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Résumé

Le cervelet joue un rôle essentiel dans le contrôle postural en apprenant l'équivalent de modèles internes du monde sensori-moteur. Cet apprentissage est en grande partie assuré par les cellules de Purkinje (CP) du cortex cérébelleux sous la supervision des fibres grimpantes (FG) provenant de l'olive inférieure. Les mécanismes par lesquels l'organisation spatiale et temporelle de l'activité des FGs contribuent à l'apprentissage cérébelleux, ainsi que la nature du signal qu'elles véhiculent, restent insuffisamment connus.

Pour répondre à ces questions, nous avons conçu une tâche originale d'apprentissage postural impliquant le vermis antérieur du cervelet. Une souris naïve est placée sur une roue sans friction et doit acquérir de nouvelles coordinations motrices afin de produire des réajustements posturaux spontanés impliquant l'ensemble du corps. En enregistrant plusieurs dendrites de CP avec une résolution à l'échelle de la milliseconde et un rapport signal sur bruit élevé, nous révélons plusieurs propriétés inédites de l'activité des fibres grimpantes lors d'un l'apprentissage posturomoteur. A l'échelle du réseau, nous observons une synchronie des FGs dans un intervalle de 15 ms ainsi qu'un gradient spatial sous-microzonal provenant de mécanismes olivaires intrinsèques. Cette synchronie se superpose sur une corrélation spatialement et temporellement étendue résultant de la co-modulation de l'activité des fibres grimpantes lors du mouvement. Au niveau cellulaire, nous observons une réponse en deux phases de la FG aux réajustements posturaux balistiques, précédemment non caractérisée. Une modulation lente s'étendant sur des centaines de millisecondes précède l'initiation du mouvement, qui est accompagnée par une seconde réponse rapide avec une forte augmentation du taux de décharge. La composante lente disparaît lors de la répétition d'un même mouvement stéréotypé, tel que ségrégé par une analyse vidéo fine. Parallèlement, l'animal améliore son exécution du mouvement en compensant un excès de déplacement du corps. La composante rapide ne diminue que légèrement et voit sa temporalité modifiée de façon à refléter la cinématique du mouvement. Nous proposons que les deux phases de réponse reflètent une séquence commande motriceretour sensoriel qui sous-tend la plasticité cérébelleuse et l'apprentissage moteur. Nos résultats s'écartent des théories cérébelleuses classiques et nous proposons en conséquence une vision alternative de l'apprentissage moteur cérébelleux.

La spécificité de la réponse cellulaire au mouvement nous amène à étudier l'organisation des afférences proprioceptives musculaires vers l'olive inférieure. En effectuant des stimulations musculaires optogénétiques chez la souris anesthésiée, nous montrons que les entrées proprioceptives d'un muscle affectent toute une microzone du cortex cérébelleux, ouvrant la possibilité de champs récepteurs étendus des fibres grimpantes chez l'animal intact.

Dans le but de caractériser de façon plus détaillée la sortie fonctionnelle du cortex cérébelleux, nous utilisons des outils optogénétiques et d'analyse comportementale pour effectuer une cartographie fonctionnelle de la sortie des CPs du vermis dorsal antérieur chez des souris se déplaçant librement. Une stimulation confinée de CPs au niveau de la ligne médiane provoque un défaut de tonus de plusieurs muscles antigravitaires qui induit un réflexe compensatoire de l'animal impliquant une séquence de contractions musculaires. La cartographie du vermis révèle que la fonction antigravitaire est encodée à l'échelle d'une large zone vermale précédemment identifiée. Sur la base de nos observations, nous suggérons que la sortie du vermis antérieur est organisée en subdivisions fonctionnelles selon l'axe antéropostérieur, orthogonalement aux projections fibres grimpantes. Nos résultats fournissent la première caractérisation de la fonction antigravitaire du cervelet vermal chez un animal intact.

Summary

The cerebellum plays a pivotal role in postural control by learning the equivalent of internal models of the sensory-motor world. This learning arises for the major part in Purkinje cells (PCs) of the cerebellar cortex under the instructive signal of the climbing fibers (CF) originating in the inferior olive. How the spatial and temporal organization of CF firing, and the nature of the signal they carry, contribute to cerebellar learning remains insufficiently known.

To answer those questions, we designed a novel postural learning task involving the cerebellar anterior vermis. A mouse is placed for the first time on a frictionless wheel and has to acquire novel motor coordinations to produce spontaneous whole-body postural readjustments. By recording multiple Purkinje cell dendrites with millisecond resolution and high signal-to-noise ratio, we uncover several previously unnoticed properties of CF activity underlying posturomotor learning. At the network level, we unveil a CF synchrony with a 15 ms temporal width and a sub-microzonal spatial gradient arising from intrinsic olivary mechanisms. Synchrony occurs on top of a spatially widespread and temporally loose correlation arising from movement-specific co-modulation of CF discharge. At the cellular level, we reveal a previously uncharacterized biphasic CF response to ballistic postural readjustment. A protracted component ramping over hundreds of milliseconds precedes ballistic movement onset, around which a sharp component of CF activity occurs. The protracted component disappears over repetitions of the same stereotyped coordinated body movements, which can be clustered through fine video analysis. Concomitantly, the animal improves movement execution by eliminating a kinetic overshoot. In stark contrast, the sharp component at movement onset is only marginally reduced, but shifts temporally to reflect movement kinematics by its timing. We propose that the protracted-sharp CF response pattern reflects a motor command-sensory feedback sequence which underpins cerebellar plasticity and motor learning. Binding causal sequences within the olive may allow to answer the fundamental issue of credit assignment for motor errors. Our findings depart from classical cerebellar theories and we thus propose an alternative view of cerebellar motor learning.

The striking diversity of the cellular response to movement leads us to investigate the putative organization of muscle proprioceptive inputs to the inferior olive. Using optogenetic muscle stimulation in anesthetized mice, we show that proprioceptive inputs from a single muscle correspond to an entire microzone of the cerebellar cortex, which points towards broad CF receptive fields in the intact animal.

Although Purkinje cells constitute the sole output of the cerebellar cortex, the spatial organization of the cerebellar cortical output remains insufficiently characterized. We therefore harness optogenetic and behavioral analysis tools to perform a functional mapping of the anterior vermal PC output in freely-moving mice. A confined PC stimulation at the vermal midline provokes a tone defect in multiple anti-gravity muscles, which induces a compensatory compound reflex of the animal involving a sequence of muscle contractions. Moreover, stimulation offset is associated with a rebound contraction in the affected muscles, likely mediated by a rebound in the deep cerebellar nuclei output. Mapping the anterior dorsal vermis reveals that the identified postural function is encoded by a broad cerebellar zone, previously identified. Based on our observations, we propose that the vermal PC output is organized in antero-posterior subdivisions, orthogonally to the CFs projections. Our results provide the first characterization of the antigravity function of the vermal cerebellum in an intact animal.
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INTRODUCTION Part 1. Principles of postural control

In this first part, I provide a general introduction about postural control and how this function is classically thought to be implemented in the cerebellum. After defining basic postural control notions, I briefly describe the effectors as well as the sensory information used by the CNS to compute posturomotor commands. I then review the main CNS structures involved in postural control with a focus on the cerebellum. Finally, I present classical models of motor control and their plausible implementation by the olivocerebellar system.

