" represents the probability in favor for the null hypothesis. The differences were considered significant if p<0.05.

Optogenetic stimulation (LED and 405 laser)

To photo-stimulate MLIs, two systems were used. Firstly, we used a LED-based system (OptoLED, Cairn Research, Kent, UK) coupled to a 1mm optic fiber. The fiber was mounted on a micromanipulator allowing its tip to be placed in the solution bathing the slice and inducing a wide-field stimulation of the entire slice.

Secondly, we used the output of a 405 nm laser coupled to the 63X H 2 O immersion microscope objective by an optical fiber. The system delivers a diffraction-limited spot as described by [START_REF] Trigo | Laser photolysis of caged compounds at 405 nm: photochemical advantages, localisation, phototoxicity and methods for calibration[END_REF]. The strength and duration of the laser pulse were under control by the software used for electrophysiological recordings (PatchMaster, HEKA Electronik).

Results

MLI photo-stimulation in slices induces increase in spike rate

In brain slices from adult mice, MLIs expressing ChR2 can be identified thanks to the coexpression of the yellow fluorescent protein (YFP, Figure 9A). We recorded their spike rate with cell-attached electrophysiology and observed the firing of APs generated by short pulses of blue light (Figure 9B) consistently over repeated trials (Figure 9C). A: Two-photon laser scanning image from a sagittal slice of a ChR2-nNOS mouse, showing soma and neuritis of MLIs at PN37 (from Astorga et al., 2015). B: 100 ms long photo-stimulation (blue quadrant) inducing an increase in AP frequency. The inset below displays a section of the same recording just before and during the onset of the light pulse. C: Raster plot from the same MLI for APs recorded in consecutive runs before, during and after the 100 ms photo-stimulation (blue quadrant).

We next characterized the effects of sustained (1 s long) photo-stimulation. A typical cell-attached recording is shown in Figure 10A, where we see the increase in spike rate during the photo-stimulation (at the time indicated by the blue bar).

Following the illumination, we observed a pause in firing. MLIs did not reach their basal spike rate after the illumination but expressed what we called a post-stimulation silencing (PSS). The averaged group data (69 trials from 8 MLIs) is summarized in the Peristimulus Time Histogram (PSTH, Figure 10B). We can see the baseline spike rate that is constant for the 5 s pre-stimulation, the increase of the spike rate during the photo stimulation (blue bar) and the following decrease reflecting the PSS. On average, the spike rate returns to baseline with a time constant of 1.77 s± 0.55. In Figure 10C we compare the spike rate before ("pre"), during ("stim") and after ("post") the photo-stimulation, red symbols representing the mean ±sem.

To get these values we averaged the spike rate of the one-second directly preceding the photostimulation as the "pre" value and the one-second directly following the photo-stimulation for the "post" value. All cells showed an increase of spike rate during the illumination and a decrease after it ended.

To assess the strength of the PSS, we normalized the spike rate before stimulation to 1 and compared it to the value after stimulation (Figure 10D). We can observe that in all 8 cells, the spike rate "post" is lower than 1, with a mean decrease of 77% (p=1.2e-4, Paired Student's t test). It is clear that after the photo-stimulation, the spike rate in MLIs consistently drops below baseline.

Blocking GABA receptors does not alter PSS

Knowing the interconnected nature of the MLI microcircuit and the presence of PC-MLI collaterals, we wondered if these GABAergic projections could be the origin of the PSS phenomenon.

To test this hypothesis, we repeated the experiment where we recorded APs from MLIs in cell attached recording, and after observing the PSS in control condition we added to the solution bathing the slice a pharmacological agent to block one of the different GABA receptors: 30 M Gabazine (Gbz) to block GABA-A receptors (N=5); 40 M CGP 55845 (GGP) to block

GABA-B receptors (N=3).

In Figure 11 we can see example traces of these recordings for each drug used. The drug application did not alter the ability of the photo-stimulation to increase the spike rate (Figure 11A). In order to compare the expression of the PSS we measured the ratio of remaining APs.

We divided the spike rate value "post" by the value "pre". There was no significant difference in the ratios of remaining spikes between the controls and their respective drug conditions: 3 to 15 minutes in Gbz = 0.15 vs 0.3, p=0.4; 3 to 12 minutes in CGP= 0.36 vs 0.35, p=0.9). Therefore, we conclude that blocking GABA transmission did not prevent the silencing following the photo-stimulation. 

PSS relies on intrinsic properties of MLIs

We then hypothesized that the PSS could be the expression of an intrinsic property of MLIs.

Could this pause be elicited by an outward ion conductance activated after the photostimulation? To test this hypothesis, we performed two experiments:

1) Photo-stimulating with a 405 nm laser focused to a spot diameter optimized for photostimulating a single MLI (Figure 12). Photo-stimulating with more precision could allow knowing if the circuit is at the origin of the PSS.

2) Mimicking the photo-stimulation by injecting current directly into the cell in current clamp, noted IClamp (Figure 12). Injecting current into a single MLI could allow to determine if the PSS was specific to an optogenetic stimulation or not.

To photo-stimulate one MLI at the time we had to change the illumination system. Indeed, the tip of the optic-fiber being in the solution bathing the slice, it resulted on a photo-stimulation of the whole slice. Here we used a 405 nm laser (Obis T) integrated into the optical path of the microscope and exiting through the microscope 63X objective. The light spot has been optimized to around 1 to 3 m of diameter in order to hit one MLI cell body at the time (around 10 m). In Figure 12A we see an example trace of a recording from an MLI photostimulated by the laser. The basal spike rate increases during the illumination and is directly followed by an absence of APs for approximately 1.4 s. Figure 12 summarizes the group data (N=3) showing the spike rates (in Hz): basal= 15.4±6; stim = 59.6±12; post= 5.4±2.8. The spike rate increases during the photo-stimulation as expected, but we also recorded a poststimulation spike rate lower than the basal value. The single-cell photo-stimulation still produced a PSS with a ratio of 0.48 from the basal spike rate (Figure 12). Then, we decided to try to mimic the photo-stimulation by injecting current in the MLI and recording the spike rate to determine if intrinsic stimulation was sufficient to induce a PSS. This way we are certain that we are stimulating one cell at the time, since we could not completely rule out the possibility of dendrites from neighboring MLIs being stimulated by the 405 nm laser. The IClamp mode of the whole-cell recording configuration allowed for a current injection in a single MLI resulting in spike rates close to what we recorded in cellattached configuration. In Figure 12B we see an example of a recording in IClamp where the spike rate increased from 9.1 to 56.1 Hz. Following the current injection, we observed a PSS lasting approximately 1.7 s. The second trace is a time-zoom of the previous trace. We can observe that the AP waveform induced by the current injection remained stable with a consistent threshold (green dotted line) and peak (purple dotted line) amplitudes (Figure 12B, bottom).

Again, we compared the spike rate before, during and after the stimulation (in Hz, Figure 12C): basal= 5.3±2; stim = 64,4±11; post= 3.1±1,7. The spike rate decreased from baseline to post-stimulation with a remaining ratio of 0.4 (N= 4).

Conclusion

In the process of performing control experiments for the optogenetic protocol that will be used for behavioral work in section IV, we highlighted an undocumented phenomenon happening in MLIs. After a sustained stimulation, MLIs are silenced and slowly return to their basal spike rate. We showed that this PSS does not result from the GABAergic projections to MLIs.

Single cell manipulation of MLIs using two different techniques showed that the PSS still occurs, arguing for the hypothesis that this phenomenon relies on one or several intrinsic properties of the cell.

In parallel to this project, I worked in collaboration with the group of Erik De Schutter from the Okinawa Institute of Science and Technology. The goal was to build a computational model of MLIs. I performed slice electrophysiology recordings in current clamp mode in presence of pharmacological blockers (NBQX: 10 µM, Gabazine: 30 µM). A manuscript is currently in preparation in order to be submitted to publication by the end of the year. An example of figure is presented in Annex 1.

III. Rhythmic licking motor parameters are altered by motivation Introduction

Our aim was to determine the effect of MLI photo-stimulation on learning and motor control using a rhythmic licking task. The implication of MLIs in such task had already been demonstrated. Indeed two recent publications, one from our laboratory [START_REF] Astorga | Concerted Interneuron Activity in the Cerebellar Molecular Layer During Rhythmic Oromotor Behaviors[END_REF] and one from the group of J Christie (Gaffield and Christie, 2017) reported a temporal correlation between calcium signals in MLIs and the pattern of licks in water-deprived mice when animals were given free access to water.

In their experiments, Astorga et al expressed the genetically encoded calcium indicator

GCamP6s in MLIs allowing them to recorded calcium signals with a two-photon microscope. The question remains as to how MLI activity may influence the licking behavior. We decided to design a protocol in which mice learnt to lick during a specific time window when water would be available. That way, it would be easier to know when to photo-stimulate while the animal licked.

Methods Protocol

Experimental procedures complied with the animal care guidelines of the host institution and were approved by the "Prefecture de Police" in agreement with the European Directive 86/609/EEC and by the ethical committee of the University Paris Descartes and the Ministère de L'Enseignement Supérieur et de la Recherche (under the reference number 04350.02).

Surgery

The day of the surgery, the animal is brought to the surgery room and left to rest in its cage for around 30 min before starting. Anesthesia and analgesia are induced with ketaminexylazine (14.8 µg/g for the ketamine and 20 µug/g for the xylazine) through an intraperitoneal injection. Once the animal is anesthetized, eyes ointment is applied to avoid dryness, the head is shaved, the animal is placed in the stereotaxic frame, the body temperature controller is set to 37°C, and the paw reflex is checked to assess the level of anesthesia.

The head of the animal is prepared by scrubbing with Vetedine and ethanol before injecting lidocaine for local analgesia (5 mg/kg) subcutaneously at the location of the initial cut.

With scissors, the scalp is removed to expose the skull and then cleaned with saline. Some hydrogen peroxide (H 2 O 2 ) is applied to remove the conjunctive tissue and expose the sutures used as landmarks.

Once the region is cleaned and well exposed, the head-fixation piece is placed on the cranium and fixed with cyanoacrylate glue (Vetbond) and dental cement (Superbond, Sun Medical).

The antibiotic Enrofloxacin (5 µg/g) is injected intraperitoneally and the animal is then placed under a heating lamp to recover. When the animal is fully awake and walking, it was brought back to its housing cage. The health of the animal is then monitored daily using the Health Assessment Score described in Guo et al 2014 during 1-week recovery period before it enters the behavioral protocol (see Annex 2).

Behavioral task

There are three parts to the protocol:

• Water restriction • Habituation • Training

Water restriction

The animal undergoes water restriction for 7 days before the training begins. Each day the animal receives 1.5 ml of water after habituation. This is similar to what is described in [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF], showing a weight stabilization occurring at the end of the week of water restriction. Personal observations confirmed that mice behaved better during training when they were water restricted for longer than 2 days before the protocol started. The animal's health is monitored daily using the Health Assessment Scale (HAS) described in [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF]. This measure gives a score for the level of activity of the animal in the cage, it's posture and grooming, signs of eating and drinking and signs of dehydration (Health Assessment sheet from [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF] in Annex 2).

Habituation

The goal of this phase is for the animal to get habituated to the head-fixed condition in order to reduce stress and minimize its head movements. The animal is brought to the experimental room 30 min before the habituation session starts.

Is it anesthetized with isoflurane and head-fixed on the set-up. The animal wakes when it is already head-fixed and it is then allowed to sit in position for a time period that is increased daily. Mice undergo 1 session per day for 5 days, starting with a 1 min session on day 1 and increasing by 5 minutes each day. After each session the animal is brought back to its cage.

Training

After the habituation and water restriction, the animal undergoes one training session per day, for 6 days. Each session is composed of a dozen trials repeated at an inter-trial interval of 5 to 10 sec. The session ends when the mouse either: stops licking for 2 consecutive trials, has drank 2 ml total or displays signs of stress and/or pain.

One trial is 60 s long and it is composed of 3 epochs lasting 20 s each (Figure 14). For the first 20 s, no water is available. Then a computer-controlled solenoid valve opens to allow water to flow out of the lick port. And after 20 s the valve closes again and remains closed for 20 s. 

Lick recording

The recording set up is represented in Figure 15. Mice lay on a platform that is covered in aluminum foil, and there is an opaque half-cylinder strapped on over them. Being covered helps mice to sit still as if they were in a tube with only the head poking out. Having the head out allows for the head fixation. Mice have a platinum head bar that is cemented to their skull and we clamp it to a head fixation system attached to the platform. In front of their mouths is presented a metallic tube (here on called lick port) connected to a 10 ml syringe for water supply.

Both the aluminum foil and the lick port are connected to an interface box. When mice touch the lick port with their tongue it closes the circuit and this provides the electrical signal that is sent to the interface box (example trace of licks in Figure 14). The signal is then sent to a National Instrument card (BNC-2110) that converts the analog into a digital signal, which is then sent to the computer. The digital signal is processed using a custom-built routine on IgorPro, Wavemetrics.

The same routine also allows for the control of the solenoid valve. The digital signal from the computer is converted into an analog signal by the same National Instrument card. Via the interface box, the signal enables the opening and closing of the valve in order to control the water delivery. 

Analysis

The licks are analyzed on IgorPro (Wavemetrics) with a custom-built analysis routine. A threshold is set in order to detect individual licks from each recording. The routine computes the following parameters: Lick Duration, Time of Lick and Number of Licks Per Bursts. Data are presented as "mean± sem". For pooled data, "n" represents the number of trials and "N" the number of mice. Comparisons of means were done using the Student's t test, paired or unpaired when appropriate. The p-value, noted "p" represents the probability in favor for the null hypothesis. The differences were considered significant if p<0.05. The Kolmogorov-Smirnov test was used to compare the cumulative distribution.

Results

In a first series of experiments, after water restriction and habituation, water was delivered to mice in a free-access manner in the recording set-up. The spontaneous licking activity consisted of licking episodes composed of bursts of licks (Figure 16A), as previously described in [START_REF] Astorga | Concerted Interneuron Activity in the Cerebellar Molecular Layer During Rhythmic Oromotor Behaviors[END_REF]. We consider having two different bursts if the ILI is greater than 500 ms. We characterized:

• Lick duration: duration of the contact between the tongue and the lick port,

• Inter-lick-interval, ILI: duration between two licks,

• Inter-burst-interval, IBI: duration between two bursts,

• Number of licks per bursts. We recorded spontaneous licks during free-access water delivery from 2 sessions in 5 mice.

The average lick duration in these experiments was 58.8 ± 0.4 ms (mean± sem, 2501 events).

The ILI was 0.14 ± 0.0022 s (534 events), which is equivalent to a frequency of 7.1 Hz. The IBI displayed a very large spread (from 0.52 to 77 s), with a median 1.656 s. Finally, we recorded a mean of 7.9 ± 2.3 licks per bursts.

As we explained previously, in order to be able to interfere with MLI activity during a time window when mice were likely to engage in licking, we required a change in the behavioral paradigm. For that purpose, we controlled the solenoid valve to have a precisely timed water delivery that would always happen at the same time during each recording session. This allowed mice to detect the time window when water would be available. Mice underwent training for 1 session/day, each session composed of a repetition of the same trial represented in Figure 14 where the valve opens at 20 s during 20 s.

In Figure 14 are presented traces of recorded trials during the early phase (upper trace) and the late phase (bottom trace) of the training sessions. In the early phase of learning, mice lick in the stereotypic burst-like manner through the trial, without any clear difference between the times when the valve is opened or closed. On the contrary, during the late phase of learning we see that most of the licks are performed during the time when water is available, while we only recorded few events before and after.