Section 1.01 General definitions a. What is postural control?

Postural control consists in the ability to keep balance during static or dynamic motor actions. It encompasses several aspects of motor coordination, such as maintaining the position of the body center of mass and segments in a specific configuration, or ensuring the stability of the body during voluntary or reflexive movements. It is an online function which has both conscious and unconscious components. Posture is essential for survival since postural defects lead to major motor disabilities (Horak & MacPherson, 2015;[START_REF] Manto | Mechanisms of human cerebellar dysmetria: Experimental evidence and current conceptual bases[END_REF].

In mammals, postural control involves the stabilization of the trunk, the limbs, the head, and the center of gravity of the body despite motor perturbations. For instance, on Earth the gravitational force is a permanent external variable whose effect must be compensated by the stiffness of the anti-gravity muscles, so that the body does not collapse. While at stance, the body is exclusively subjected to gravity and the forces exerted by the surface of support. In this configuration, the center of gravity -the point at which the entire mass of the body is balanced-is also the point at which the resultant of the external forces acts [START_REF] Winter | Biomechanics and Motor Control of Human Movement: Fourth Edition[END_REF]. Therefore, staying in equilibrium requires a force acting at this point that is equal and opposite to the force of gravity. In the quiet animal, this force corresponds to the ground reaction force under the paws (Massion & Dufosse, 1988). In contrast, during movement, which can be volitional or automatic, the position of the center of gravity as well as the configuration of the body segments change in order to reach a new state of equilibrium, such as when taking a step forward.

During both quietness and movement, posture can therefore be seen as a dynamic process aiming at achieving a target state -or set point, i.e., a specific body configuration-which evolves over time [START_REF] Wolpert | Computational principles of movement neuroscience[END_REF]. At stance, this set point would be static, whereas it would be dynamic during ballistic or rhythmic movements such as walking.

b. Compensatory and anticipatory postural adjustments

To achieve a correct motor execution, the body must compensate for internal (self-generated by the movement itself or resulting from a modification of the body state) as well as external (caused by the environment, such as gravity or an obstacle) perturbations. When a postural perturbation occurs, two mechanisms can come into play.

If the perturbation is unexpected, the related sensory signals will trigger a compensatory postural adjustment, which generally consists in a reflex [START_REF] Deliagina | Nervous mechanisms controlling body posture[END_REF](Deliagina et al., , 2015;;Santos et al., 2010aSantos et al., , 2010b)). An example would be a sudden acceleration or deceleration in a train. In such a case, a postural readjustment involving multiple segments of the body is performed (Santos et al., 2010b).

On the contrary, if the perturbation can be foreseen in advance, the system will perform an anticipatory postural adjustment in order to prevent or minimize the loss of balance (Horak & MacPherson, 2015). In an otherwise identical situation, the coordination pattern of the body is modified compared to the compensatory adjustment and precedes the perturbation (Santos et al., 2010b), so that the resulting postural imbalance is less pronounced. Anticipatory postural adjustments are performed during any voluntary movement, where the internal perturbations caused by biomechanical relationships between the joints are compensated in anticipation of the movement [START_REF] Brenière | Are dynamic phenomena prior to stepping essential to walking?[END_REF], but also in anticipation of external predictable perturbations during immobility (Santos et al., 2010a). Moreover, if an initially unexpected perturbation in a new sensorimotor context can be predicted in the future via stereotyped sensorimotor cues, the individual can learn to perform novel anticipatory postural adjustments. A well-known example is a child who learns to ride a bicycle: at first the child falls but with training he is able to compensate for the gyroscopic effects of the bike. Those functions require that the CNS is endowed with appropriate computational mechanisms that will be detailed in Section 1.06.

c. Postural control execution

Postural control execution is ensured by the musculoskeletal system. As such, it involves both the adjustment of the arrangement of body joints and of the stiffness of skeletal muscles under the control of the central nervous system (CNS) (Horak & MacPherson, 2015). The computation of posture relies on the integration of several senses which convey information about the external world and the internal body dynamics. In the latter case these senses are called "proprioception", which encompasses sensory information contributing to a sense of self position and movement. This information is used by the CNS to compute postural motor commands relevant to the ongoing motor action. In the next two sections, I review the physiology of the effectors and the different sensory modalities involved in postural control.

Section 1.02 Skeletal muscle control

Skeletal muscles are attached to the bones via tendons and are the main effectors of postural control. In human there are approximately 650 distinct skeletal muscles (Netter, 2019), which come generally in bilateral pairs. In mice, a single limb contains as much as 39 muscles [START_REF] Charles | Musculoskeletal geometry, muscle architecture and functional specialisations of the mouse hindlimb[END_REF].

a. Skeletal muscle structure

Skeletal muscles are composed of numerous fibers with a diameter in the range of 10-100 µm.

These fibers are innervated by motoneurons that leave the spinal cord via a peripheral nerve and branch profusely to contact a set of fibers, thus forming neuromuscular junctions [START_REF] Heckman | Motor unit[END_REF]. All the muscle fibers innervated by a single motoneuron constitute a motor unit [START_REF] Liddell | Recruitment and some other Features of Reflex Inhibition[END_REF]. Motoneurons relay motor commands from supraspinal motor centers, generally via an intraspinal interneuronal network.

Different classes of motoneurons can be distinguished (Figure 1A,p.24):

• The alpha or skeletomotor motoneurons contact skeletal extrafusal muscle fibers.

When action potentials are fired by the motoneuron, a cascade of events involving the neurotransmitter acetylcholine leads to the contraction of the muscle fibers of the corresponding motor unit [START_REF] Burke | Motor Units: Anatomy, Physiology, and Functional Organization[END_REF][START_REF] Liddell | Recruitment and some other Features of Reflex Inhibition[END_REF].

• The gamma or fusimotor motoneurons innervate special skeletal fibers called intrafusal fibers. These fibers display a noncontractile central region containing spindle Ia sensory afferents (see below). In contrast, the sides of the fibers can contract upon gamma motoneuron activation.