It is clear that mice learned to change the way they lick with learning. They seemed to produce fewer licking bursts when the water delivery was off, and these bursts seemed shorter. To better characterize the learned behavior, we analyzed the bursts from the trials of the late phase. We looked at the differences in licking between the bursts recorded when the valve was closed versus those recorded when the valve was opened. The mean number of licks per burst when the valve was closed was 1.8 ± 0.1 and it increased to 19.0 ± 2.3 when the valve opened (t =6.1, p=0.0001; 9 sessions from 3 mice). We then analyzed the distribution of the number of lick per burst in order to look at the differences in composition of the bursts (Figure 17, left). When the valve was closed there is a single component to the histogram with a very low number of licks/bursts (81.5% of bursts had only 1 or 2 licks, Figure 17, middle). Whereas when the valve was opened, the number of very short bursts decreased to 44.6% (Figure 17,right). In this last condition, there is a second composed to the histogram with more licks/bursts, suggesting different roles for each component. 

Conclusion

Mice can learn to optimize their behavior to lick preferably when water is delivered to them. This results in two distinct licking patterns based on the motivational state of the animal.

IV. Optogenetic manipulation of MLI activity in vivo during learning Introduction

As discussed earlier in the introduction, the role of MLIs in motor learning is still debated. A considerable body of evidence argues for a participation of MLIs in the learning process but the mode by which these interneurons contribute to such process has yet to be defined. I addressed the question of how MLIs contribute to motor learning by studying the effect of interfering with MLI activity on a specific behavioral paradigm, namely rhythmic licking.

Previous articles report a change in licking kinematics when inhibiting MLIs (Gaffield and Christie, 2017) and alteration in VOR learning when photo-stimulating MLIs [START_REF] Rowan | Graded Control of Climbing-Fiber-Mediated Plasticity and Learning by Inhibition in the Cerebellum[END_REF]. Hence, both motor control and motor learning seem to be encoded by MLIs. Gaffield and Christie (2017) also observed that calcium signals in MLIs started before the licking activity, and that onset of the signal was not altered by the absence of water. This suggests that MLI activity depended more on the planning of action after the predictive cue. We developed a paradigm where mice had to detect the opening of the solenoid valve to assess the water availability and lick (cf. Chapter III). We designed an experiment where we would photo-stimulate MLIs at the time of the opening of the valve to determine the effect on the learning abilities and on the motor parameters of licking.

Methods

Animals

For these experiments, we used mice expressing the protein channelrhodopsin2 (ChR2) exclusively in MLIs under the neuronal nitric oxide synthase (nNOS) promoter, as already described in Chapter 2 (Kim et al., 2014). The mice used for experiments were heterozygous mice resulting from the breeding of homozygous ChR2-nNOS with wild type SWISS mice.

Experiments were performed without knowledge of the genotype of mice until data were analyzed in order to reduce experimental bias.

Housing

Mice were preferably caged with same sex littermates. There was no empirical evidence that the light cycle had an effect on the general behavior of mice during the experiments. Moreover, experimental results on the possible effect of the light-cycle on behavior, learning and memory are nuanced and contradictory. In a recent review, stated that [START_REF] Peirson | Light and the laboratory mouse[END_REF] "studying a nocturnal species at night is not the same as studying a diurnal species during the day, and overlooks many other differences in physiology and behavior". It is worth nothing that in the control group 5 out of 6 mice were housed in reversed light cycle while all the mice in the photo-stimulated group were housed in regular light cycle.

Surgery

The first steps are identical to what was described in the previous chapter: from anesthesia up to the exposure of the cranium. The cranial window is set over the Crus II region of the cerebellar hemisphere, which is at the level of the interparietal bone (Figure 1 Right). To have good exposure of the region, it is necessary to remove the muscles attached to the bone by cutting the tendons with a surgical blade. To avoid pain, a few drops of lidocaine are applied on the muscles before cutting. The head-fixation piece is then placed around the area of interest and fixed with cyanoacrylate glue (Vetbond) and dental cement (Superbond, Sun Medical). This piece allows the animal to be stabilized during the surgery.

The drilling is achieved with a pneumatic driller using a round drill bit of 0.5 mm diameter and it results in a round craniotomy of around 4 mm of diameter. The drilling has to be performed in a continuous manner to avoid brain heating and saline is applied periodically to clean small pieces of tissue and dust and to cool off the skull. When the flap of skull is ready to be removed, a drop of saline is placed on it to cover the brain surface and keep it humid.

The remaining pieces of bone have to be removed with precaution to have clean edges in order to preserve the quality of the window and avoid any damage when the cover slip is placed. The coverslip is a round piece of glass (2 mm diameter and 150 µm thickness) that is glued to a metallic O-ring (outer diameter: 4 mm, inner diameter: 2 mm inner; 200 µm thickness) and the ensemble is slipped under the skull. The O-ring allows applying pressure on the brain tissue to have a good stability and avoid the movements, which often occur because of the vasculature under the cerebellum. To seal the chronic window, dental cement is applied between the O-ring and the skull.

The antibiotic Enrofloxacin (5µg/g) is injected intraperitoneal, and the animal is then placed under a heating lamp to recover. When the animal is fully awake and walking, it can go back to its cage. The health of the animal is then monitored daily as described in Chapter I, and a 1week recovery period is observed before the animal enters the behavioral protocol. One week post-surgery, mice were checked under the binocular to determine the quality of the chronic window. The clear visibility of blood vessels was the criteria for both transparency and tissue health (Figure 18). 

Behavioral training

The training protocol is the same as that described in the previous chapter.

Optogenetic stimulation

To photo-stimulate MLIs we used a LED-based system (OptoLED, Cairn Research, Kent, UK) coupled to a 1 mm optic fiber. The fiber was mounted on a micromanipulator, which allowed placing the tip of that fiber perpendicularly to the cover glass, inside the saline solution covering the chronic window. The power out of the fiber was set at 8 mW (similarly to what was previously published from the laboratory in Astorga et al., 2015).

All statistical analysis was done on IgorPro (Wavemetrics) and data are presented as "mean± sem". For pooled data, "n" represents the number of trials and "N" the number of mice.

The learning curves were analyzed using two-way repeated measures ANOVA. A repeated measures ANOVA takes into account that the same animals undergo the experiment for 6 consecutives days. A two-way ANOVA tests for two given conditions, here being the groups (control or photo-stimulated) and the training day. That way, we are able to test for differences along the training sessions to determine if learning happened, and between the two groups to determine if the photo-stimulation induces a difference in performance.

When appropriate comparisons of means were done using the Student's t test, paired or unpaired. The p-value, noted "p" represents the probability in favor for the null hypothesis.

The differences were considered significant if p<0.05. Left: Extra-cellular recording of a single PC. When the light is flashed (blue quadrant) there is a silencing of simple spikes but it does not prevent a CS (black squares). Right: Raster plot of spikes recorded in one MLI (top row) and 3 PCs. When the light is flashed, the frequency of APs in the MLI increases while the frequency of APs from PCs in increased. Modified from Astorga et al., 2015. For the present experiment, we aimed to study the effect of MLI photo-stimulation during the learning process using the behavioral paradigm presented previously in Chapter 3. Mice are head-fixed and the lick port is placed in front of their mouth whereas the optic fiber is located above the chronic window (Figure 21 

Results

Photo-stimulating MLIs in vivo

Effect of MLI photo-stimulation MLIs on the learning parameters

We assessed learning by quantifying several parameters, namely: the success rate, the reaction time and the probability of mice licking during the photo-stimulation.

Firstly, we will consider the three indicators characterizing the success rate: "Hit": when mice lick during the 20 s when water flows out; "Miss": when mice lick before and/or after the epoch when water flows out; "Fail": when mice don't lick at all during the trial. This is summarized in the Table 1.

Before (0-20 s)

Water (20-40 s) After (40-60 s) Result ✓ means the animal licked and ✕ the animal did not lick.

✓or ✕ ✓ ✓ or ✕ Hit ✓ ✓ ✕ ✕ ✕ ✕ ✕ ✓ ✓ Miss ✕ ✕ ✕ Fail
We compared these parameters between two groups of mice, one with 6 mice that did not experience photo-stimulation ("control") and another with 8 mice that received photostimulation as described above. Percentages of "Hit" (left), "Miss" (middle) and "Fail" (right) as a function of training sessions for both the control (black) and the photo-stimulated group (blue). Symbols represent mean ±sem.

In Figure 22 Therefore, taking into account the different indicators of the success rate, mice from both groups reached learning without significant differences.

The next learning criteria analyzed is the reaction time (RT), which corresponds to the duration between the opening of the valve (at 20 s) and the time of first lick (Figure 23A).

Both control and photo-stimulated groups showed a significant gradual decrease in reaction time (p=5.2e-6, Two Way RM ANOVA). On Figure 23B we can see that there is an overlay of the learning curves for both groups, with no statistical difference between them (p=0.72, Two-way RM ANOVA). For both groups, RT starts at approximately 12 s on day 1 and reaches approximately 3 s by day 5. The third parameter analyzed is the probability that the mouse licks during the photo-stimulation, which would allow us to evaluate if the photostimulation per se triggered licking. The photo-stimulation lasted 1 s, t = 20 to 21 s on the recording. We counted the number of trials where mice licked during that one-second period and we then divided that number by the total number of trials in one session. Both control and photo-stimulated groups started at 0.1 (Figure 23C). A probability of 0.1 means that mice licked during the 1 s photo-stimulation in only 10% of trials which reveals a low probability. This probability significantly increases along learning for both groups, reaching 0.3 for the control group and 0.8 for the photo-stimulated group (p=6.6e-6, Two-way RM ANOVA).

Considering the overall learning curves, there is no significant difference between the two groups (p=0.62, Two-way RM ANOVA).

Effect of MLI photo-stimulation MLIs on the motor parameters

We also wanted to determine the effect of the photo-stimulation on the motor parameters of licking.

A study by Gaffield et al. in 2017 reported a decrease in lick rate after inhibiting MLIs using a chemogenetic approach. However, there are no published results on the opposite experiment: We decided to compare the kinematics of the licking activity recorded during the photostimulation (Figure 24A left: blue quadrant from 20 to 21 s "stim" condition) versus that recorded afterwards (Figure 24, A left: from 21 to 22 s, "post" condition) within a group.

We did that for both the photo-stimulated group (Figure 24B, in blue) and the control group (Figure 24 B, in black). Comparing the two groups allowed to determine if the potential change from "stim" to "post" conditions was due to the photo-stimulation or not.

The two motor parameters we looked at are (Figure 24 A Right):

• Lick duration: time of contact between the tongue and the lick port,

• Inter-Lick Interval (ILI): time between two consecutive licks.

As shown in Figure 24B, there was no significant difference in lick duration during the "stim" condition between the control and the photo-stimulated group: respectively 54.4±5 vs 53.2±4 ms (p=0.85, Student's t test). There was also no significant difference in lick duration during the "post" condition: 47.7±6 ms for the control group and 45.7±3 for the photo-stimulated group (p=0.76, Student's t test). We then looked at the inter-lick interval (ILI), which did not yield any statistical difference.

For the "stim" condition (control vs. photo-stimulated group) the ILIs were 0.130±0.01 vs. 0.134±0.009 s (p=0.77, Student's t test). For the "post" condition the ILIs were 0.133±0.006 vs. 0.129±0.005 s (p=0.6, Student's t test).

Although there were no significant differences between the control and photo-stimulated group, we still attempted to perform the experiment with negative littermates from the Chr2-nNOS mice (here on called Chr2 -/-). This was to serve as a control for the light itself and its possible effect on learning. It turned out that only three mice out of the available pool of animals included in the blind experiments were Chr2 -/-mice and completed the protocol.

Figure 25 summarizes the results for some of the learning parameters. On average mice improved their RT from 14.8 s on day 1 to 9.7 s on day 6. The percentage of "Hit" trials increased from 30.4% to 69.1%, the "Miss" went from 13.2% to 13.8% and the "Fail" trials decreased from 56.4% to 18.1%. Overall, Chr2-/-learned across the board but the low number of animal makes it difficult to compare to the other groups.

Conclusion

Our experiments did not highlight any effect of the photo-stimulation on the behavior. Both 

Material and Methods

Animals

We used female mice from the breeding of a parvalbumin-Cre and a Ai93(TITL-GCaMP6f)-D mouse (The Jackson Laboratory), which resulted in animals expressing GCaMP6f mostly in the MLIs.

Data analysis

The detection of licks and analysis of the kinematics is the same as the one described in the previous chapter.

Images were analyzed on IgorPro (Wavemetrics). To correct for movement in the lateral direction we used an image registration routine developed by Thevenaz and Unser [START_REF] Thévenaz | A pyramid approach to subpixel registration based on intensity[END_REF]. The regions of interest were drawn around MLIs somas using a custom made routine by Brandon Stell, which allowed for the analysis of variations of fluorescence.

Results

In order to perform this experiment we had to optimize the animal model, surgical conditions and the head fixation system. We preferred using transgenic mice expressing the calcium probe rather than injecting a virus that allows for GCaMP expression, in order to reduce the number of surgeries. We tested three different head fixation pieces searching to improve stability while allowing access of the microscope objective to image in the tissue without touching the cranium. This optimization work spun over a year period.

However, the efforts made to have more stable conditions were not enough to perform the experiment. A total of 6 mice were imaged, and all of them presented movement artifacts that rendered the recording unusable. The animal's head movement provoked a change in the imaging fields in depth that was observable during single trials. That movement caused cells imaged at rest to go in and out of the imaging field when the animals started licking. So along the trial different cells appeared in the field, as in the example shown in Figure 26. Movement in this plane, the z-plane, cannot be corrected by available image registration routines.

With training, some animals showed an improvement and we were able to extract signals from a limited fraction of the trials (example in Figure 27). Nevertheless, it was not enough to collect a significant amount of data to draw convincing conclusions. Also, our specific question was whether MLI activity changed during the 6-7 days of training. Therefore the information collected on the last couple of days towards the end of training did not allow us to answer our question.

Conclusion

Because of technical difficulties with the stability of the imaged field during two-photon recordings, we were unable to monitor MLI activity from the first day of training. This experiment would take rigorous optimization to be implemented in a time scale that exceeds the duration of my PhD. Moreover, this relief of inhibition on PCs could be complementary of another phenomenon to increase PC excitability. PCs express hyperpolarization-activated cyclic nucleotide-gated (HCN) channels [START_REF] Oldfield | Interneurons of the cerebellar cortex toggle Purkinje cells between up and down states[END_REF][START_REF] Williams | Membrane potential bistability is controlled by the hyperpolarization-activated current I(H) in rat cerebellar Purkinje neurons in vitro[END_REF]. These channels mediate an inward potassium current called Ih [START_REF] He | Neurophysiology of HCN channels: from cellular functions to multiple regulations[END_REF]. HCN channels are activated at hyperpolarized potentials, which could be the case for PCs subject to MLI activation. I propose that the MLI silencing observed here may facilitate HCN channel activation, and since PSS would happen concurrently with Ih activation, a stronger increase of excitability of PCs may result.

As for the underlying mechanisms, our results suggest that the PSS is the results of intrinsic MLIs properties, such as an ionic conductance that would hyperpolarize the cells after a strong activation. We know that large-conductance calcium-activated potassium (BK) channels are present in MLIs [START_REF] Alcami | Measuring the firing rate of highresistance neurons with cell-attached recording[END_REF][START_REF] Chavas | Osmotic tension as a possible link between GABA(A) receptor activation and intracellular calcium elevation[END_REF][START_REF] Liu | Inhibition of Ca2+-activated largeconductance K+ channel activity alters synaptic AMPA receptor phenotype in mouse cerebellar stellate cells[END_REF]. These channels are responsible for an outward potassium current that would lead to a hyperpolarization of the membrane [START_REF] Contet | BK Channels in the Central Nervous System[END_REF].