• The beta motoneurons (not depicted in Figure 1 for simplicity) innervate intrafusal fibers and send collaterals to extrafusal fibers.

b. Muscle contraction and synergies

A muscle can be characterized by its current length, which is determined by joints position, and its tension, i.e., its contractile state [START_REF] Faulkner | Terminology for contractions of muscles during shortening, while isometric, and during lengthening[END_REF]. Muscles are unidirectional actuators: they can pull but not push. Therefore, the body displays pairs of muscles with opposite actions, which are called agonist and antagonist [START_REF] Latash | Muscle coactivation: Definitions, mechanisms, and functions[END_REF]. In general, these pairs co-activate in sequence, so that there is a reduction in the global resultant force compared to an absence of coactivation.

Moreover, the co-activation can involve several muscle pairs, which in this case is called a motor synergy [START_REF] Ting | Neuromechanics of muscle synergies for posture and movement[END_REF]. Motor synergies have been hypothesized to be the building blocks of natural motor behavior [START_REF] D'avella | Combinations of muscle synergies in the construction of a natural motor behavior[END_REF].

Section 1.03 Senses involved in postural command computation

Information from the somatosensory, vestibular and visual systems are integrated by the CNS to compute the appropriate posturomotor commands.

a. Vision, touch and vestibular senses Vision

Vision is used in conjunction with the other senses. Its involvement is largely task and context dependent. Visual inputs participate in the stabilization of gaze, and appear to be essential in spatial navigation, in particular when avoiding obstacles [START_REF] Drew | Visuomotor coordination in locomotion[END_REF]. The importance of vision is most apparent when other senses become compromised [START_REF] Marchand | Locomotion in adult cats with early vestibular deprivation: Visual cue substitution[END_REF][START_REF] Mckinley | Visual and vestibular contributions to prelanding EMG during jump-downs in cats[END_REF], for instance when preparing for a jump [START_REF] Mckinley | Visual and vestibular contributions to prelanding EMG during jump-downs in cats[END_REF].

Vestibular sense

Located in the inner ear, the vestibular sensory organs encode the rotation and the linear acceleration of the head. Vestibular information is combined with visual and proprioceptive information throughout the central vestibular pathway. The vestibular system is critically involved in the stabilization of the gaze and the head [START_REF] Angelaki | Vestibular system: The many facets of a multimodal sense[END_REF]. Vestibular information is especially relevant when proprioceptive signals are not reliable, as during a fall [START_REF] Watt | Responses of cats to sudden falls: an otolith-originating reflex assisting landing[END_REF].

Vestibular signals are also needed to coordinate head movements with the motion of the rest of the body [START_REF] Takahashi | Effect of Labyrinthine Dysfunction upon Head Oscillation and Gaze during Stepping and Running[END_REF].

Touch

The skin contains mechanoreceptors that are sensitive to stretch and slack (Figure 1A, p.24, [START_REF] Johansson | Coding and use of tactile signals from the fingertips in object manipulation tasks[END_REF]. They probably contribute to movement perception because their activation can induce and enhance an illusion of movement [START_REF] Edin | Skin strain patterns provide kinaesthetic information to the human central nervous system[END_REF]. However, the same study noted that their contribution to the kinesthetic (relative to the position of body parts) senses is less likely.

b. Proprioceptive senses

Proprioception encompasses several sensory pathways whose function is to report the position and configuration of body parts to the CNS. In this section I briefly describe proprioceptive receptors relevant to postural control with an emphasis on intramuscular receptors.

Joint receptors

Joint receptors are mechanoreceptors embedded in each joint. Currently, joint receptors are thought to have a minor role in proprioception, and mainly act as limit detectors of the range of possible joint relative angles [START_REF] Burgess | Characteristics of knee joint receptors in the cat[END_REF][START_REF] Ferrell | Position sense at the proximal interphalangeal joint of the human index finger[END_REF]. In human, they could contribute to kinesthesia -one's ability to know the position and movement of their own body partsspecifically at the finger joints [START_REF] Proske | Joint receptors and kinaesthesia[END_REF].

Muscle spindles and Golgi sensory organs

Muscle spindles and Golgi sensory organs are the main kinesthetic receptors of the body [START_REF] Proske | The proprioceptive senses: Their roles in signaling body shape, body position and movement, and muscle force[END_REF]. One of the first evidence came from experiments in which a vibration applied over a muscle produced the illusion of a movement [START_REF] Goodwin | The contribution of muscle afferents to keslesthesia shown by vibration induced illusionsof movement and by the effects of paralysing joint afferents[END_REF]. The spindles were later shown to be the main receptors responsible for these illusions [START_REF] Roll | Kinaesthetic role of muscle afferents in man, studied by tendon vibration and microneurography[END_REF].

Muscles spindles

Muscle spindles are capsules of connective tissue that contain specific intrafusal muscle fibers [START_REF] Tuthill | Proprioception[END_REF] which are innervated by two types of sensory afferents (Figure 1B and C,p.24). The primary sensory neurons Ia afferents are folded in spiral around the central part of the fiber, and are sensitive to both the length and the rate of the length change of the muscle, so that they report both position and velocity of the movement [START_REF] Burgess | Signaling of kinethetic informations by peripheral sensory receptors[END_REF][START_REF] Matthews | Mammalian Muscle Receptors and Their Central Actions[END_REF]. The secondary II afferents are located to the side of the intrafusal fibers and are considered as length sensors exclusively [START_REF] Goodwin | The contribution of muscle afferents to keslesthesia shown by vibration induced illusionsof movement and by the effects of paralysing joint afferents[END_REF]. Muscle spindles discharge continuously [START_REF] Gerwin | Acetylcholine receptors in the equatorial region of intrafusal muscle fibres modulate mouse muscle spindle sensitivity[END_REF] and are stretch receptors: muscle stretch will lengthen the spindle and increase sensory afferents firing rate, while a contraction resulting in a shortening will decrease it. Thus, spindles can bidirectionally report any change in muscle length.

The intrafusal fiber length can be directly influenced by its corresponding gamma motoneuron.

When the muscle contracts, the alpha and gamma motoneurons co-activate, so that the length of the central portion of the intrafusal fiber remains constant, preserving the Ia afferents sensitivity to unexpected changes in muscle length. This mechanism could thus indicate the expected length of the muscle in a given body state [START_REF] Gerwin | Acetylcholine receptors in the equatorial region of intrafusal muscle fibres modulate mouse muscle spindle sensitivity[END_REF].

In mice, each muscle contains a limited number of spindles, for example 11.3 ± 0.4 for the soleus muscle [START_REF] Sonner | Analysis of proprioceptive sensory innervation of the mouse soleus: A whole-mount muscle approach[END_REF]. Another study also found an amount of spindles in a similar range for the gastrocnemius and plantaris muscles (Fernandes & Tourtellotte, 2015).