The channelrhodopsin-2 is a cation-channel and it lets through both monovalent and divalent cations, so it would be highly probable that the influx of calcium would activate BK channels and produce PSS.

There have been reports on synaptic plasticity mediated by both HCN and BK channels [START_REF] Contet | BK Channels in the Central Nervous System[END_REF][START_REF] He | Neurophysiology of HCN channels: from cellular functions to multiple regulations[END_REF], and reports on synaptic plasticity at the MLI-PC synapse [START_REF] Gao | Distributed synergistic plasticity and cerebellar learning[END_REF] for a review). It is likely that BK channels in MLIS and/or HCN channels in PCs participate in establishing synaptic plasticity at the MLI-PC synapse. This is worth investigating because if photo-stimulating repeatedly during a protocol that lasts for several days or weeks induces plasticity, the outcomes observed at the beginning and the end of the protocol might not be the same and effects of photo-stimulation should be interpreted differently.

ii. Rhythmic licking motor parameters are altered by motivation

As we showed in Chapter III, our behavioral experiments suggested that the motivational state of mice alters their licking behavior. And by measuring the different motor parameters of the task we were able to differentiate two motor patterns, which depend on the motivation of the task. We defined two different patterns of licking, one that could be considered as an exploratory behavior (few bursts with a low number of licks), and another one as a "drinkingoriented" behavior (with bursts composed of more than two licks). This result is coherent with what had been reported on licking in early studies and reviewed by [START_REF] Travers | Motor and premotor mechanisms of licking[END_REF]. They described rhythmic licking as an adaptive behavior that was subject to modification from several sensory modalities (such as gustatory and tactile receptors). Following this rationale, it seems plausible that motivation would also affect the motor patterns of rhythmic licking.

On one hand our results show that short lick bursts are mostly produced when there is a lack of motivation to lick, which can be associated to a reflex-type behavior in order to explore and determine if water is available. Again, this is in line with previous reports suggesting that it is atypical for trained mice to produce one lick only [START_REF] Travers | Motor and premotor mechanisms of licking[END_REF].

Production of a single lick was shown after rats were conditioned to a taste aversion task [START_REF] Halpern | Taste stimuli: quality coding time[END_REF]. And later, [START_REF] Hernandez-Mesa | Licking during forced spout alternation in rats: resetting the pacemaker or disconnecting the motor output?[END_REF] trained rats to lick from two retractable spouts with the goal of optimizing their behavior and produce one lick on each spout. Rats failed to do so and instead licked with an average of 2.7 licks per spout. They then presented the two spouts but only one of them delivering water. This led to a change in behavior with rats licking from the empty site with an average of 1.2 licks. This result clearly shows that very short bursts are associated with an exploratory behavior that did not necessarily entails water intake and that they are not an error in the execution of the task.

Indeed, in their experiment rats had learnt that no water would be delivered through that spout, but they still licked anyway. This is similar to our study where mice learned that no water would be delivered during the first and last twenty seconds.

On the other hand, our results show that long lick bursts are produced when the animals' goal is to ingest water in order for mice to have the largest water intake possible.

In our 2017 paper, along with the behavioral experiments mice underwent two-photon calcium imaging during rhythmic licking episode. That imaging study showed that the onset of calcium signals would differ depending on the length of the lick burst (Figure 28). For short bursts (1 or 2 licks), the calcium signal would start rising before the first lick (Figure 28 A1). Oppositely, for longer bursts (over 2 licks), calcium signals would begin after the first lick (Figure 26 A2). Gaffield and Christie made a similar observation in their 2017 paper, with the calcium onset starting before the first lick in mice trained to a tone-conditioning task.

It would appear that the cerebellum encodes licking by two different processes.

As we know, the cerebellum encodes both the motor plan and the sensory feedback, so this difference could be reflecting both of those two modalities. Here I propose that the early onset signals we recorded represent the contribution of the cerebellum to the descending motor command, while the late onset signals represent the sensory feedback. The sensory feedback would by definition always reach the cerebellum after the movement. And would come from the cerebral cortex or the CPG. As for the result from Gaffield and Christie (2017), mice were trained to a tone-conditioning task, which is cerebellum-dependent. A1: In red is represented a recording of a burst composed of 2 licks, with the corresponding fluorescence signal in green. We see that the fluorescent signal starts before the first lick. A2: Again, we see in red the recording of a burst of licks (here > 2 licks). And this time, the fluorescence signal starts with the first lick. B: Distribution of the relative onset of the fluorescence signal as a function of the number of bursts. C: Correlation between the number of licks per burst and the relative onset of the fluorescence signal to licking. Above 2 licks in a burst, the fluorescence signals tend to precede the licks.

Thus, it would make sense that neurons in the cerebellar cortex would be activated before the action in order to send the motor command.

iii. Optogenetic manipulation of MLI activity in vivo during learning

Our photo-stimulation experiments lead us to conclude that MLI activation did not affect the motor parameters of the licking task, whether it was on the lick duration or the inter-lick interval.

There could be several possible explanations. First, the photo-stimulation may have failed to recruit enough MLIs to modify the behavior. Indeed, the photo-stimulation we applied is limited to the size of the chronic window whose inner diameter was 2 mm. Furthermore, the efficacy of the photo-stimulation depends on diffraction of light going through the tissue.

Overall, we may have been unable to activate a sufficient number of MLIs. Gaffield and Christie (2017) observed a change in lick rate when inhibiting MLIs using a chemogenetic approach with the virus expressed all over the Crus II area (Figure 2), which is considerably bigger than the area under the chronic window in the present work. However, Heiney et al. in 2014 performed MLI photo-stimulation using the same transgenic mouse line as used here and described very precise control of eyelid responses to the photo-stimulation (Figure 8B). In their study, they used a fiber inserted into the cerebellar cortex, with a final tip diameter of 20-30 m, which is considerably smaller than what we used in the present study, and still observed a behavioral response. One way to look at this difference is that closing the eyelid recruits probably fewer MLIs than modifying rhythmic licking because fewer muscles are involved. The CPG-controlled licking involves several facial muscles including jaw openers, tongue protruders and retractors, that participate in a precisely controlled motor plan, as described by [START_REF] Travers | Motor and premotor mechanisms of licking[END_REF].

Another possible explanation for this negative result is the lateralization of the task. Indeed, we only photo-stimulated the right Crus II. In their 2017 study, Gaffield & Christie inject bilaterally the inhibiting construct, hence inhibited both side of the cerebellum to get an effect.

Other the effectiveness of the inhibition, this could be crucial since the lick port was located medially and the animals licked with no lateralization while both cerebellar hemispheres are involved in the task but we only interfered with the right hemisphere. Most probably our photo-stimulation was not enough to perturb the motor output once the information coming from both cerebellar hemispheres are processed. Maybe, to modify the way mice lick, we need to interfere with MLIs on both sides of the cerebellum.

Otherwise, we can imagine that information from both sides of the cerebellum is processed in order to be compared with the motor plan and provide a correction plan if there is any error.

The photo stimulation also failed to modify the learning performance of the licking task.

There were no changes on the reaction time or the success rate. One reason could be because the task is not cerebellum-dependent, as it is not a classical conditioning task as described for cerebellar learning [START_REF] Poulos | Localization and characterization of an essential associative memory trace in the mammalian brain[END_REF]. In a review by [START_REF] Makino | Circuit Mechanisms of Sensorimotor Learning[END_REF], different types of motor learning are presented. One of them is called "sensory perceptual learning" and relies on extracting relevant sensory information to perform an appropriate action but has not been associated with the cerebellum. In order to control for the cerebellar implication to learning in the task we designed, we could attempt to inactivate the cerebellum during the learning phase and observe the consequence.

Another reason would be that the learning is cerebellum-dependent, but does not only recruit Crus II. Until recently, papers using protocols including rhythmic licking didn't explore that learning phase. However, multiple papers showed an implication of several areas of the cerebellum in motor learning [START_REF] Heffley | Coordinated cerebellar climbing fiber activity signals learned sensorimotor predictions[END_REF][START_REF] Heffley | Classical conditioning drives learned reward prediction signals in climbing fibers across the lateral cerebellum[END_REF][START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF]. Areas like Crus I, the Lobus Simplex, or the paravermal area (at the intersection of the vermis and hemisphere), have also been pointed as involved in motor learning during rhythmic licking. Therefore, there could be a possibility of crosstalk between the different areas to control the different aspects of the task. One, like Crus II, could be controlling the kinematics while another, like the paravermis, could be in charge of associating the motor output to the predictive cue.

Yet another explanation would be that interfering with MLIs does not affect motor learning.

But studies have reported effects on learning when interfering with MLIs. Work on transgenic mice with modified PCs GABA-A receptors (Figure 7A: Ten Brinke et al. 2015; [START_REF] Boele | Impact of parallel fiber to Purkinje cell long-term depression is unmasked in absence of inhibitory input[END_REF] showed impairment in EBC learning. This mutant likely affected the inhibition exerted by MLIs on all PCs in the cerebellum so it would be more difficult to draw parallel with our area-specific interference. However, [START_REF] Rowan | Graded Control of Climbing-Fiber-Mediated Plasticity and Learning by Inhibition in the Cerebellum[END_REF] reported that MLIs photostimulation, using the same ChR2-nNOS transgenic mice as we used, altered VOR learning and our results differ from this study.

So how come a similar photo-stimulation would have an effect on VOR learning but not in our study? First, as said previously VOR training relies on eye-movement that is a relatively simple behavior. Also, we know with certainty that VOR training relies on the cerebellum, as it has been well documented in several species for decades now.

Moreover, we know that eye movements are specifically encoded in the flocculus and nodulus, the lobe X of the cerebellum. This could have a particular relevance here because of the flocculus itself. Indeed, that flocculus is one of the oldest areas of the cerebellum on an evolutionary standpoint while the cerebellar hemispheres developed later [START_REF] Kheradmand | Cerebellum and ocular motor control[END_REF][START_REF] Straka | Vestibular blueprint in early vertebrates[END_REF]. One of the particularities of this floccuolo-nodular lobe is that PCs don't project to one of the DCN but to the vestibular nuclei. This region developed in parallel to the eyes, which means that both motor control and motor learning for the VOR had to be encoded in the flocculus.

Here I propose that the flocculus and nodulus, because of their well conserved properties and their particular circuitry, encode both motor control and motor learning, while the rest of the cerebellum may recruit different areas for the execution of the motor task and for the learning of the task. This framework would explain different results present the literature. It would explain the different effect that MLIs photo-stimulation has on motor learning depending on whether it is applied in the flocculus [START_REF] Rowan | Graded Control of Climbing-Fiber-Mediated Plasticity and Learning by Inhibition in the Cerebellum[END_REF] or in Crus II (present study). It would explain why [START_REF] Heffley | Coordinated cerebellar climbing fiber activity signals learned sensorimotor predictions[END_REF][START_REF] Schmahmann | The cerebellum and cognition[END_REF] and [START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF] In conclusion, I suggest that learning tasks that include complex motor actions that recruit different muscle groups rely on the activation of different areas of the cerebellar hemispheres, compared to simpler tasks as the VOR, which involve a more restricted cerebellar region. And because of that reason, photo-stimulating MLIs from the right cerebellar hemisphere only did not affect the learning abilities.

iv. Perspectives: knowing what I know now

Completing a research project brings more that knowledge on the subject one is studying; it also brings knowledge on how to conduct a scientific project. Based on the results that I gathered during my PhD the following question is raised: what would be the next step and/or what would I do differently?

For the study of the PSS phenomenon, the follow-up would be to conduct experiments on the possible intrinsic properties underlying the silencing. Our first hypothesis is that BK channels are responsible for the PSS, at least partly. To test this hypothesis, we could load slices with AM forms of calcium chelators (EGTA or BAPTA) and also do whole-cell recording experiments with addition of these chelators in the intracellular solution. Since BK channels are activated by calcium, adding a chelator such as BAPTA would prevent their activation.

Another way to test this hypothesis would be to directly block BK channels using pharmacological agents and study effects on the PSS with the cell-attached configuration. To test this hypothesis, we could add Iberiotoxin to the bath during the recording sessions and observe how it would affect the outcome of the photo-stimulation.

Concerning the behavioral work, we discussed previously the possibility that our paradigm is not cerebellum-dependent. If I were to repeat the experiment, I would chose to train mice to a classical conditioning task, which this time is known to be cerebellum-dependent [START_REF] Poulos | Localization and characterization of an essential associative memory trace in the mammalian brain[END_REF]. Similar tasks have been used in different studies, showing the relevance and possibility of accomplishing this (Gaffield et al., 2016;Gaffield and Christie, 2017;[START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF][START_REF] Heffley | Coordinated cerebellar climbing fiber activity signals learned sensorimotor predictions[END_REF][START_REF] Heffley | Classical conditioning drives learned reward prediction signals in climbing fibers across the lateral cerebellum[END_REF]. To perform these experiments, a sensory cue is presented to mice before delivering water through the lick port for mice to lick.

Mice learn to associate the cue as a predictor to the water delivery. The tone would serve as the CS and the opening of the valve would serve as the US (Figure 5 Top). This kind of task presents many advantages, such as the more controlled paradigm and the ability of performing extinction experiments. Although EBC and VOR experiments are widely used in the field, for good reasons, rhythmic licking is an interesting task that is worth studying. As stated in Bryant et al. 2010: "Licking constitutes an ideal behavioral paradigm for the study of motor control as it is a readily quantifiable and natural behavior in rodents. » It is often argued that the behaviors implemented in rodent studies are hardly relevant when translated to humans.

Observing a natural behavior such as licking is in that line a great advantage.

Another advantage of the classical condition task is the possibility to create more complex paradigms by adding different sensory cues. As the auditory tone is the most commonly used cue, the same result can be obtained with an air puff on the whisker pad or an olfactory stimulation with a smell presentation [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF]. By combining these different cues, mice can be trained to recognize different outcomes by varying parameters like the delay to water or the nature of the water if we add sugar to it. Such experiment could be useful to study the activity of a population of MLIs when mice decide between to different actions with similar outcomes.

Photo-stimulating MLIs as we did during the rhythmic licking task altered neither the learning nor the motor parameters of the task. Obviously, there are aspects of this experiment that I would modify if I were to repeat it.

First, I would use a classical conditioning paradigm such as mentioned above. And on a technical standpoint, I would couple electrophysiology to the photo-stimulation using optetrodes in order to have a way to readout the efficacy of the stimulation and the effects downstream on the circuit. Even though it is difficult to record MLIs spikes with tetrodes, we would be able to assess the effect of the photo-stimulation by recoding spikes from PCs.

As we discussed previously, recent publications have shown the implication of the several areas of the cerebellum in learning with an emphasis on the paravermis [START_REF] Heffley | Classical conditioning drives learned reward prediction signals in climbing fibers across the lateral cerebellum[END_REF][START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF]. I proposed the hypothesis that several cerebellar regions were involved in learning of a motor task. Such learning includes multiple modifications of the behavior. First, animals have to learn to detect the sensory cue to perceive it as the predictor.

Then, the timing of the task is also important in order to start licking at the correct moment after the prediction. Moreover, the motor pattern changes as a function of the motivational state of the animal, which we demonstrated with our results in the Chapter III. It is unlikely that all of those modalities are encoded in the same area of the cerebellum. It would make sense that several areas work in synergy in order to encode the different modalities of the behavioral task.

To test this hypothesis, we could perform photo-stimulation on those different areas such as the paravermis during the learning of the task. That is why it is worth investigating the activity pattern of MLIs in different areas of the cerebellar cortex during learning to understand the communication that might happen between those areas.