Golgi tendon organs

Golgi tendon organs are more related to the strength and tension exerted by the muscle on the joints [START_REF] Jami | Golgi tendon organs in mammalian skeletal muscle: Functional properties and central actions[END_REF]. They are located at the interface between muscles and tendons (Figure 1A andC) and are innervated by the Ib afferents from mechanosensory neurons. In contrast with spindles, Golgi tendon organs report muscle force and not length, but like spindles they have both a static and a dynamic response.

In mice, each muscle contains a limited number of Golgi tendon organs: 5.2 ± 0.2 for the soleus muscle [START_REF] Sonner | Analysis of proprioceptive sensory innervation of the mouse soleus: A whole-mount muscle approach[END_REF].

c. Proprioceptors projections to the central nervous system

The cell bodies of the proprioceptive afferents are intermingled with neurons receiving other sensory modalities, such as touch, in the dorsal root ganglia of the spinal cord [START_REF] Mann | Axons of dorsal spinocerebellar tract which respond to activity in cutaneous receptors[END_REF].

From there they project to the CNS via different spinal tracts. The dorsal and ventral spinocerebellar tracts, DSCT and VSCT respectively, carry proprioceptive information to the cerebellum [START_REF] Bosco | Reference frames for spinal proprioception: Kinematics based or kinetics based[END_REF], 2001). Additionally, the dorsal column-medial lemniscus (DCML) pathway transmits signals from proprioceptors to the somatosensory cortex via the brainstem. The DSCT and VSCT will be detailed in Section 1.05.

Using micro stimulations and intracellular recordings, DSCT neurons were shown to receive monosynaptic excitation from both spindles and Golgi tendon organs [START_REF] Laporte | Functional Organization of the Dorsal Spino-Cerebellar Tract in the Cat: I. Recording of Mass Discharge in Dissected Flechsig's Fasciculus[END_REF][START_REF] Lundberg | Functional organization of connexions to the ventral spinocerebellar tract[END_REF]. Later studies using natural stimuli such as single muscle stretch found that there is a high degree of sensory modality convergence on DSCT neurons, mainly through polysynaptic pathways [START_REF] Osborn | The extent of polysynaptic responses in the dorsal spinocerebellar tract to stimulation of group I afferent fibers in gastrocnemius-soleus[END_REF]) so that most neurons are polysensory and carry information from several muscles [START_REF] Osborn | Sensory integration by the dorsal spinocerebellar tract circuitry[END_REF]. For instance, DSCT neurons can respond to stimulations of both flexor and extensor nerves in proximal and distal parts of the same hindlimb [START_REF] Knox | A Determination of Excit Dorsal Spinocerebellar Trac From Spike-Train Analysis[END_REF]. Single DSCT neurons responding to the stimulation of afferents from a single muscle group can encode sensory inputs from the entire limb, showing that there is a high amount of intersection between the projections [START_REF] Osborn | The extent of polysynaptic responses in the dorsal spinocerebellar tract to stimulation of group I afferent fibers in gastrocnemius-soleus[END_REF]. Moreover, two different stimuli elicited by the same muscle stretch trigger different responses in DSCT population, highlighting a polysensory integration in the SC [START_REF] Osborn | Sensory integration by the dorsal spinocerebellar tract circuitry[END_REF]. Finally, sensory projections from a single muscle are scattered throughout the dorsal spinal cord [START_REF] Walmsley | Location and morphology of dorsal spinocerebellar tract neurons that receive monosynaptic afferent input from ankle extensor muscles in cat hindlimb[END_REF]. Therefore, sensory integration already occurs at the level of the spinal cord.

Section 1.04 Postural control centers in the central nervous system

As described above, the CNS has at its disposal a wide range of sensory information to compute posturomotor commands, which are then sent to the effector muscles through the neuromuscular system. Various regions of the CNS are involved in postural control (Figure 1A,p.24). In this section, I discuss how these posturomotor centers are integrated in the overall scheme of the CNS and their respective functions. The panel A. in Figure 1 recapitulates the main information flows involved in posturomotor control.

a. Spinal cord

The most fundamental motor control circuit consists in a spinal reflex. A reflex is characterized by a sequential activation of serially connected sensory receptor cells, afferent path, reflex center, efferent path, and effector muscle [START_REF] Ito | The Cerebellum: Brain for an Implicit Self[END_REF]. In spinal reflexes, sensory information is directly carried by sensory neurons from their sensory receptors to the local pools of motoneurons innervating the same body region. Spinal cord circuits participate in postural reflexes mediated by muscle spindles, Golgi tendon organs and skin afferents.

A branch of the Ia spindle afferents synapses on the alpha motoneuron pool of the same muscle (Figure 1A), which is the basis for the stretch reflex. This reflex prevents sudden muscle relaxation, as well as oscillations of contraction: muscle relaxation will activate the Ia afferents and induce a contraction of the muscle along with a relaxation of the antagonist muscle [START_REF] Hall | Guyton and Hall: Textbook of Hall[END_REF].

Additionally, the Golgi tendon organ provides negative feedback to its muscle of origin, which prevents the development of an excessive tension and is called the Golgi tendon reflex [START_REF] Cameron-Tucker | The Neurophysiology of Tone: The Role of the Muscle Spindle and the Stretch Reflex[END_REF]). Together, these reflexes provides a "damping" or smoothing effect to movement [START_REF] Creed | Reflex Activity of the Spinal Cord[END_REF]. Finally, the flexor reflex occurs when a stimulus is applied on the skin and causes a withdrawal of the limb, thus involving a flexion of the flexor muscle (agonist). This kind of reflex is more generally called a withdrawal reflex. During this reflex the antagonist muscle is inhibited trough what is called a reciprocal inhibition.

These elementary spinal reflexes are monosynaptic, so that there is a short delay of 30 to 50 ms between the sensory stimulation and muscle contraction [START_REF] Cole | Autogenic and nonautogenic sensorimotor actions in the control of multiarticulate hand movements[END_REF]. Moreover, when a flexor reflex occurs, the opposite limb starts to extend after a short delay, which is known as the crossed extensor reflex. This "compound" reflex involves sensory projections to the spinal cord that cross to the other side of the cord and contact non-local motoneurons. Reciprocal innervation extends within multiple cord segments, so that a spinal animal can perform coordinated elementary movements such as stepping and walking [START_REF] Frigon | The neural control of interlimb coordination during mammalian locomotion[END_REF][START_REF] Kiehn | Decoding the organization of spinal circuits that control locomotion[END_REF], and step over obstacle while walking [START_REF] Hall | Guyton and Hall: Textbook of Hall[END_REF]. Spinal cord circuits can even support the scratch reflex, in which the paw of an animal scratches a precise skin area of stimulation without any supraspinal signal involved. This is impressive because this reflex involves more than ten muscles in coordination [START_REF] Sherrington | Observations on the scratch-reflex in the spinal dog[END_REF].