Beyond the scope of this project

Beyond the results of the experiments I conducted, what more do I know about the role of MLIs in motor learning?

The idea of cerebellar learning in general revolves around a decrease of PC activity. In his original theory, David Marr had suggested that PCs had to be silent in order to have a disinhibition of the DCN. An increase of DCN activity would allow for an excitatory input to the cortex via the thalamus. Also, the final Marr-Albus-Ito model proposed that a depression of the PF-PC synapse was the mechanism underlying motor learning, once again leaning toward a decrease of PC activity. And there have been several experimental results that could confirm this model, from which I selected few recent examples.

The first example, mentioned in the introduction, is that pauses in PC activity driven by MLI photo-stimulation induce precise control of eyelid movements (Heiney et al., 2014).

Another interesting example is the work conducted by Tom Otis' group where the authors aimed at evoking a paw movement by optogenetic manipulation of PCs (Lee et al., 2015). In A third set of studies on the importance of a decrease of PC activity for behavior is the recent work investigating the cerebellar contribution to motor planning rather than motor execution [START_REF] Chabrol | Cerebellar contribution to preparatory activity in motor neocortex[END_REF][START_REF] Gao | A cortico-cerebellar loop for motor planning[END_REF]. Both studies looked at the communication between the cerebellum and the antero-lateral motor cortex (ALM). They described an increase of activity in the ALM during the preparatory phase of the movement in order to have a correct action. And they determined that PC activation prevented the ALM increase of activity necessary for correct motor planning.

But with respect with Marr's prediction, this decrease of PC firing was suggested in the specific context of conditioned motor reflexes. So, if you look at PC activity during conditioned behavior, we observe similar results. The hallmark of EBC conditioning is a PC pause proposed as the neural substrate of the CR, which would agree with Marr's theory.

Thus, there is evidence that a decrease of activity in PCs is the salient feature of motor learning, motor execution and motor planning. However, in my opinion and in view of the controversial nature of recently published work, whether this decrease is dependent on MLI activity remains unclear.

About MLIs potential role in motor learning, controversy is still strong. One study showed that pharmacological blockage of inhibition did not prevent the PC pause in the context of EBC training [START_REF] Johansson | Memory trace and timing mechanism localized to cerebellar Purkinje cells[END_REF]. The same team later proposed that the pause relies solely on intrinsic properties of PCs and mGluR7 signaling [START_REF] Johansson | Activation of a Temporal Memory in Purkinje Cells by the mGluR7 Receptor[END_REF]. So, these data would suggest that MLIs are not needed for the expression of this phenomenon, but it cannot invalidate their potential role during the learning phase of EBC. That theory has been explored as well as we mentioned in the introduction. It was shown in mutant mice that blocking MLI-inhibition impaired EBC learning [START_REF] Boele | Impact of parallel fiber to Purkinje cell long-term depression is unmasked in absence of inhibitory input[END_REF]Ten Brinke et al., 2015).

Overall, there has not been one clear proposal as to what may be the contribution of MLIs to motor learning. And this could be due to the fact that there has not been any major proposed But other than the differences in shape, the part of PCs where these cells project has been the feature that interested me the most. It is clear that SCs project to PCs dendrites and BCs to PCs somas. This organization reminded me of the one in the cerebral cortex where somatostatin-positive interneurons (SSTi) project to the dendrites of excitatory neurons, whereas parvalbumin-positive (PVi) project to their soma. One specific study caught my attention as it proposed different and complementary functions of these two categories of interneurons [START_REF] Chen | Subtype-specific plasticity of inhibitory circuits in motor cortex during motor learning[END_REF].

They observed in the motor cortex the dynamics of axonal boutons in both populations of interneurons and concluded that SSTi decreased their activity during learning in order to increase the excitability of the postsynaptic dendrite and allow for new connections. While

PVi increased their inhibitory action in order to control the output of the postsynaptic cell.

I wondered if this result was transposable to the cerebellar circuit, and if a parallel could be drawn from SCs and BCs versus SSTi and PVi. To build such model it is important to include what is already known of SCs and BCs. We know that SCs have an influence on the SS firing patter of PCs. They can affect the length of AP induced by PFs activation and, by blocking their activity, change PCs firing pattern from irregular to regular both in vitro [START_REF] Häusser | Tonic synaptic inhibition modulates neuronal output pattern and spatiotemporal synaptic integration[END_REF] and in vivo. In a recent study, PCs firing was followed after blocking either SCs or BCs in vivo [START_REF] Brown | Molecular layer interneurons shape the spike activity of cerebellar Purkinje cells[END_REF]. Trace of a single action potential stimulated by a todo: pA current with AP initiating at a threshold of approximately -55 mV. Turning off BK currents by setting the BK channel conductance to 0 reveals the contribution of BK currents to the afterhyperpolarization of APs [START_REF] Liu | Inhibition of Ca2+-activated largeconductance K+ channel activity alters synaptic AMPA receptor phenotype in mouse cerebellar stellate cells[END_REF]) (E, blue line). todo: explain why peak of action potential is so low in experiments (B, F) Voltage reponse to the injection of hyperpolarizing currents (0 -65 pA in 5 pA increments) revealing a significant 'sag' due to the activation of h channels. (C, G) Voltage response to the injection of a hyperpolarizing current followed by a depolarizing current demonstrates delayed spike initiation due to A-type potassium currents. (D, H) Spike train resulting from injection of a todo: pA current for 500 ms. (I) Time-to-first-spike measures the delay of spike initiation after release from hyperpolarization to various holding potentials. Four cells were recorded in vitro and multiple trials recorded for each, showing an increase in time-to-first-spike at lower holding potentials, saturating at -100 mV (colored points). Three cells were randomly selected from the center of the simulated section (black lines). (J) Frequency-current curves showing a linear relationship between injected current and spiking frequency for four cells in vitro. todo: offset of the current in vitro caused by holding current? The simulation consisted of a 200 × 190 × 500 µm( s a g g i t a l× vertical × transverse) section of molecular layer containing 1520 cells. For (A-D) recordings were made from the central-most cell.
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Introduction

Stellate and basket cells of the mammalian cerebellar cortex, collectively called molecular layer interneurons (MLIs), exert a strong feedforward inhibition on Purkinje cells (PCs) (Eccles et al., 1966). After excitatory parallel fiber (PF) input, MLI-driven inhibition sharply curtails the duration of PC responses and restricts the spread of these responses along the parasagittal plane [START_REF] Cohen | Cerebellar on-beam and lateral inhibition: two functionally distinct circuits[END_REF]Mittmann et al., 2005;[START_REF] Santamaria | Feedforward inhibition controls the spread of granule cell-induced Purkinje cell activity in the cerebellar cortex[END_REF][START_REF] Dizon | The role of interneurons in shaping Purkinje cell responses in the cerebellar cortex[END_REF][START_REF] Blot | Timeinvariant feed-forward inhibition of Purkinje cells in the cerebellar cortex in vivo[END_REF]for review: Jo ¨rntell et al., 2010). In addition to this feedforward action, MLIs are interconnected through both chemical (Eccles et al., 1966;[START_REF] Chavas | Coexistence of excitatory and inhibitory GABA synapses in the cerebellar interneuron network[END_REF] and electrical (Mann-Metzer and Yarom, 1999;[START_REF] Alcami | Estimating functional connectivity in an electrically coupled interneuron network[END_REF]Kim et al., 2014) synapses. The driving force for chemical MLI-MLI synapses as measured in brain slices is weak so that some of these synapses are excitatory, whereas others are inhibitory [START_REF] Chavas | Coexistence of excitatory and inhibitory GABA synapses in the cerebellar interneuron network[END_REF]. However, the intracellular Cl Ϫ concentration varies after changes in metabolic state [START_REF] Rheims | GABA action in immature neocortical neurons directly depends on the availability of ketone bodies[END_REF]; for review, see Zilberter et al.,

Significance Statement

It is known that, during movement, the activity of molecular layer interneurons (MLIs) of the cerebellar cortex is enhanced. However, MLI-MLI interactions are complex because they depend both from excitatory electrical synapses and from potentially inhibitory chemical synapses. Accordingly, the pattern of MLI activity during movement has been unclear. Here, during two oromotor tasks, licking and bruxism, individual neighboring MLIs displayed highly coordinated activity, showing that the positive influences binding MLIs together are predominant. We further find that spatiotemporal patterns differ between licking and bruxing, suggesting that the precise pattern of MLI activity depends on the nature of the motor task. 2010), slicing-induced cell damage [START_REF] Dzhala | Traumatic alterations in GABA signaling disrupt hippocampal network activity in the developing brain[END_REF], and network activity [START_REF] Thompson | Activity-dependent disinhibition. I. Repetitive stimulation reduces IPSP driving force and conductance in the hippocampus in vitro[END_REF]Astorga et al., 2015), so it is unclear to what extent conclusions concerning functional effects of chemical MLI-MLI synapses in slices are applicable to a more preserved environment including in vivo preparations. It is in particular unclear whether the MLI network engages into an organized spatiotemporal pattern of electrical activity in vivo as reported under special pharmacological conditions in slices [START_REF] Middleton | High-frequency network oscillations in cerebellar cortex[END_REF]. In vivo studies show that MLI electrical activity increases after sensory stimulation (Jo ¨rntell and Ekerot, 2003) and during locomotion [START_REF] Ozden | Widespread state-dependent shifts in cerebellar activity in locomoting mice[END_REF], Jelitai et al., 2016). Because these studies were performed either using single unit recordings (Jo ¨rntell andEkerot, 2003, Jelitai et al., 2016) or averaged multicellular imaging [START_REF] Ozden | Widespread state-dependent shifts in cerebellar activity in locomoting mice[END_REF], information concerning MLI-MLI interactions and network activity is difficult to extract. Altogether, in vivo activity of the MLI network presumably results from a combination of spontaneous electrical activity (Ha ¨usser and Clark, 1997), coordinating effects of electrical synapses, potentially inhibitory effects of chemical synapses, excitatory synaptic inputs from PF and climbing fibers [START_REF] Carter | Quantal events shape cerebellar interneuron firing[END_REF]Szapiro and Barbour, 2007), and inhibitory synaptic inputs from PC collaterals [START_REF] Orduz | Recurrent axon collaterals underlie facilitating synapses between cerebellar Purkinje cells[END_REF]Witter et al., 2016). However, it is presently not known how these diverse and partially contradictory influences shape the collective electrical activity of the MLI network.

To start addressing these issues, we examined MLI activity patterns in behaving mice and explored the temporal and spatial characteristics of MLI activity during motor behavior. Mice expressing the genetically encoded Ca 2ϩ indicator (GECI) GCaMP6s specifically in MLIs were imaged under head-fixed conditions and the resulting Ca 2ϩ -dependent fluorescence signals in MLIs were analyzed during the performance of a motor task. We focused our attention on licking because this is a rhythmic, sharply timed activity and because there is strong evidence for an association of specific cerebellar neuronal activity with this behavior. Earlier electrophysiological recordings showed changes in the temporal pattern of PCs complex spikes during rhythmic licking (Welsh et al., 1995) and following studies indicate a strong temporal correlation between the pattern of simple PC spikes and individual licks (Bryant et al., 2010;Cao et al., 2012). Recently, chronic window imaging of mice expressing GECIs in PCs showed that Ca 2ϩ rises in PC dendrites correlated with licking activity (Gaffield et al., 2016).

In the present work we show that MLI activity is strongly engaged during both licking and another form of motor behavior, bruxing. In both cases, MLIs display highly synchronized Ca 2ϩ rises. During licking, MLI activity shows a sharp synchronization with the onset of licking episodes and anisotropic decay of MLI-MLI coordination as a function of distance along the parasagittal versus coronal directions. The results shed light on the mechanisms governing activity of the MLI network during specific motor tasks.

Materials and Methods

Procedures.Experimentalprocedurescompliedwithanimalcareguidelines of the University Paris Descartes and were approved by the "Prefecture de Police" (#A-750607) in agreement with the European Directive 86/609/EEC and by the ethical committee of the University Paris Descartes.

Cranial window implantation. Female parvalbumin (PV)-Cre mice (postnatal days 27-36) were injected in the Crus II region of the cerebellar right hemisphere (stereotactic coordinates Ϫ6.5 mm anteroposterior and 2.5 mm mediolateral) with an AAV1.Syn.Flex.GCaMP6s.WPRE. SV40 virus obtained from the University of Pennsylvania Vector Core facility following procedures described in detail in Astorga et al. (2015). Three weeks after injection, mice were anesthetized by intraperitoneal injection of ketamine (14.8 g/g) and xylane (10 g/g) and mounted in a stereotaxic frame. Eyes were protected from dehydration with eye ointment and lidocaine (0.2%) was applied subcutaneously in the scalp. The skin overlying the frontal, parietal, and interparietal cranial bones was removed and a custom-made titanium fixation piece was attached to the frontoparietal junction with dental adhesive (Super-bond C&B; Sun Medical). A 3 mm craniotomy was drilled in the interparietal bone around the injection site with posterior-lateral limits in the border of the occipital bone. A round glass coverslip (3 mm diameter; Warner Instruments) was placed over cerebellar regions Crus I and Crus II and kept in direct contact with the brain using a custom-made stainless steel ring (0.4 mm thick). The bone surrounding the craniotomy was thinned to allow access of a 20ϫ objective while imaging and was covered with a thin layer of dental adhesive. One dose of enrofloxacin (5 g/g) was given after the surgery to avoid infections and buprenorphine (0.1 g/g) was given twice daily for 2-5 d to reduce pain. To avoid brain inflammation after surgery, 2 doses of dexamethasone (2 g/g) were given intramuscularly in the quadriceps, respectively, 24 h and 30 min before cranial window implantation. Mice were allowed to recover from surgery in their cages for 1 week with ad libitum access to water. In optimal conditions, cranial windows remained clear for imaging up to 2 months.

Mouse habituation. Mice were water restricted for 15-20 h and habituated to head fixation in the imaging setup with ad libitum access to water for 15-20 min daily for 1 week before the first imaging session. Mice were weighed daily to ensure that body weight did not drop Ͼ20% of its value before water restriction.

In a separate series of experiments designed to test the influence of water availability on licking parameters, three Swiss mice (one female and two males) aged 30 d were water restricted and habituated to headfixed conditions. A solenoid valve was added to the water delivery circuit allowing computer control of water availability. Mice were subjected to 1 head-fixed session per day for 9 d. In each session, licking was monitored for 15-20 min, during which 10 -12 trials were performed. Each trial consisted of 15-20 s of closed-valve conditions, followed immediately by 30 -45 s of open-valve conditions. The electrical signal associated with licking was recorded as described below for imaging experiments.

In vivo imaging in awake mice. Schematics of the recording setup are shown in Figure 1A. Mice were head fixed with a tilt of ϳ30°while their limbs had direct contact with an aluminum sheet to monitor licking (see below). A heating blanket (28 -30°C; DC Temperature Control System) was placed under the aluminum sheet to keep a comfortable body temperature for the mice. Two-photon laser scanning imaging was performed in the posterior part of the Crus II region with a custom-built setup (for details, see [START_REF] Franconville | Somatic calcium level reports integrated spiking activity of cerebellar interneurons in vitro and in vivo[END_REF]. Imaging was performed at different depths into the molecular layer. Cells at imaging planes containing PC somata, which are recognizable as large, fluorescenceexcluding cell bodies surrounded by fluorescence-expressing basket-like structures (Fig. 1D), were considered to be basket cells. Otherwise, the cells were considered to be stellate cells. Excitation wavelength of the laser (MaiTai; Spectra Physics) was set at 910 nm. The photodetector was a photomultiplier tube placed proximal to the imaging plane to maximize photon collection. Sequences of images were acquired using custommade routines in IgorPro with a time resolution of 140 -230 ms/frame (10 s/pixel) and had a color depth of 16 bits. A video camera (Logitech Webcam C260) from which the infrared filter was removed was used to monitor the orofacial movements with a time resolution of 15 Hz. Infrared LEDs were used to illuminate the mouse face without altering the signal seen by the photodetector.

Licking activity was recorded reliably with high temporal precision using a standard analog-to-digital converter as described previously (Hayar et al., 2006). Water flowed out of the lick port at a rate of ϳ8 drops per minute and mice drank 1 drop of water (ϳ40 l volume) in several licks, varying from trial to trial. Typically, mice drank during the first 20 min after access to water and later showed intermittently grooming behaviors including teeth trimming (also called bruxing) and boggling for up to 2 h. When the mice showed signs of discomfort, the imaging session was stopped and the animal was returned to its cage.

Spatial and temporal correlation analysis of Ca 2ϩ activity versus motor behavior. Individual lick events (examples in Fig. 1E) were identified Values were derived from licking events within single bursts, where a burst is defined as a temporal block comprising consecutive licks with ILIs Ͻ0.5 s. H, Distribution of the numbers of lick events within a single burst, with a mean of 6.7 Ϯ 0.9 (n ϭ 48). I, Distribution of the interburst intervals, with a median of 2.9 Ϯ 0.3 s (n ϭ 44). Data were pooled from 13 recordings in n ϭ 4 mice.

visually in the electrical recording and histograms of various parameters were constructed using standard algorithms. Jaw movements during bruxing or licking episodes were analyzed from video recordings by drawing a region of interest (ROI) under the jaw in the inferior edge of the closed mouth, corresponding to dark pixels from the background. When mice opened their jaws, the ROI was filled with bright pixels from the skin illuminated with the infrared light, increasing the intensity counts inside the ROI. To compare the amplitude of the jaw movements during licking and bruxing, a separate analysis was done for days when mice performed both behaviors in the same imaging session to have a common head and jaw position. A ROI was drawn in the inferior part of the jaw in the position of maximal aperture during licking. The mean gray value inside the ROI was measured during licking and bruxing episodes within each session. During licking, the time course of the jaw motility trace obtained with this approach closely followed the time course of the licking junction potential trace, thus validating the measurement.

To correct the two-photon images for movements in the horizontal plane, films produced from image sequences were stabilized using the Image Stabilizer plug-in for ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. Unlike these movements, which can easily be corrected, movements in the z direction are difficult to deal with because cell bodies move in and out of the focal plane. Accordingly, image recordings were processed for analysis only if visual inspection showed that there was no movement in the z direction. After correction for movement, average images were produced for each acquisition sequence and ROI manager tools (from ImageJ) were used to create binary masks for all somata in the field. These masks were used to define the ROIs for further analysis with custom written MATLAB (The MathWorks) algorithms.

Temporal traces were produced for each ROI defined by the binary mask to extract spatiotemporal correlations between Ca 2ϩ signals. Background correction was done with ImageJ by subtracting the mean value of at least three non-cell subregions (10 ϫ 10 pixels) from the image for each case. Responsive neurons were defined as those with a fluorescence time course that contained at least three consecutive data points exceeding three times the SD of the baseline fluorescence (F 0 ). Fluorescence signals were then normalized over F 0 as ⌬F/F 0 over time. Calcium strength was defined as the integral (⌬F/F 0 *s) of the traces over defined time periods.

For data obtained from stellate cells, we quantified the spatiotemporal correlation of the fluorescence signals as follows. After defining the responsive neurons (94% of the total number of identified stellate cells) for a single run, the distance between neuronal somata was calculated for all combinations (pairs) of responsive neurons and the Pearson's correlation coefficient (r ij ) was calculated for all corresponding pairs as schematized in Fig. 2B. To determine whether closer cells have more correlated Ca 2ϩ responses than distant ones, we examined the overall correlation between r ij values of all neuronal pairs and their corresponding distances by linear regression in IGOR (WaveMetrics). A significantly negative slope suggests that closer neurons show more correlated Ca 2ϩ responses.

To analyze the stellate cells along or orthogonal to the PF orientation, we traced the orientation of the neurites from the average intensity image of the time-lapse stack using ImageJ. Parallel lines of stellate cells were seen clearly along this orientation. The cell positioning was then defined along or orthogonal to this orientation. The correlation between the r ij of Ca 2ϩ responses and the distances of all paired stellate cells was calculated, either along or orthogonal to the orientation of the stellate cell neurites. The spatiotemporal correlation analysis was performed using MATLAB and linear regression fits of the pooled data were done in IGOR.

Experimental design and statistical analysis. Imaging data for this study were collected from six female mice kept under similar housing conditions according to the rules of our animal care facility. In the Results section, for each experimental parameter analyzed, we report the number of animals, the number of imaging runs, and the number of cells. For pooled data, we report the mean Ϯ SEM and perform statistical comparisons using t tests in MATLAB. The resulting t and p-values are reported. Analysis of correlations was performed using the linear regression fit routine of IGOR and the Pearson's coefficient returned by the fit routine (ϮSD) is reported along with the calculated significance level. Results were considered significant at p Ͻ 0.05.

Results

Ca 2؉ -dependent activity of cerebellar interneurons during rhythmic licking

To study the activity of stellate and basket cells in vivo, we expressed the GECI protein GCaMP6s [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF] in the cerebellar cortex of adult PV-Cre mice by stereotaxic injections of floxed AAV viral vectors (as detailed in the Materials and Methods). As reported recently (Astorga et al., 2015), this yields specific expression in MLIs. GCaMP6s was preferred to GCaMP6f because it provides a more precise image of the resting cells, thus facilitating the analysis of individual MLI activity in the present work. Because of the presence of high PV concentrations in MLIs [START_REF] Collin | Developmental changes in parvalbumin regulate presynaptic Ca2ϩ signaling[END_REF], somatic calcium signals are slow and need to be integrated over time to become detectable [START_REF] Franconville | Somatic calcium level reports integrated spiking activity of cerebellar interneurons in vitro and in vivo[END_REF]. Therefore, GCaMP6s is well suited to report the calcium activity in these neurons, as already reported for PV-positive interneurons in other brain regions [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF]. Imaging was performed in the posterior part of Crus II, from fields of 150 -200 ϫ 80 -100 m in size at depths of 20 -200 m from the surface of the cerebellar cortex using two-photon laser scanning microscopy (Fig. 1A). In the molecular layer, a large number (ϳ20) of stellate cell somata were monitored simultaneously (Fig. 1B). Image sizes and acquisition rates (4 -7 Hz) were adjusted so that this number of individual cells could be examined during active behavior. At higher magnification, nuclear exclusion of GCaMP6s fluorescence and preferential orientation of stellate cell neurites along the parasagittal direction were visualized clearly (Fig. 1C). Near the PC layer, at the bottom of the molecular layer, GCaMP6s expression in basket cell somata and neurites was also well defined. PC somata did not express GCaMP6s and were surrounded by basket cell axons and basket terminals (Fig. 1D). An analysis of the results obtained for basket cells near the PC layer is presented below (see Fig. 8). The results presented next concern the more superficially located stellate cells.

To investigate the spatiotemporal pattern of activity in stellate cells during oromotor behaviors, we first characterized Ca 2ϩ signals from these neurons in Crus II while mice performed rhythmic licking. As detailed in the Materials and Methods, water-restricted animals were habituated to the head-fixed condition in our two-photon imaging setup before recording sessions started. During imaging sessions, mice had access to water in a valve-controlled manner and performed rhythmic licking episodes. The valve was opened for periods of 40 -60 s while imaging was performed. The imaging runs were repeated at intervals of 1-5 min. Licking events were recorded via the electrical contact formed between the mouse tongue and the licking port (Fig. 1E). The contact periods ("licks") were short (Fig. 1F; mean duration: 48.2 Ϯ 3.1 ms; 284 events). Licks occurred in bursts and groups of bursts formed episodes (Fig. 1E). Bursts were defined as a series of licks with interlick intervals (ILIs) Ͻ0.5 s(Fig. 1E, inset). Within a burst, ILI durations had an average of 140 ms (Fig. 1G) and each burst contained, on average, 6.7 licks (Fig. 1H ). Bursts were separated by rest periods ranging from 0.5-8 s (Fig. 1I ) and, for the analysis presented here, we defined lick episodes as groups of bursts separated by Ͻ2 s.

In all experiments, licking episodes were accompanied by changes in the Ca 2ϩ -dependent GCaMP6s fluorescence. An example of the electrically monitored licking behavior and of the simultaneous Ca 2ϩ activity observed in stellate cells is presented in Figure 2A. All of the stellate cells in the imaged field (22 somata in this case; Fig. 2A1) displayed Ca 2ϩ signals during licking episodes (individual traces in Fig. 2A3). As shown by the licking signal and the average Ca 2ϩ signal (red and green traces in Fig. 2A2,respectively),Ca 2ϩ activity starts near the onset of each licking episode, rises during the entire episode, and relaxes slowly toward baseline after the end of each episode. Synchronization among neighboring cells is evident in the waterfall plot of individual ⌬F/F 0 traces (Fig. 2A3). To quantify the degree of synchronization for all combinations of cell pairs labeled (i, j), we measured intersomatic distances (d ij ) and calculated the Pearson's correlation coefficient (r ij ) of the Ca 2ϩ signals for all combinations, as schematized in Figure 2B. Group results for 14 recordings (n ϭ 4 mice) are presented in Figure 2, C and D. Although d ij values ranged from 10 -190 m, reflecting the size of our field of view (Fig. 2C), we found a high degree of temporal correlation for Ca 2ϩ signals (mean r ij ϭ 0.602 Ϯ 0.006; Fig. 2D), suggesting widespread and homogeneous stellate cell activation during licking in the range of distances investigated.

Temporal correlation between Ca 2؉ rises and the onset of licking episode

Next, we compared the onset time of the licking episodes, defined as the first downward deflection of the licking trace, and that of the corresponding Ca 2ϩ signal, defined as the first point of the Ca 2ϩ trace deviating from the mean by Ͼ3 times the SD of the pre-episode period (Fig. 3A). Values for the relative onset of the Ca 2ϩ signal versus the licking trace ranged from Ϫ133 to 580 ms, with an average of 183.6 ms (Fig. 3B), suggesting that, on average, licking onset precedes the onset of the Ca 2ϩ signal. For this analysis, well separated bursts displaying a flat baseline were selected. Surprisingly, we found that the delay depended on the number of the licks during the first burst of the episode. Figure 3A1 shows an example of a burst comprising two licks in which the onset time of the corresponding Ca 2ϩ signal has a negative value. In contrast, in Figure 3A2, for a burst containing a larger number of licks (here, 11 licks), the onset of the Ca 2ϩ signal displayed a significant delay compared with the licking onset. Group results indicate close-to-zero temporal difference between lick and Ca 2ϩ for bursts with small lick numbers, but significant delays for Ca 2ϩ signals evoked by bursts with large lick numbers (Fig. 3C). An exponential fit shows an asymptote of 364 ms for long licking bursts (Fig. 3C). These results suggest that, in general, stellate cell Ca 2ϩ signals tend to follow licking. In addition, they reveal an unexpected correlation between Ca 2ϩ signal onset and number of licks during a licking episode. Accordingly, for very short bursts (one or two licks), some recordings show the opposite temporal relation, licking then Ca 2ϩ sequence (as exemplified in Fig. 3A1), and, on average, we found no significant time difference between licking and Ca 2ϩ onset for the short bursts (Fig. 3C, first bin). The exact reason for the difference of delays depending on lick number is unclear. However, it may be speculated that short licking episodes (one or two licks) aim at checking the presence of water, while long licking episodes (more than two licks) aim at liquid intake. Therefore, the difference of delays may be linked to the difference of context between the short and long licking episodes.

To test this hypothesis, we compared the licking activity depending on whether a water-supplying valve was open or closed. The mean number of licks in a burst strongly increased from 1.8 Ϯ 0.1 when the valve was closed to 19.0 Ϯ 2.3 when the valve was open (t ϭ 6.1, p Ͻ 0.0001). Conversely, surprisingly, interburst intervals were similar when the valve was closed (2.64 Ϯ 0.24 s) and when it was open (2.41 Ϯ 0.35 s) (t ϭ 0.4, p Ͼ 0.5). A closer analysis revealed that the histogram of lick numbers/burst had a single component when the valve was closed, with very low lick numbers (mostly one or two licks/burst; Fig. 3D1,D2, black), whereas, when the valve was open, a second component appeared with many more licks/burst (Fig. 3D1, D3, yellow). The percentage of bursts with one or two licks/burst decreased from 81% when the valve was closed to 44% when the valve was open (Fig. 3D2,D3). These results confirm the coexistence of two separate kinds of bursts when the valve is open. They further suggest that the long bursts are dedicated to immediate water intake, whereas the short bursts are linked more indirectly to water intake and could be motivated by the planning of future water intake.

Stellate cell activity during bruxing

The above results show that Ca 2ϩ rises occur in stellate cells during licking episodes. In addition, we noticed in several recording sessions that these neurons displayed Ca 2ϩ transients in the absence of licking. We hypothesized that such signals could be linked to periods of motor activity because, in the absence of licking, mice were often engaged in tooth sharpening (also known as bruxing), a grooming behavior that involved repetitive movements of the jaw in episodes lasting ϳ1-3 min. It has been shown that both chewing and tooth sharpening involve rhythmic bursts of activity in the anterior temporalis muscle mainly during jaw closure and opening in the masticatory and bruxing cycles, respectively [START_REF] Byrd | Characterization of brux-like movements in the laboratory rat by optoelectronic mandibular tracking and electromyographic techniques[END_REF]. Because a modulatory role for the cerebellum in motor control of this type of orofacial behavior has been advanced [START_REF] Moore | How the brainstem controls orofacial behaviors comprised of rhythmic actions[END_REF], we postulated that the observed Ca 2ϩ transients are correlated with bruxing. To test this possibility, we analyzed video recordings of mice during Ca 2ϩ imaging sessions. Jaw motility traces were generated from the video recordings (see Materials and Methods) and were used to explore the correlation between this motor behavior and stellate cell activity.

As shown in Figure 4A, resting periods when no jaw activity was registered displayed very low Ca 2ϩ signals. Conversely, periods exhibiting repetitive jaw movements (deflections in Fig. 4B2, top) showed concerted Ca 2ϩ rises with variable peak amplitudes (average trace in Fig. 4B2, bottom). As during licking, a waterfall display revealed a high degree of correlation between individual stellate cells Ca 2ϩ signals during bruxing (Fig. 4B3). In contrast to licking, however, it was difficult to identify a clear temporal correlation between bruxing episodes and the corresponding Ca 2ϩ signals (Fig. 4B2). Nevertheless, it was possible to separate recording periods clearly into "bruxing" and "control" episodes according to the jaw motion integral (Fig. 4C; threshold value for jaw motion integral: 4 ϫ 10 3 ). Using this classification, group results revealed larger Ca 2ϩ signal integrals (approximately one order of magnitude of difference; Fig. 4D) and higher numbers of Ca 2ϩ transients (Fig. 4E) during bruxing than in controls, confirming a link between neuronal activity and bruxing.

Comparison of stellate cells Ca 2؉ activity during licking, bruxing, and whisking

During these experiments, mice often whisked. Whisking occurred irrespective of whether mice were engaged in jaw movements or not. To investigate possible links between Ca 2ϩ rises observed during high motility periods and whisking-evoked signaling, we analyzed the fluorescence traces for episodes of low jaw motility, during which video recordings showed active whisking.