Therefore, basic postural functions can be generated by the spinal cord alone [START_REF] Grillner | Locomotion in vertebrates: central mechanisms and reflex interaction[END_REF].

However, spinal animals fail to display more complex postural adjustments characterized in the intact animal [START_REF] Chvatal | Absence of postural muscle synergies for balance after spinal cord transection[END_REF][START_REF] Deliagina | Neural bases of postural control[END_REF][START_REF] Pratt | Stance control in the chronic spinal cat[END_REF], which are the prerogative of supraspinal motor centers.

b. Supraspinal centers

Various brainstem regions are involved in postural control. In particular, the mesencephalic locomotor region (MLR) can modulate the spinal circuitry related to gait and posture (Takakusaki, 2017). A decerebrate cat can sit, stand and walk upon mesencephalic locomotor region stimulation [START_REF] Bard | The Behaviour of Chronically Decerebrate Cats[END_REF]. More precisely, the pedunculopontine tegmental nucleus controls muscle tone through the pontine reticular formation while the cuneiform nucleus can initiate locomotion. Most of their inputs arise from the basal ganglia.

While vestibular nuclei integrate information from several sensory modalities and are essential to head alignment and stabilization as well as maintaining the orientation of the trunk [START_REF] Beloozerova | Postural Control in the Rabbit Maintaining Balance on the Tilting Platform[END_REF][START_REF] Goldberg | Vestibular control of the head: Possible functions of the vestibulocollic reflex[END_REF][START_REF] Murray | Balance Control Mediated by Vestibular Circuits Directing Limb Extension or Antagonist Muscle Co-activation[END_REF], the red nucleus (RN) is implicated in postural readjustment involving the limbs and skilled movement [START_REF] Zelenin | Activity of red nucleus neurons in the cat during postural corrections[END_REF]. Finally, the pontomedullary reticular formation relays postural motor commands and is functionally segmented: the ventral part controls the overall level of muscle tone, while the rostral part is implicated in muscle contraction patterns [START_REF] Takakusaki | Brainstem control of locomotion and muscle tone with special reference to the role of the mesopontine tegmentum and medullary reticulospinal systems[END_REF].

These brainstem nuclei contact and influence spinal circuits throughout the cord. For instance, during walking, the brainstem can either facilitate or inhibit specific spinal reflexes that would otherwise interfere with the ongoing movement execution [START_REF] Caggiano | Midbrain circuits that set locomotor speed and gait selection[END_REF][START_REF] Hsu | Deconstructing the modular organization and real-time dynamics of mammalian spinal locomotor networks[END_REF]. Therefore, there are already quite complex interactions between the two lowest levels of motor control. At a higher level, cortical areas can also be implicated in the modulation of spinal reflexes with a delay (Peter B.C. [START_REF] Matthews | The human stretch reflex and the motor cortex[END_REF], adding further complexity.

c. Integration of reflexes and voluntary movement

While instructions for reflexes arise from the periphery, voluntary movements are driven by selfgenerated "top down" instructions signals generated by supraspinal motor centers -mostly but not exclusively premotor and motor areas of the cerebral cortex-and carried to the effector muscles via a variety of neuronal pathways such as the corticospinal and reticulospinal pathways. The cortical motor areas are required in the voluntary initiation of locomotion [START_REF] Mori | Integration of posture and locomotion in acute decerebrate cats and in awake, freely moving cats[END_REF] and in learning complex postural coordinations [START_REF] Deliagina | Neural bases of postural control[END_REF]. Postural variables are directly encoded at the highest level by neuronal populations in the posterior parietal cortex, which supports movement planning [START_REF] Mimica | Efficient cortical coding of 3D posture in freely behaving rats[END_REF].

Interestingly, many neuronal circuits are involved in both voluntary and reflexive movements, highlighting the complexity of the integration and correction of motor commands throughout the CNS [START_REF] Prochazka | What do reflex and voluntary mean? Modern views on an ancient debate[END_REF]. Masao Ito used to refer to the motor system as a set of reflexive loops that can operate in parallel and/or be stacked or "nested" with increasing complexity (Figure 1D), creating a multi-layered and finely tunable control system [START_REF] Ito | The Cerebellum: Brain for an Implicit Self[END_REF]. In this view, a spinal reflex circuit is nested inside supraspinal motor and premotor control circuits, which must integrate peripheral stimuli and central motor and pre-motor instructions to ensure smooth execution of motor actions.

d. Towards posturomotor coordination

Thus, the posturomotor system appears to operate in series as well as in parallel through complex and nested interactions. In this framework, the existence of subsystems capable of coordinating the activity of the other elements to ensure proper sensorimotor integration appears mandatory. This role is thought to be assumed by two brain regions operating in derivation to the corticospinal pathway, the basal ganglia and the cerebellum. Albeit this manuscript will be centered around the cerebellar function, it is worth mentioning that the basal ganglia are a set of subcortical nuclei which are involved in the control of complex motor pattern sequences [START_REF] Dhawale | The basal ganglia control the detailed kinematics of learned motor skills[END_REF], as well as in the scaling of skilled movements depending on the context [START_REF] Dudman | The basal ganglia: From motor commands to the control of vigor[END_REF].

They also participate in the regulation of locomotion through their projections to the mesencephalic locomotor region [START_REF] Roseberry | Cell-Type-Specific Control of Brainstem Locomotor Circuits by Basal Ganglia[END_REF]. Basal ganglia lesions cause postural tone defects [START_REF] Takakusaki | Basal ganglia efferents to the brainstem centers controlling postural muscle tone and locomotion[END_REF][START_REF] Ruigrok | Precerebellar nuclei and red nucleus[END_REF], in particular in Parkinson's disease where excessive tonic muscle activation results in postural errors (Takakusaki 2017).

In contrast, the cerebellum is generally thought to have a more global role in postural control, from anti-gravity and balance functions to the smooth execution of coordinated movements [START_REF] Ioffe | Cerebellar control of posture[END_REF][START_REF] Thach | Role of the cerebellum in the control and adaptation of gait in health and disease[END_REF]). In the next section, I introduce the cerebellum as a posturomotor center ideally located to integrate postural sensorimotor information. 

Section 1.05 The cerebellum as a postural integration center a. Cerebellar anatomy

In mammals, the cerebellum is located at the caudal extremity of the brain, where it is connected to the dorsal part of the brainstem via three cerebellar peduncles (Figure 2A andC).