We found that, contrary to both licking and bruxing, these episodes were not accompanied by detectable changes in stellate cell fluorescence (Fig. 5 A,B). Because our results were derived from the posterior part of Crus II, the lack of Ca 2ϩ activity during whisking in the present work is consistent with previous reports indicating that whisking-related inputs to PCs are restricted to Crus I and very rarely to the anterior part of Crus II [START_REF] Bosman | Encoding of whisker input by cerebellar Purkinje cells[END_REF][START_REF] Chen | The cerebellum linearly encodes whisker position during voluntary movement[END_REF].

To compare the strength of the Ca 2ϩ rises during whisking, licking, and bruxing, the Ca 2ϩ integral was computed for these behaviors. Pooled data show that the signals were weak for whisking compared with both licking and bruxing. Bruxing episodes were actually accompanied by somewhat stronger Ca 2ϩ integrals than licking episodes (Fig. 5C). Overall, in the stellate cell network of the Crus II region, bruxing and licking were accompanied by potent correlated Ca 2ϩ signals whereas whisking was not.

Could licking and bruxing reflect a common underlying motor behavior possibly linked to jaw movement? This seems unlikely given the marked differences in the patterns of Ca 2ϩ responses for the two types of behavior (cf. Figs. 2,4). In addition, camera-registered optical jaw movement signals during bruxing and licking were strikingly different (Fig. 5D). Licking gave rise to high-amplitude, fast, quickly reversible jaw movements that were time locked with tongue-generated electrical signals, whereas bruxing was accompanied by low-amplitude, stepwise jaw movements (Fig. 5D). Plots of jaw movement amplitudes revealed nonoverlapping amplitude histograms between licking and bruxing episodes (Fig. 5E). This contrasts with the results of Figure 5C showing slightly larger stellate cell Ca 2ϩ signals during bruxing compared with licking. These results, together with the lack of strict correlation between stellate cell activity and jaw movement during bruxing, argue against the hypothesis that stellate cell activity reports jaw movement in a direct way. Further differences between the patterns of stellate cell activity associated with licking and bruxing are described next.

Spatial organization of stellate cell activity during licking

Given the above evidence for correlated stellate cell activity during orofacial motor behaviors, we next investigated whether the Ca 2ϩ signals display any spatial orientation in the imaged field. The cerebellar cortex is organized in a highly regular manner, with PFs running orthogonal to stellate cell dendrites. If the correlations are driven by common PF excitation, then Ca 2ϩ rises should be homogeneous along the PF axis and variable along the orthogonal direction. Therefore, we plotted correlations (r ij values) of Ca 2ϩ signals of all the stellate cell pairs visualized as a function of their distance in the field both along the direction of the PFs and in the orthogonal direction. Each field of 200 ϫ 100 m contained up to 25 MLIs that exhibited GCaMP6 staining in their soma and dendrites. Dendritic staining displayed a clear striated pattern along the sagittal direction and therefore provided a reference for this direction (which is orthogonal to that of the PFs; Fig. 6A1,B1).

We first performed this analysis for the Ca 2 signals observed during licking. In accordance with the concerted activity of these signals in the example of Figure 2A, r ij values were generally high for neuron pairs taken along the orientation of stellate cell neurites (mean Ϯ SEM: 0.55 Ϯ 0.02; Fig. 6A1,A2), as well as orthogonally to such neurites, after the orientation of the PFs (0.58 Ϯ 0.02; Fig. 6B1,B2). However, there was a negative correlation between r ij values and distance d ij along the sagittal orientation after the orientation of stellate cell neurites (slope of the linear regression fit: Ϫ0.0023 Ϯ 0.0006, n ϭ 130; t ϭ 3.85, p Ͻ 0.001; Fig. 6A2), whereas there was no dependence of r ij values on d ij for signals along the PF orientation; that is, orthogonal to stellate cell neurites (Ϫ0.0002 Ϯ 0.0006; n ϭ 125; t ϭ 0.357, p Ͼ 0.5; Fig. 6B2). Therefore, the dependence of intersomatic Ca 2ϩ correlations on distance differs significantly for the two orientations (Fig. 6C).

These results indicate that stellate cell Ca 2ϩ rises during licking are organized along the PF axis and suggest an activity pattern originating at the level of PFs. However, before accepting this conclusion, alternative interpretations were examined. We envisaged first that, during selection of stellate cells for orientation analysis, a bias may have occurred so that cells with weaker signals A2, B2, Representative traces for jaw motion (black) and Ca 2ϩ (green) for periods of low and high jaw motility. Jaw motility traces were extracted from infrared video imaging and the Ca 2ϩ corresponds to the average of 19 individual stellate cells in A2 and 13 in B2. A3, B3, Corresponding waterfall plots for individual stellate cells. C, Comparison of the jaw motion integral in periods of high and low motility shows a marked difference between the two groups (t ϭ 10.2; p Ͻ 0.0001). D, Ca 2ϩ strength is significantly higher for periods of high motility than during low-motility sessions (t ϭ 13.4; p Ͻ 0.0001). E, Difference between the two conditions is also highly significant when the number of Ca 2ϩ transitions is compared (t ϭ 7.3; p Ͻ 0.0001). Data for C-E are from three mice, 788 stellate cells from 50 imaging runs during high-motility periods, and 364 stellate cells from 27 imaging runs during low-motility periods.

were included in the analysis of the "along" orientation. However, cumulative plots of peak Ca 2ϩ rises showed no dependence of the calcium strength on orientation (Fig. 6D). Second, we envisaged the possibility that, due to the geometry of the system, shorter distances were investigated along the PF axis, in which case the difference of Figure 6C could have been erroneous. The orientation of MLI-associated striations in the field of view varied somewhat depending on the orientation of the animal head during imaging. However, overall, the range of soma-to-soma distances investigated along the PF direction was slightly larger than in the orthogonal direction (Fig. 6A1,B1). Under these conditions, geometric restrictions tend to emphasize correlations along the PF direction. Another possible artifact could have been that a preferential orientation of the preparation in relation with x-y scanning might have led to a systematic time bias. However, the orientation of stellate cell neurites was usually diagonal with respect to scanning directions, as illustrated in Figures 1, 4, and6. In this situation, artifacts due to scanning delays should be negligible. In summary, neither stellate cell selection nor imaging window orientation can explain the results of Figure 6, so we conclude that licking is indeed driven by PF activity in Crus II. Moreover, the negative correlation between Ca 2ϩ signals and soma-to-soma distance away from PFs suggests that PF activity is not homogeneous, but rather follows a pattern in which neighboring PFs tend to be synchronized. This observation is consistent with previous work showing patch-like activity in Crus II using intrinsic imaging in large fields covering an entire folium [START_REF] Cramer | Reevaluation of the beam and radial hypotheses of parallel fiber action in the cerebellar cortex[END_REF].

Lack of spatial organization of MLI activity during bruxing

We next compared the temporal and spatial patterns of stellate cell activities for bruxing and licking. The histogram of r ij values for bruxing (Fig. 7A2) had a shape similar to that obtained for licking (cf. Figs. 2D, 7A2), with respective mean values of 0.537 Ϯ 0.004 and 0.602 Ϯ 0.006. This indicates a high level of correlated neuronal activity for the two types of behaviors. However, there was little dependence of r ij values of Ca 2ϩ signals versus somato-soma distance during bruxing either along stellate cell neurites (Fig. 7B1,B2) or in the orthogonal direction (Fig. 7C1,C2), so a comparison of the results along the two directions did not reveal any differences (Fig. 7 D,E). This suggests that, whereas licking is driven by PF activity, bruxing is independent of the spatial organization of the PF system.

Basket cell activity during licking and bruxing

Although all interneurons of the molecular layer of the cerebellar cortex are often considered as a single neuronal population [START_REF] Jo ¨rntell | Cerebellar molecular layer interneurons: computational properties and roles in learning[END_REF], interneurons vary according to their position in the molecular layer regarding morphology (Palay and Chan-Palay, 1974), intrinsic electrical properties, and characteristics of excitatory inputs (Bao et al., 2010). Furthermore, the influence exerted on target PCs differs for interneurons, which synapse mostly on PC dendrites (stellate cells), and for interneu-rons, with somata located close to the PC layer, which make highly stereotyped axonal projections or "baskets" on PC somata (basket cells; [START_REF] Vincent | Fluctuations of inhibitory postsynaptic currents in Purkinje cells from rat cerebellar slices[END_REF]. In our calcium-imaging experiments, it was possible to select basket cells by choosing an imaging plane just above the PC layer. With this approach, we followed calcium-dependent activity of basket cell somata during both rhythmic licking and bruxing.

We found that Ca 2ϩ signals were linked to rhythmic licking in basket cell somata (Fig. 8A1,A2). The Ca 2ϩ signals for the basket cells in the imaged field were correlated, with a mean r ij value of 0.58 Ϯ 0.01 (749 basket cell pairs from 5 imaging runs; n ϭ 4 mice). This level of correlation is comparable to that obtained for stellate cells (t ϭ 1.75, p ϭ 0.1). On average, the temporal relation of Ca 2ϩ signal onset to licking onset was also similar to that found for stellate cells (Fig. 8A3). During bruxing episodes, basket cells were active and their Ca 2ϩ signals had a high level of coordination (Fig. 8B1,B2), with a mean r ij value of 0.549 Ϯ 0.06 (2950 basket cell pairs from 41 imaging runs; n ϭ 4 mice), not significantly different from that obtained for stellate cells (t ϭ 1.84, p ϭ 0.07). In addition, the strength of the Ca 2ϩ rises was similar to that of stellate cells (Fig. 8B3). These results indicate that stellate and basket cell have similar calcium signaling both during licking and bruxing.

Discussion

We provide here direct evidence for a strong activation of MLIs in mice performing oromotor tasks. These results add support to the general notion that MLI-mediated inhibition intervenes in the performance and/or learning of motor tasks. The lines of evidence contributing to this notion are multiple. First, genetic deletion of GABA-A receptors in PCs results in deficits in motor learning (Wulff et al., 2009;ten Brinke et al., 2015). Second, electrophysiological recordings (Jelitai et al., 2016)a n dC a 2ϩ imaging [START_REF] Ozden | Widespread state-dependent shifts in cerebellar activity in locomoting mice[END_REF] show that MLIs are active during locomotion and active whisking has been reported recently to engage changes in MLI spiking (Chen et al., 2017). Third, optogenetic studies of behaving mice reveal that it is possible to modulate/induce movement, not only by optical activation of PCs [START_REF] Proville | Cerebellum involvement in cortical sensorimotor circuits for the control of voluntary movements[END_REF]Lee et al., 2015), but also by optical activation (Heiney et al., 2014) and inhibition of MLIs (Jelitai et al., 2016).

In the present study, we found that, during both licking and bruxing, groups of neighboring MLIs are engaged in highly coherent waves of synchronous neuronal activity. However, in several important aspects, the patterns of activity differ between the two types of tasks. Activity is more reproducible and synchronized for licking than for bruxing. For stellate cells, groups of active neruons are organized along the direction of PFs during licking, suggesting a drive by small bundles of PFs. In contrast, no spatial arrangement was recognizable during bruxing.

In broad agreement with the present work, a very recent study showed concerted MLI activity during licking (Gaffield and Christie, 2017). These two studies used different behavioral paradigms and therefore reveal different aspects of MLI involvement. Gaffield and Christie (2017) used a cued-licking task focused on the temporal correlation between isolated licks and Ca 2ϩ signals, whereas we studied MLI activity during lick bursts, allowing us to uncover interesting temporal correlations between Ca 2ϩ signal onset and lick parameters (Fig. 3), as detailed below. Furthermore, although both studies found widespread MLI activation during licking, our spatial correlation analysis revealed anisotropic stellate cell signals along the PF orientation (Fig. 6), suggesting that they are driven by PFs. An important difference between these two studies concerns MLI activity during nonlicking periods. We found that mice engaged in periods of bruxing, during which MLI activity was of comparable strength to that observed during rhythmic licking 

Comparison between MLI signals associated with licking and bruxing

The Crus I and II regions of the cerebellum are involved in processing motor commands sent through the trigeminal nerve to control jaw movements by the anterior temporalis and masseter muscles (for review, see [START_REF] Moore | How the brainstem controls orofacial behaviors comprised of rhythmic actions[END_REF]. These regions also receive proprioceptive sensory information likewise provided by the trigeminal nerve. Therefore, the MLI activity observed in the present work is likely to convey a mix of sensory and motor information. However, the two oromotor behaviors showed different spatial and temporal properties, suggesting the engagement of different cerebro-cerebellar circuits in each behavior.

Although it is well known that licking is controlled by a subcortical neural circuit, a central pattern generator (CPG) located in the brainstem, the circuits involved in bruxism are unknown. However, there is increasing evidence to support the hypothesis that this behavior is also initiated in a CPG. A striking example of this is the fact that humans in coma, with no direct cortical motor control, show bruxism episodes [START_REF] Pratap-Chand | Bruxism: its significance in coma[END_REF].

Both licking and bruxing are accompanied by jaw movements. The results of Figure 5 show, however, that the amplitudes and kinetics of jaw movements are very different for licking and bruxing. Furthermore, the results of Figures 3 and4 show that the link between MLI activity and movement is tight for licking, but loose for bruxing. These results indicate that MLI activity does not simply report jaw movement during both licking and bruxing. In addition, the results to be discussed next indicate that, even for licking, the kinetics of MLI activity differ depending on animal motivation. Altogether, MLI activity cannot be considered as a simple reporter of orofacial movement.

Dependence of MLI activity delay on lick number

The cerebellum has a dual role in regulating fine movement coordination that involves an early processing of feedforward motor commands from the motor cortex or Central Pattern Generators (CPGs) and a late processing of propioceptive sensory feedback. As a result of processing this dual information, the cerebellum produces an error signal that compares feedforward and feedback information. It is likely that the strong MLI activity observed during licking helps to elaborate this error signal. In addition, recent results indicate that granule cells, which drive MLI activity directly, provide reward-linked signals with various latencies during licking (Wagner et al., 2017). Finally, during conditional blink responses, MLI activity develops together with the conditional response, suggesting changes of activity upstream of MLIs during learning (ten Brinke et al., 2015). Overall, MLIs are likely involved in various types of signals displaying distinct time relations with respect to movement.

Strikingly, we find that the delay between MLI activity and licking onset depends on the number of licks contained in a licking burst. For very short bursts (one or two licks), we found no significant lag between the two types of signals (Fig. 3C, first bin). Using a slightly different behavioral protocol, Gaffield and Christie (2017) reported a significant delay of 30 ms for single licks (MLI activity leading onset). Although some of our recordings with one or two licks similarly show a delay in the same direction, as exemplified in Figure 3A1, other recordings with one or two licks indicated a delay in the opposite direction, with no net average delay (Fig. 3C). Given the image acquisition rate in the present study and the limited number of measurements for one or two licks, our data are compatible with the short delay reported in the other study. Overall, the apparent difference between the absence of significant delay for one or two licks in the present work compared with the 30 ms delay found by Gaffield and Christie (2017) for single licks probably reflects a combination of differences in behavior protocol and recording conditions in the two studies. Importantly, our behavior protocol allowed us to compare also delays for short and long licking bursts in the same sessions. When analyzing these data, we found that, for longer licking bursts (more than four licks/burst; Fig. 3C), licking onset clearly precedes MLI signals, so the sign of the delay is now opposite to that found for one or two licks by Gaffield and Christie (2017). Furthermore, the maximum delay value is 364 ms, more than one order of magnitude larger than that reported by Gaffield and Christie (2017) for one lick. A comparison of licking bursts depending on water availability suggests that very short bursts are exploratory, whereas long bursts aim at immediate water intake (Fig. 3D1-D3). Therefore, very short licking bursts occur in a different context than prolonged bursts and presumably reflect different motivation states of the mouse. These results suggest that the difference of delays is linked to a difference of context between short and long licking bursts. In addition to explaining the difference between short and long licks, the presumed link between MLI signals and motivation may also contribute to explaining the contrast between MLI signals during licking and bruxing.

Our results indicate that, during prolonged licking bursts, the response of MLIs to proprioceptive sensory information occurs once the motor command has been initiated and that it serves to refine the motor output. This view would be consistent with that exposed in a recent discussion about cerebellar involvement on motor control and learning, in which it was proposed that cerebellar projections to the brainstem provide a "temporal coordination" of commands from multiple CPGs during orofacial movements [START_REF] Lang | The roles of the olivocerebellar pathway in motor learning and motor control: a consensus paper[END_REF]. Recently, electrophysiological and optogenetic studies of whisking behavior in mice have provided evidence for functional corticocerebellar loops [START_REF] Proville | Cerebellum involvement in cortical sensorimotor circuits for the control of voluntary movements[END_REF]. If corticocerebellar loops are also involved in shaping orofacial movements, then MLIs could contribute to signal integration.

Coordinated MLI activity during oromotor behavior

The present finding of simultaneous MLI activity during licking and bruxing indicates that factors promoting binding of MLI activity, including coordinated PF input and synchronization through electrical synapses, prevail on inhibitory MLI-MLI actions through chemical synapses. These results are consistent with our previous findings that, in slices, the driving force for GABAergic synapses is weak [START_REF] Chavas | Coexistence of excitatory and inhibitory GABA synapses in the cerebellar interneuron network[END_REF] and that, in vivo, beam activation of PF leads to homogeneous activation of postsynaptic MLIs (Astorga et al., 2015).

The coordinated MLI activity observed in the present study implies that, during bursts of licking, several neighboring MLIs simultaneously send inhibitory signals to downstream PCs. Synaptically isolated PCs respond to current injections of increasing amplitudes with a weakly saturating or nonsaturating frequency/ current relationship up to several hundreds of Hertz [START_REF] Khaliq | Relative contributions of axonal and somatic Na channels to action potential initiation in cerebellar Purkinje neurons[END_REF][START_REF] Walter | The linear computational algorithm of cerebellar Purkinje cells[END_REF]. If unchecked, strong PF input could therefore elicit excessive PC firing rates.

Based on the present results, it is plausible that coordinated MLI activity serves as a negative feedback effectively limiting the PC firing to physiologically relevant frequency ranges. Therefore, the feedforward inhibition exerted by MLIs presumably serves two distinct purposes: to shorten the duration of PC firing after phasic PF excitation and to restrict the maximum PC firing rate after tonic PF excitation.
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 1 Figure 1. The cerebellum in the brain.
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 2 Figure 2: Graphical representation of the dorsal view of the adult mouse cerebellum.
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 3 Figure 3. Organization of the cerebellar cortex (modified from Constantin, 2017). A: Representation of the cerebellum with the plan of cut in blue. B: Nissl stain of a sagittal slice of the cerebellum cut in the same plane as indicated in blue in A. C: magnification of the zone in blue in B. Red arrows point to each layer of the cerebellum. D: Representation of the different neurons present in the cerebellar cortex.
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 4 Figure 4: The cerebellar cortex circuitry. Left: A drawing from Ramon y Cajal. A: Purkinje cell soma; B: MLIs; C: CF; D: PC axon; E: GCs; G: Mossy fiber axon terminal; H: Pinceau formed by basket cells axons; F: PFs. Right: Graphical representation of the cerebellar cortex circuit (from Principles in Neural Sciences, Fourth Edition,[START_REF] Kandel | Principles of Neural Science, Fourth Edition[END_REF].
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 5 Figure 5: The eye blink conditioning paradigm. EBC leads to eye closure in anticipation of an air puff thanks to a predictive cue. Top: Graphical representation of the delay-conditioning paradigm. Bottom, A: Example of performance during EBC training in mice from . B: Evolution of the CR amplitude as a function of training session.
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 6 Figure 6: MLIs in the cerebellar cortex of an adult mouse.

  this result, Boele et al. in 2018 compared EBC learning and motor performance in mutants lacking either PF-PC LTD, or MLI-PC inhibition or both concurrently. The LTD mutant did not show any impairment. The mutant lacking MLI-PC inhibition showed a mild impairment as seen in their previous study (Ten Brinke et al., 2015). But it was in the third mutant (deficit in PF-PC LTD + MLI to PC inhibition) that they observed a strong deficit in EBC acquisition and in the expression of the eye blink CR. In a similar line of work, it was shown that interfering with MLI activity during VOR training alters learning abilities in mice (Rowan et al., 2018; Figure 7B).

Figure 7 :

 7 Figure 7: Functional evidence of the involvement of MLIs in motor learning.

Figure 8 :

 8 Figure 8: Functional evidence of the involvement of MLIs in motor control.

Figure 9 :

 9 Figure 9: Chr2-mediated photo-stimulation of MLIs in slices.

Figure 10 :

 10 Figure 10: MLI firing rate is paused after a 1 s photo-stimulation A. Example trace of a cell attached recording from an MLI with the photo-stimulation indicated by the blue bar. B. Peristimulus Time Histogram (PSTH) showing the increase of the spike rate during the photo stimulation (blue bar) followed by the PSS. C. Group data from 8 MLIs for spike rate before ("pre"), during ("stim") and after the photo-stimulation ("post"). The individual points are shown in grey and mean±sem values in red. D. The normalized spike rate before and after the photo-stimulation showing a significant decrease of 77%.

Figure 11 :

 11 Figure 11: PSS expression is not impaired after blocking GABA-A or GABA-B receptors. Top: A: Traces of recordings before (top) and after (bottom) adding Gbz (30 µM). B: Traces of recordings before (top) and after (bottom) adding CGP (40 µM). C: Spike rate before, during and after the photo-stimulation for the control (grey), Gbz (blue) and CGP (red) groups. D: B. Histogram comparing spike rate ratios after photo-stimulation with the 2 drugs. Ctl vs. Gbz: p=0.4; Ctl vs. CGP: p=0.9; Paired Student's t test.

Figure 12 :

 12 Figure 12: The PSS can be produced by single-cell photo-stimulation in CA or by current injection in whole cell recording A: Example trace of a recording of a CA recording of an MLI with photo-stimulation by a 405 nm laser. B, Top: Example trace of a whole cell recording of an MLI, with -60 mV represented by the dotted red line. To mimic the photo-stimulation, a current of 40 pA is injected for 1 s as represented by the red trace under the recording. Bottom: Time expansion of the same recording immediately before and during the onset of the current injection. C: Mean spike rate before, during, and after the current injection or photo-stimulation in 3 conditions LED (gray, N=8), IClamp (red, N=4), 405 nm laser (purple, N=3). Mean±sem: LED= 6.42±1.6 Hz vs. 1.26±0.8 Hz; for IClamp=5.3±3 Hz vs. 3.1±1.7 Hz; for 405nm= 15.4±6 Hz vs. 5.4±2.8 Hz. D: Right: Histogram comparing the spike rate ratio between before and after photo-stimulation in the 3 conditions. No difference between conditions (p=0.39 for both comparisons, Student's t test.

Figure 13

 13 Figure 13 is taken from their publication where we can see in A1 the MLIs analyzed on top, and the analysis masks on the bottom. A region of interest (ROI) is drawn around each cell and numbered in order to analyze the corresponding calcium signals. A2 shows a trace of a lick recording in red where each downward deflection represents a lick, and in green the calcium signal averaged over all MLIs analyzed. We can see that there is a rise in fluorescence correlated with the licks, showing the recruitment of MLIs during the task. Moreover, Astorga et al analyzed the calcium signals of all MLIs independently and observed that they display simultaneous calcium signals. They concluded that MLIs were recruited during rhythmic licking but also that their activity is concerted among the imaged population.

Figure 13 :

 13 Figure 13: Calcium signals in MLIs are correlated with licking activity. A1, Top: Average two-photon image of MLIs; Bottom: Each number represent the region of interest used to analyze the calcium transient from the MLIs somas. A2: Licks recorded (in red) in correlation with the average fluorescence signals (in green) from MLIs somas. A3: Plot of fluorescence signals from individual MLIs corresponding to the average in A2. Modified from Astorga et al., 2017.

Figure 14 :

 14 Figure 14: Behavioral paradigm with control of water availability. Left: Graphical summary of the experimental paradigm with water flowing out from 20 to 40 s. Top Right: an example recording of licks in the early phase of training. Bottom Right: an example recording of licks in the late phase of training.

Figure 15 :

 15 Figure 15: Graphical representation of the experimental set-up.The dotted circles represent the connection point between cables. The arrows represent the inputs and outputs from the interface box. A/D1 stands for analog to digital conversion, port 1. D/A 1 stands for digital to analog conversion, port 1.

Figure 16 :

 16 Figure 16: Characteristics of spontaneous rhythmic licking of adult mice.A: Recording of licks with free-access to water. Below is displayed one burst of licks from the same trace. B: Distribution of lick durations with a mean ± sem of 58.8 ± 0.4 ms. C: Distribution of ILIs with a mean of 0.14 ± 0.0022 s. D: Distribution of IBIs with a median 1.656 s.

Figure 17 :

 17 Figure 17: Change in the behavior organization in function of water availability (modified from Astorga et al., 2017). Left: Comparison of the cumulative histograms of number of licks per bursts. In black is the cumulative number for when the valve is closed and in yellow for when the valve is open. Middle: On top is a trace of licks recorded when the valve is closed. The histogram represents the distribution of number of licks per bursts when the valve is closed. Right: On top is a trace of licks recorded when the valve is open. The histogram represents the distribution of number of licks per bursts when the valve is open.

Figure 18 :

 18 Figure 18: Picture of a chronic window over Crus II.

  In order to photo-stimulate MLIs we used a technique similar to what had already been characterized in the laboratory using the ChR2-nNOS mouse line expressing channelrhodopsin2 exclusively in MLIs under the nNOS promoter(Kim et al., 2014). Astorga et al. in 2015 recorded extracellularly spikes from a single PC at the time from the cerebellar cortex of anesthetized mice while photo-stimulating with a LED-coupled optic fiber in the bath above the craniotomy. They observed that the photo-stimulation induced pauses in the simple spike firing of PCs as well as a concurrent increase of the spike rate in MLIs (Figure 20).

Figure 20 :

 20 Figure 20: Photo-stimulation of MLIs in vivo induces a pause in PC firing.

  left). The photo-stimulation lasted 1 s and started concurrently to the opening of a solenoid valve (Figure21top right) for each trial during the learning period. This led mice to adapt their behavior and produce short bursts of licks before and after the valve was opened, and continuous licking activity while water was available (figure 21 bottom right). On this example, the animal even licked during the photostimulation..

Figure 21 :

 21 Figure 21: Protocol for training to the licking task with photo-stimulation. Left: mouse licking from the lick-port. Top right: graphical summary of the experimental paradigm: water flows from 20 to 40 s and the LED sends light through the chronic window for 1 s, at the time of valve opening. Bottom right: an example recording of licks with the photo-stimulation in a welltrained mouse.

Figure 22 :

 22 Figure 22: Effect of the photo-stimulation on the success rate.

  are displayed the scores of each of the parameters as a function of training day.Learning was observed for each of the 3 parameters (Hit: p=1.6e-9; Miss: p=0.025; Fail: p=2.0e-5; Two-way RM ANOVA). Mice from the control group started at 50% hits on the first training session and reached a plateau of performance on the third day at 82% (Figure22left in black). The photo-stimulated group started a 36% on the first session and reached the plateau at day 4 at 79% (Figure22left in blue). No significant difference was observed between the control and photo-stimulated groups (p=0.4;Two-way RM ANOVA). Mice from the control group presented 19% missed trials at day 1 and this number decreased to 6% on the last day (Figure22 middle). No significant difference was observed between the control and photo-stimulated group which started at 24% and reached a plateau of 10% (p=0.73; Two-way RM ANOVA). Similarly, the percentage of failed trials decreased along training session with control mice going from 30% to 8% and photo-stimulated mice going from 39% to 5% (Figure22right). Once again there were no significant difference between the two groups (p=0.8; Two-way RM ANOVA).

Figure 23 :

 23 Figure 23: Effect of the photo-stimulation on other learning parameters. A: Graphical representation of the reaction time (RT). B: RT as a function of training sessions for both the control (black) and photo-stimulated group (blue). C: Probability of licking during the photostimulation as a function on training sessions.

  looking at the possible effect of MLI stimulation on the kinematics of rhythmic licking, to determine if it would give the opposite effect. Indeed,[START_REF] Becker | Cerebellar Control of Reach Kinematics for Endpoint Precision[END_REF] observed a bidirectional control of the kinematics of reaching using photo-activation and photo-inhibition of the DCN. Activating the DCN neurons during the reach increased the velocity of the movement while inhibiting the DCN had the opposite effect. Since it had been shown that inhibiting MLIs resulted in a lower lick rate (Figure8A), we aimed at determining if activating MLIs would produce the opposite effect.

Figure 24 :

 24 Figure 24: Effect of the photo-simulation on the motor parameters. A. Left: Example trace of licks during and right after the photo-stimulation (in blue). Right: Graphical representation of the lick duration (blue) and the inter-lick interval (green). B. Left: Comparison of lick duration with and without photo-stimulation. Right: Same for ILI.

Figure 25 :

 25 Figure 25: Learning parameters for Chr2-/-mice that received the photo-stimulation. Score for the RT (A), "Hit" (B), "Miss" (C) and "Fail" (D) as a function of time. The thinner lines represent performance from individual mice.

  learning and motor parameters remained unaffected by the manipulation.V. Calcium imaging of MLI activity in vivo during learningIntroductionOur goal was to record the calcium signals in MLIs while the animal performed the task from the first day of training. At the time of the beginning of my PhD, the study in our laboratory[START_REF] Astorga | Concerted Interneuron Activity in the Cerebellar Molecular Layer During Rhythmic Oromotor Behaviors[END_REF] had observed that calcium signals in MLIs were correlated with licking bursts and that MLIs in the imaged area acted in synchrony. Another study published the same year also observed this concerted MLI activity(Gaffield and Christie, 2017). However, both studies were conducted after training, which did not give information on the potential role of MLIs in the learning of the task. Two-photon calcium imaging during learning had been performed in studies looking at the activity in the motor cortex[START_REF] Makino | Transformation of Cortex-wide Emergent Properties during Motor Learning[END_REF]) so we decided to image the same MLIs daily from the first day of training. We aimed to observe if any change was occurring that could underlie the improvement in performance, such as the number of MLIs recruited during the task and/or an increase in synchrony among recruited MLIs.