The most straightforward segmentation of the cerebellum is in two parts. The cerebellar cortex is a foliated structure whose surface is directly visible on the intact brain (Figure 2A andB). This cortex is folded around three deep cerebellar nuclei (DCN) arranged in a mediolateral fashion (Figure 2C-E): the fastigial (FN), interposed (IN) and lateral nuclei (LN). In addition, several cerebellar regions project to the vestibular nuclei. While there are inter-species variations, the overall anatomy of the cerebellum is remarkably conserved over evolution [START_REF] Hodos | Evolution of Cerebellum[END_REF].

In the transverse plane, the cerebellar cortex is subdivided into a medial part which is called the vermis and two lateral hemispheres (Figure 2B andD). The folded region connecting the vermis to the hemispheres is called the paravermis (Figure 2D).

In the sagittal plane, the cerebellar cortex is segmented by fissures that delineate cerebellar lobules (Figure 2B andC). While the number of lobules is variable between species, they are numbered from I to X in primates, which is used as a reference. In mice, the lobules IV/V are fused in a single lobule.

The cerebellum receives inputs from virtually every sensorimotor modality and projects to various brain centers. In particular, the cerebellum shares reciprocal connections with the inferior olive (IO), a set of nuclei located on the ventral part of the brainstem (Figure 2C At the mesoscopic scale, the cerebellar cortex is divided into three layers (Cerminara et al., 2015).

The granular layer (dark purple layer in Figure 2C andE) represents the deepest layer of the cortex and receives most of the cerebellar cortical inputs as mossy fibers (MF). In contrast, the molecular layer (pale pink layer in Figure 2) is directly visible at the surface of the cortex. Between these two layers resides a third thin monolayer of cells, the Purkinje cell layer, which constitutes the output of the cortex and receives the olivary inputs (PC layer, dashed line in Figure 2C). This three-layer structure follows the foliation of the cerebellar cortex and is remarkably uniform (Figure 2C andE). 

b. Cerebellar involvement in posture

One of the first precise accounts on cerebellar function came from Luciani in 1891, who described a triad of symptoms in dogs after complete cerebellectomy (Manni & Petrosini, 1997): atonia (a reduction in resting muscle tone), asthenia (a weakness of voluntary contraction) and astasia (an inability to maintain a posture). A few years later, Babinski proposed an additional role for the cerebellum in motor coordination, as cerebellar patients displayed hypermetria and asynergia [START_REF] Babinski | De l'asynergie cérébelleuse[END_REF].

Hypermetria refers to an overshoot during ballistic movements (Figure 3a, top panels). It is characterized by a pendular oscillation when trying to reach a target with a finger, which is called an intention tremor [START_REF] Louis | Essential tremor: The most common form of cerebellar degeneration?[END_REF][START_REF] Manto | Mechanisms of human cerebellar dysmetria: Experimental evidence and current conceptual bases[END_REF][START_REF] Manto | Cerebellar Hypermetria Associated with a Selective Decrease in the Rate of Rrse of Antagonist Activity[END_REF]. The defects are particularly visible for fast movements. Intention tremor is visible in cerebellar patients and can be reproduced by cooling the output of the cerebellum in monkeys [START_REF] Flament | Comparison of cerebellar intention tremor under isotonic and isometric conditions[END_REF]. It is noteworthy that despite the overshoot the direction of the movement is preserved. The overshoot was later shown to be due to a "braking" defect in the antagonist muscle [START_REF] Flament | Braking of fast and accurate elbow flexions in the monkey[END_REF].

The movement in the healthy subject is characterized by a triphasic muscle contraction, with an agonist-antagonist-agonist sequence that quickly stabilizes the movement. This sequence is disrupted in cerebellar patients (Figure 3A).

Asynergia refers to the incapacity to coordinate several body parts towards the realization of a single act such as walking, which often results in falling in cerebellar patients. In particular, cerebellar diseases such as ataxia result in coordination deficits (Figure 3B andC), which are clearly visible when a synergistic arm movement is attempted [START_REF] Bastian | Cerebellar ataxia: Abnormal control of interaction torques across multiple joints[END_REF][START_REF] Berger | Does the cerebellum shape the spatiotemporal organization of muscle patterns? Insights from subjects with cerebellar ataxias[END_REF] or during locomotion (Machado et al. 2015;[START_REF] Molinari | Hemicerebellectomy and motor behaviour in rats -II. Effects of cerebellar lesion performed at different developmental stages[END_REF] and are accompanied by abnormal posture while in stance.

Additionally, the cerebellum is involved in anticipatory postural adjustments and in the proper initiation of movement [START_REF] Timmann | Perturbed step initiation in cerebellar subjects: 2. Modification of anticipatory postural adjustments[END_REF]. Cerebellar subjects display a higher variability in their leg trajectory and muscle patterns contractions at step initiation. Moreover, cerebellar perturbations in mice lead to defects at movement initiation [START_REF] Dacre | A cerebellarthalamocortical pathway drives behavioral context-dependent movement initiation[END_REF][START_REF] Gaffield | The cerebellum encodes and influences the initiation and termination of discontinuous movements[END_REF]. Finally, the cerebellum is likely involved in motor planning, because cerebellar activity can precede movement by several hundred milliseconds [START_REF] Gao | A cortico-cerebellar loop for motor planning[END_REF][START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF][START_REF] Thach | Does the cerebellum initiate movement?[END_REF]). These functions are generally associated with the cerebellar hemispheres because of their extensive connections with the cerebral hemispheres. The cerebrocerebellum participates in a wide range of motor and non-motor skills, including higher cognitive functions [START_REF] King | Functional boundaries in the human cerebellum revealed by a multi-domain task battery[END_REF].

Notably, lesions of the vermis and of the fastigial nucleus lead to the most prominent postural impairments (Joyal et al., 1996). In classical lesion studies, the vermis has been associated with generic postural function such as anti-gravity maintenance and overall muscle tone regulation, while paravermal lesions specifically affected skilled movements execution (Chambers and Sprague 1955b;Thach, Goodkin, and Keating 1992). The anterior part the vermis (Lobules I to VI), which will be the focus of this manuscript, is implicated in global postural functions involving the whole body, including axial posturomotor control and locomotion (Fujita et al., 2020;[START_REF] Mori | Stimulation of a restricted region in the midline cerebellar white matter evokes coordinated quadrupedal locomotion in the decerebrate cat[END_REF].

Additionally, the vestibulocerebellum, corresponding to lobules IX and X of the vermis and paravermis, the flocculus and paraflocculus in the hemispheres, has a major role in controlling eye movements, posture and equilibrium. Disorders of this region, such as in the vestibulocerebellar ataxia, cause major impairments of these functions [START_REF] Hall | Guyton and Hall: Textbook of Hall[END_REF][START_REF] Ioffe | Cerebellar control of posture[END_REF][START_REF] Kheradmand | Cerebellum and ocular motor control[END_REF].