Figure 26 :

 26 Figure 26: Movement artifacts prevented calcium imaging from MLIs in vivo during licking Examples of imaged field from the same session and the same trial in the same mouse. The colored lines represent three selected ROIs drawn around the somas of MLIs in the field. At three different times of the same sequence, different somas are present in the same field which results in the inability to monitor the three cells during the entire sequence. A: Out of the three selected MLIs, only the one in

Figure 28 :

 28 Figure 28: The onset of calcium signals in MLIs during licking varies in function of the number of licks per bursts (from[START_REF] Astorga | Concerted Interneuron Activity in the Cerebellar Molecular Layer During Rhythmic Oromotor Behaviors[END_REF].

  reported learning-associated signals in different areas of the cerebellar hemisphere in tasks based on rhythmic licking. If could explain why Heiney et al. (2014) observed jaw and tongue movements after photo-stimulating the Lobus Simplex observed orofacial movements such as mouth opening, while such actions had been previously associated with Crus II.

  one group of mice they expressed the inhibitory opsin Archearhodopsin in PCs. The photoinhibition of PCs induced an increase of activity in the DCN and a time-locked movement. In another group of mice, they expressed the stimulating opsin channelrhodospin2. The photostimulation of PCs induced a biphasic response in PCs accompanied by an increase of SS firing during the illumination and by a short pause of activity starting at the end of the illumination, much like the PSS phenomenon I described in Chapter II. The authors observed a paw movement time-locked to the end of the illumination, hence to the pause of PC activity.

  model for the contribution of MLIs to the function of the cerebellar circuit. Generally speaking, MLIs have been known to regulate the SS firing PCs and induce pauses in their activity. When I approached this project, I considered MLIs as a unified group of cells because of a lack of a different model. But as Francis Crick once said: "if you want to understand function, study structure". And SCs and BCs present major morphological differences, which would argue for different functions. Ramon y Cajal, who was the first one to describe the differences, judged irrelevant to class MLIs into different categories because intermediate forms could be found between SCs and BCs. Other studies have also refused to separate MLIs into different categories[START_REF] Jörntell | Receptive field plasticity profoundly alters the cutaneous parallel fiber synaptic input to cerebellar interneurons in vivo[END_REF][START_REF] Sultan | Quantitative Golgi study of the rat cerebellar molecular layer interneurons using principal component analysis[END_REF]. Oppositely, Palay and Chan Palay proposed that SCs and BSs belonged to different functional categories of cells.

  Brown and colleagues observed that removing inhibition from SCs changed the pattern of firing of PCs while blocking the inhibition from BCs only affected the rate of PCs firing. But if SCs regulate the pattern of PCs firing, BCs would have a different complementary effect. The principal features of firing activity are the rate, the regularity and the synchrony. BCs have long axons that contact multiple PCs somas and exert a strong inhibition onto PCs that could happen concurrently in multiple cells. Here I propose that SCs and BCs act differently in a complementary manner. I propose that SCs are responsible for the pattern of firing of PCs while BCs are responsible for the synchronization of pauses in multiple PCs. The configuration would allow for a finely tuned control of the temporal coding of several PCs at once.
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Figure 1 .

 1 Figure1. Chronic window imaging of the cerebellar cortex in mice performing rhythmic licking. A, Experimental setup for two-photon laser-scanning Ca 2ϩ imaging in head-fixed awake mice. Mice were head-fixed with a chronically implanted custom-made titanium piece, as depicted in the image. All experiments were performed in Crus II. Water was delivered through a metal tube with a copper cable soldered around it. This cable was connected to an A/D converter. Mice were in direct contact with an aluminum-covered platform that was connected to the ground of the A/D converter. Each lick closed an electrical circuit and was recorded as the junction potential between the metal tube and water. An infrared sensitive video camera was used to record orofacial behaviors. B, Representative image from the molecular layer showing GCaMP6s expressing interneurons in a PV-Cre mouse (see Materials and Methods). C, Average image of a smaller field in the molecular layer showing three stellate cells expressing GCaMP6s. D, z-projection of 15 images at 1.5 m steps in the vicinity of the PC layer. PCs do not express GCaMP6s and their dark somata are surrounded by basket cell axons. E, Representative licking signals recorded when the mouse tongue touched the water. A single licking event is reflected by a pulse of potential change. A portion of the licking trace above the bar is enlarged to show a licking burst. F, Distribution of individual lick duration, with a mean Ϯ SEM of 48.2 Ϯ 3.1 ms (n ϭ 284). G, Distribution of the ILIs, with a mean of 138.0 Ϯ 3.7 ms (n ϭ 103).Values were derived from licking events within single bursts, where a burst is defined as a temporal block comprising consecutive licks with ILIs Ͻ0.5 s. H, Distribution of the numbers of lick events within a single burst, with a mean of 6.7 Ϯ 0.9 (n ϭ 48). I, Distribution of the interburst intervals, with a median of 2.9 Ϯ 0.3 s (n ϭ 44). Data were pooled from 13 recordings in n ϭ 4 mice.

Figure 2 .

 2 Figure 2. Ca 2ϩ transients in GCAMP6s-expressing stellate cells during rhythmic licking. A1, Top, Average two-photon image of the molecular layer during a licking session. Bottom, Ovals with numbers identify single stellate cell somata, which were traced with ImageJ software and then automatically scrutinized and numbered with MATLAB routines. A2, Top, Electrical signal generated by licking episodes. Bottom, Average of the time-dependent ⌬F/F 0 traces for the 21 stellate cells outlined in A1. The dotted line marks the zero ⌬F/F 0 level. A3, Corresponding waterfall plot for individual stellate cells. B, Schematics for the calculation of r ij between Ca 2ϩ responses of all combined neuron pairs and the corresponding d ij . C, Histogram distribution of the distances of stellate cell pairs. D, Histogram distribution of all soma-to-soma correlations in Ca 2ϩ responses. The dotted line marks the mean value. A total of 1494 combined neuronal pairs were analyzed in 14 imaging runs from n ϭ 4 mice.

Figure 3 .

 3 Figure 3. Temporal correlation between licking behavior and Ca 2ϩ rises. A1, A2, Two examples of lick bursts (red) and of the corresponding averaged ⌬F/F 0 traces (green) illustrate the analysis done to determine the relative onset of the Ca 2ϩ signal with respect to the licking trace. The black dotted line marks the onset time for licking, determined as the first data point that deviates from the baseline by Ͼ3 times the SD. The green trace shows the Ca 2ϩ signal corresponding to a time window ranging from Ϫ1 s to 1.5 s with respect to licking onset. The Ca 2ϩ onset time (orange dotted line) was determined as the first data point deviating by Ͼ3 times the SD from the Ca 2ϩ trace baseline. In one case, the Ca 2ϩ trace precedes licking onset (A1) and, in the other example, the Ca 2ϩ trace lags after licking onset (A2). B, Distribution of the relative onset of the Ca 2ϩ traces versus the licking traces, with a mean value of 183.6 Ϯ 37.4 ms (n ϭ 32 bursts from 8 imaging sections, n ϭ 5 animals). C, Relationship between the Ca 2ϩ onset time and the number of licks in the burst. The black circles show individual data points; the continuous black profile shows means Ϯ SEM of binned data; blue curve shows the fit of the data points by an exponential function with a lick number parameter value of 3.7 licks and a saturation at 364 ms. D, Comparison of the distribution of number of licks per burst when a valve controlling water delivery is closed (black cumulative histogram in D1; corresponding expanded histogram in D2) and when the valve is open (yellow plot in D1; corresponding histogram in D3). The traces in D2 and D3 show examples of licking recording when the valve is closed (D2) or open (D3). The histograms correspond to data pooled from 9 licking sessions from n ϭ 3 mice.

Figure 4 .

 4 Figure 4. Stellate cells Ca 2ϩ signals during bruxing. A1, B1, GCAMP6-expressing stellate cells imaged by two-photon microscopy (top) and the ROIs used for analysis (bottom).A2, B2, Representative traces for jaw motion (black) and Ca 2ϩ (green) for periods of low and high jaw motility. Jaw motility traces were extracted from infrared video imaging and the Ca 2ϩ corresponds to the average of 19 individual stellate cells in A2 and 13 in B2. A3, B3, Corresponding waterfall plots for individual stellate cells. C, Comparison of the jaw motion integral in periods of high and low motility shows a marked difference between the two groups (t ϭ 10.2; p Ͻ 0.0001). D, Ca 2ϩ strength is significantly higher for periods of high motility than during low-motility sessions (t ϭ 13.4; p Ͻ 0.0001). E, Difference between the two conditions is also highly significant when the number of Ca 2ϩ transitions is compared (t ϭ 7.3; p Ͻ 0.0001). Data for C-E are from three mice, 788 stellate cells from 50 imaging runs during high-motility periods, and 364 stellate cells from 27 imaging runs during low-motility periods.

Figure 5 .

 5 Figure 5. Stellate cells Ca 2ϩ signals are absent during whisking. A, Two-photon images of GCAMP6-expressing stellate cells (top) and the ROIs used for analysis(bottom). B, Representative traces for whisker movement (blue), jaw motion (black), and Ca 2ϩ (green) during a period of low jaw motility and active whisking. Jaw motility and whisking traces were extracted from infrared video imaging as detailed in the Materials and Methods and the Ca 2ϩ corresponds to the average of 16 stellate cells. C, Ca 2ϩ strength is significantly lower for whisking than for either bruxing (t ϭ 7.6, p Ͻ 0.0001) or licking (t ϭ 8.1, p Ͻ 0.0001), whereas bruxing periods have a significantly higher Ca 2ϩ strength than licking episodes (t ϭ 5.3, p Ͻ 0.0001). The data were pooled from 788 stellate cells from 50 imaging runs, n ϭ 3 mice for bruxing episodes; 188 stellate cells from 15 imaging runs, n ϭ 4 mice for licking episodes; and 124 stellate cells from 11 imaging runs, n ϭ 4 mice for whisking episodes. The control trace depicts the data for low jaw motility runs, as in Figure4D. D, Examples of jaw motility and licking signals for a recording session in which the mouse performed rhythmic licking (top) and for a different session for the same mouse during bruxing (bottom). The electrical signals for licking are shown in blue. Note that the signal is flat for the bruxing episode. The corresponding jaw motility traces are shown in red (licking; note the temporal correspondence with the electrical licking trace) and black (bruxing). Vertical scales are the same for top and bottom. E, Comparison of the amplitude distributions of the jaw movement during licking and bruxing. Data were pooled form 7 recording sessions (n ϭ 4 mice). The jaw movement amplitude was quantified by calculating the difference between the maximum and minimum gray values inside a ROI drawn in the inferior part of the jaw, as detailed in the Materials and Methods.

Figure 6 .

 6 Figure 6. Spatial dependence of somatic Ca 2ϩ correlations during licking. A1, Two-photon image in which individual stellate cell somata are marked with red circles and dotted lines join somata oriented along the axis of stellate cell neurites. A2, Red dots show individual r ij values plotted against soma-to-soma distances.Red filled circles correspond to the mean Ϯ SEM for 18 m bins running over the whole range of distances. The black line shows the fit of the data by a linear function that yields a significant negative correlation with a slope of Ϫ0.0023 Ϯ 0.0006 (t ϭ 3.8, p Ͻ 0.001; 130 stellate cell pairs from 13 imaging runs, n ϭ 4 mice). B1, B2, Similar analysis of the same data pool for stellate cells oriented orthogonally to the neurites. In this case, the fit of the data by a linear regression yields a slope value of Ϫ0.0002 Ϯ 0.0006 (t ϭ 0.36, p Ͼ 0.5; 125 stellate cell pairs from 15 imaging runs, n ϭ 4 mice), indicating that there is no significant dependence of the correlation on distance. C, Pooled results for the dependence of correlation of the Ca 2ϩ responses on the distance for the two orientations. D, No difference was found for the Ca 2ϩ signal integral when stellate cells were compared in the two orientations (t ϭ 0.49; p Ͼ 0.5; 85 and 81 stellate cells from 13 and15 imaging runs, respectively; n ϭ 4 mice).

Figure 7 .

 7 Figure 7. Spatial correlation analysis for stellate cells Ca 2ϩ activities during bruxing. A1, Histogram distribution of the distances of all combined stellate cell pairs studied during bruxing. A2, Histogram distribution of all soma-to-soma correlations in Ca 2ϩ responses (6118 pairs from 50 imaging runs, n ϭ 3 mice). The dotted line marks the mean value. B1, Two-photon image with individual stellate cell somata marked by red circles and dotted lines joining somata oriented along the axis of the stellate cell neurites. B2, Red dots show individual r ij values plotted against soma-to-soma distances. Red filled circles indicate mean Ϯ SEM as in Figure 6. The fit of the data by a linear function (black line) indicates no dependence of the r ij values on distance (slope ϭ 0.0002 Ϯ 0.006; p Ͼ 0.05; n ϭ 129 stellate cell pairs from 25 imaging runs, n ϭ 2 mice). C1, C2, Similar analysis of the same data for stellate cells oriented orthogonal to the neurites. The linear regression yields a slope of Ϫ0.0004 Ϯ 0.0006 ( p Ͼ 0.05; 224 pairs from 25 imaging runs). D, Pooled results showing a lack of correlation of Ca 2ϩ responses on distance for the two orientations. E, No difference was found between the stellate cells along and orthogonal to the neurites axis in terms of the Ca 2ϩ signal integral (t ϭ 0.7; p ϭ 0.5).

(

  Figs. 4, 5C, 8B), whereas Gaffield and Christie (2017) reported only minimal Ca 2ϩ signals during jaw movements.

Figure 8 .

 8 Figure 8. Ca 2ϩ signals in basket cell during licking and bruxing. A1, B1, Two-photon images at the depth of the PC layer showing GCAMP6-expressing basket neurons (top) and ROIs used for analysis (bottom). Note the prominent basket-like structure surrounding the PC soma. A2, Representative example of a licking episode (red trace) and the Ca 2ϩ signal averaged from 16 basket cells (green trace). A3, Mean values for the delay of Ca 2ϩ onset relative to licking do not differ significantly (t ϭ 1.11; p Ͼ 0.2) between stellate cells (mean: 183.6 Ϯ 37.4 ms; 32 bursts, 8 imaging runs, n ϭ 5 mice) and basket cells (mean: 100.9 Ϯ 42 ms; 10 bursts from 5 imaging runs, n ϭ 4 mice). B2, Representative example of jaw motility (black trace) and the corresponding Ca 2ϩ signal (green trace) averaged from seven basket cells. B3, Ca 2ϩ strength during periods of high jaw motility is similar (t ϭ 0.7; p ϭ 0.5) for stellate cells (788 cells from 50 imaging runs, n ϭ 3 mice) and basket cells (480 cells from 43 imaging runs, n ϭ 4 mice).
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 1 Summary of classification or Hit, Miss or Fail.
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Lick recording

The system used for recording the licking activity is the same as the one described in the previous chapter. The only difference is the presence of the LED that was computercontrolled via D/A 2 of the National Instrument card and the interface box, similarly to the control of the solenoid valve. 

Data analysis and statistics.

The detection of licks and analysis of the kinematics is the same as the one described in the previous chapter.

Surgery

The chronic window implantation in mice from the transgenic line was performed as described in the previous chapter.

Behavioral task

The training protocol is the same as the one described in Chapter III.

Lick recording

The system used for recording the licking activity is similar to the one described in Chapter III. The solenoid valve is controlled by the National Instrument card which operates 2 photon scanning and signal acquisition.

Two-photon microscopy

The animal is brought to the microscope room and set to wait in its cage for about 30 min. It is then briefly anesthetized with isoflurane (3% for induction and 1.5% for maintenance, air flow= 0.5 L/min), so it could be head-fixed and installed in the setup. Then the animal is let to rest and calm down until no sign of stress is observed. In order to proceed with the imaging, the lick port has to be properly placed in front of the animal's mouth.

To assess the orientation of MLIs with respect to parallel fibers, two series of images (20 frames) are taken as reference at both 910 nm and 820 nm (wavelength at which the GCamP signals are not calcium dependent).

We used a home-made 2 photon system controlled by National Instrument cards driven with scanning and acquisition software written by Brandon Stell under IgorPro [START_REF] Ramirez | Calcium Imaging Reveals Coordinated Simple Spike Pauses in Populations of Cerebellar Purkinje Cells[END_REF]. We acquired images at 130 ms per frame, 8 µs dwell time, 1.2 µum pixel size for a scan of 150*80 µm.

the middle is inside its corresponding ROI. B: Only the MLIs on the left can be detected. C: Only the MLI on the left is apparent.