To ensure such a range of postural functions, the cerebellum needs sensory information from the periphery as well as descending information from supraspinal brain centers. This is achieved through the diversity of cerebellar afferent regions contacting the cerebellum via mossy fiber projections (MF), which I review in the next paragraph. 

c. Integration of sensorimotor mossy fiber inputs by the cerebellum

The cerebellar mossy fibers arise from the spinal cord as well as from various precerebellar nuclei, contact the granular layer and send collaterals to the DCN. The principal MF afferents sources are summarized in Figure 4A. I will here focus on the MF projections to the anterior vermis.

Spinal inputs

Spinal inputs can reach the cerebellum via several either direct or indirect tracts. Spinocerebellar pathways terminate as mossy fibers mainly in the vermal and paravermal regions of the anterior and posterior lobes of the cerebellar cortex [START_REF] Luo | Single axonal morphology and termination to cerebellar aldolase C stripes characterize distinct spinocerebellar projection systems originating from the thoracic spinal cord in the mouse[END_REF]. Major pathways include:

• The dorsal spinocerebellar tract (DSCT) that conveys proprioceptive information from the caudal part of the body, in particular the hindlimbs. It arises from the posterior thoracic nucleus in the spinal cord [START_REF] Bosco | Proprioception from a spinocerebellar perspective[END_REF].

• The ventral spinocerebellar tract (VSCT) that carries information from the lower trunk and runs in parallel to the DSCT [START_REF] Stecina | Information to cerebellum on spinal motor networks mediated by the dorsal spinocerebellar tract[END_REF].

• The cuneocerebellar tract that reaches the cerebellum after a relay in the dorsal column nuclei (cuneate and external cuneate nuclei). It carries information from the upper limbs and neck. Although it is an indirect pathway, it is considered as the homologue of the DSCT for the forelimbs (Ruigrok 2016).

• The rostral spinocerebellar tract that arises from the spinal cord segments corresponding to upper part of the body [START_REF] Osgarsson | Identification of a Spinocerebellar Tract Activated from Forelimb Afferents in the Cat[END_REF] and terminates in the anterior part of the vermis. It is considered to be the forelimb equivalent of the VSCT.

Precerebellar nuclei

Lateral reticular nucleus

The lateral reticular nucleus (LRN) is involved in the control of motor activity and coordination [START_REF] Alstermark | The lateral reticular nucleus; integration of descending and ascending systems regulating voluntary forelimb movements[END_REF]. It is located ventrally in the medulla oblongata and constitutes a major source of mossy fiber afferents to the cerebellar cortex.

A first main afferent pathway to the LRN is a bilateral projection from the spinal cord carrying limb and proprioceptive information, which is called the bilateral ventral reflex vector tract. This pathway has been hypothesized to transmit global information about posture [START_REF] Clendenin | The lateral reticular nucleus in the cat II. Organization of component activated from bilateral ventral flexor reflex tract (bVFRT)[END_REF] and is activated by cutaneous as well as by muscle afferents [START_REF] Lundberg | Reflex pathways from group II muscle afferents -3. Secondary spindle afferents and the FRA: a new hypothesis[END_REF].

While the caudal part of the nucleus is thought to receive exclusively spinal signals, the rostral part integrates and conveys spinal and supraspinal inputs towards the cerebellum [START_REF] Ruigrok | Precerebellar nuclei and red nucleus[END_REF]. In addition, propriospinal neurons located in the C3-C4 segments integrate descending motor signals and exhibit bifurcating axonal projections, with one ascending branch to the LRN and a second descending one establishing direct synaptic connections to cervical motoneurons (B. [START_REF] Alstermark | The C3-C4 propriospinal system in the cat and monkey: A spinal pre-motoneuronal centre for voluntary motor control[END_REF]. Interestingly, genetically and spatially defined spinal neuronal subpopulations establish an organized projection map to the LRN [START_REF] Pivetta | Motor-circuit communication matrix from spinal cord to brainstem neurons revealed by developmental origin[END_REF].

Thus, the LRN can be considered as an integration center that can provide the cerebellum with both sensory and motor information [START_REF] Azim | Skilled reaching relies on a V2a propriospinal internal copy circuit[END_REF]. In rodents, the LRN massively projects to the anterior vermis (Lobules I-V, rostral lobule VI, caudal VII and VIII).

Dorsal column nuclei

The dorsal column nuclei are composed of the cuneate and gracile nuclei, which transmit somatosensory information relative to the forelimbs and hindlimbs respectively [START_REF] Loutit | Functional organisation and connectivity of the dorsal column nuclei complex reveals a sensorimotor integration and distribution hub[END_REF]. These nuclei innervate the cerebellar cortex via the cuneocerebellar tract (Gerrits et al., 1985b), where their projections ends in the anterior and posterior vermis, the simplex lobule and the paramedian lobule.

Vestibular nuclei

The vestibular nuclei receive sensory inputs from the vestibular peripheral organs. They integrate and relay vestibular information to several brain centers, in particular to the cerebellum [START_REF] Angelaki | Vestibular system: The many facets of a multimodal sense[END_REF]. Their projections end as mossy fibers in the flocculus, nodulus, ventral uvula and to a lesser extent in the anterior vermis [START_REF] Voogd | Oculomotor cerebellum[END_REF].

Trigeminal nuclei

The trigeminal nuclei relay information from the face to the cerebellar cortex. The mossy fibers arising from trigeminal neurons end in various cerebellar regions. In particular, the ventral part of these nuclei projects to the vermis [START_REF] Yatim | Trigeminocerebellar and trigeminoolivary projections in rats[END_REF].

Pontine nuclei

The pontine nuclei consist of a large cluster of densely grouped neurons that are located in the ventral pons. These nuclei receive massive inputs from the cerebral cortex and from various subcortical brain areas as well as sensory information directly from the spinal cord. Therefore, the pontine nuclei -similarly to the lateral reticular nucleus-are seen both as a relay and an integration center of incoming sensorimotor information [START_REF] Ruigrok | Precerebellar nuclei and red nucleus[END_REF]). The pontine nuclei send projections to the cerebellum through the middle cerebellar peduncle and terminate contralaterally as mossy fiber terminals [START_REF] Ruigrok | Precerebellar nuclei and red nucleus[END_REF], where they distribute in the hemispheres, paraflocculus and posterior vermis [START_REF] Biswas | Divergent projections of single pontocerebellar axons to multiple cerebellar lobules in the mouse[END_REF].

Disynaptic inputs from the cerebral cortex to the anterior vermis

The cerebral cortex sends information to the cerebellum through the previously described relays in the pons and the midbrain. It was recently shown that the cerebellar vermis (lobules IV-VIII) receives a disynaptic input from cortical motor areas [START_REF] Coffman | Cerebellar vermis is a target of projections from the motor areas in the cerebral cortex[END_REF]. Moreover, afferents originating from multiple cortical areas converge onto the same cerebellar cortical regions [START_REF] Henschke | Disynaptic cerebrocerebellar pathways originating from multiple functionally distinct cortical areas[END_REF]. In particular, the vermal lobules IV/V/VI are co-innervated by multimodal inputs arising for the most part from S1 and M1, and to a lesser extent from A1 and V1. This observation contradicts the relative absence of projections from the pontine nuclei to the anterior cerebellar vermis described earlier [START_REF] Biswas | Divergent projections of single pontocerebellar axons to multiple cerebellar lobules in the mouse[END_REF]. The current interpretation is that information from the cerebral cortex are relayed by other extra-pontine precerebellar nuclei [START_REF] Henschke | Disynaptic cerebrocerebellar pathways originating from multiple functionally distinct cortical areas[END_REF].

Therefore, the cerebellum receives both sensory and motor information about the ongoing sensorimotor state of the body as well as future motor actions. Single mossy fiber axonal tracing studies from different precerebellar nuclei [START_REF] Wu | Projection patterns of single mossy fibers originating from the lateral reticular nucleus in the rat cerebellar cortex and nuclei[END_REF]Sugihara et al. 2009;[START_REF] Ando | Heterogeneous vestibulocerebellar mossy fiber projections revealed by single axon reconstruction in the mouse[END_REF][START_REF] Biswas | Divergent projections of single pontocerebellar axons to multiple cerebellar lobules in the mouse[END_REF][START_REF] Na | The entire trajectories of single pontocerebellar axons and their lobular and longitudinal terminal distribution patterns in multiple aldolase C positive compartments of the rat cerebellar cortex[END_REF][START_REF] Luo | Single axonal morphology and termination to cerebellar aldolase C stripes characterize distinct spinocerebellar projection systems originating from the thoracic spinal cord in the mouse[END_REF] have shown that MFs arising from a single cell axon diffusely project to the granular layer in several broad parasagittal stripes covering multiple lobules (Figure 4B). Moreover, tracing studies have established that a single cell in the granular layer could receive proprioceptive as well as descending information [START_REF] Huang | Convergence of pontine and proprioceptive streams onto multimodal cerebellar granule cells[END_REF]. Therefore, the incoming information diverges at the cortical input stage. After being processed in the cortex, this information converges back to the DCN and is sent to several motor and pre-motor centers, which will be reviewed in Section 4.03. [START_REF] Wu | Projection patterns of single mossy fibers originating from the lateral reticular nucleus in the rat cerebellar cortex and nuclei[END_REF].

Overall, the cerebellum appears to be ideally located and wired to ensure the coordination of holistic functions such as postural control. The projection patterns observed at the different cerebellar cortical stages have inspired classical models of the cerebellar function, which I detail in the next section.

Section 1.06 Classical models of motor control

As highlighted in the previous sections, the execution of any motor action relies on the interplay between the CNS and the rest of the body, including the musculoskeletal and sensory systems. This section reviews classical theories of motor control which have led to proposals for the role of the cerebellum in motor function.

a. Basic motor control system with sensory feedback Principle At its core, the basic structure of a motor control system consists in an instructor that gives an instruction to a controller which computes a motor command [START_REF] Ito | Control of mental activities by internal models in the cerebellum[END_REF]. This command is then executed by the controlled object, resulting in an output signal. In a dynamic system, sensory feedback can be used to adapt future commands to the previous outcome (Figure 5A, p.35).

The most basic motor control system would be the spinal reflex described in Section 1.04, but we saw that the CNS also displays more complex "nested" loops. For instance, the controller could be the corticospinal system piloting the segmental reflex system using central pre-motor instructions (Figure 1D). In the general case considered in Figure 5A, CNS centers compute motor commands based on a given instruction and send them to the effector muscles of the body. The sensory feedback is carried back to the same and/or other CNS centers for online correction.

Shortcomings

In artificial systems, the delay between the motor output and the sensory feedback can be short (1-2 ms). Thus, sampling and control frequencies can be very high (500-100 Hz), ensuring a correct execution of movement solely relying on feedback control [START_REF] Kawato | Internal models for motor control and trajectory planning[END_REF][START_REF] Wolpert | Internal models in the cerebellum[END_REF]. However, in biological systems the delay is far larger. For instance, visual feedback during arm movements is delayed by 150 to 250 ms. Even fast spinal feedback loops take tens of milliseconds. Because most of our movements last less than 500 ms, fast and smooth movement execution cannot exclusively rely on feedback control [START_REF] Porrill | Adaptive filters and internal models: Multilevel description of cerebellar function[END_REF].

The controlled object internal dynamics can lead to a distortion of motor commands. In the case of the body, the muscle and joint biomechanical properties will result in movement dynamics that differ from the command. This deformation should therefore be compensated and integrated in the motor command in order to execute the intended movement.

Finally, the internal body dynamics will lead to self-generated sensory signals that might not all be relevant to the brain, especially compared to external events. These signals must thus be cancelled. This is known as the "reafference problem".

b. Internal models

To alleviate these issues, it has been hypothesized that the brain contains internal models (Timothy J [START_REF] Ebner | Cerebellum and Internal Models[END_REF], which refer to neuronal mechanisms that mimic the input-output relationship of the executed motor action. Two general classes of internal models serving different purposes can be distinguished: the forward and inverse models (Figure 5B).

Forward model

A forward model uses the motor command to predict the sensory consequences of a motor action (Figure 5B top). For instance, it can compute in advance the future kinematics of the hand during an arm movement. Therefore, the predicted feedback can be used with much shorter delays without waiting for the actual sensory feedback from the periphery. Moreover, the forward model can solve the reafference problem by feeding predicted sensory-motor consequences to a comparator [START_REF] Porrill | Adaptive filters and internal models: Multilevel description of cerebellar function[END_REF].

Inverse model

In contrast, an inverse model takes the desired outcome or instruction as an input and computes the required motor commands to achieve this outcome (Figure 5B bottom). The model is called "inverse" because it takes the intended consequences of an action and infers their causes. For instance, it can transform a desired trajectory into the appropriate pattern of muscle contractions.

Thus, an inverse model doesn't rely at all on sensory feedback, at least initially. The inverse model can solve the issue of the motor command distortion by the controlled object by providing a corrective command.

It is currently not clear whether and how these internal models are actually implemented in biological systems such as the cerebellum [START_REF] Shadmehr | Error correction, sensory prediction, and adaptation in motor control[END_REF]. However, it is admitted that the cerebellum can compute sensorimotor predictions that shape the ongoing movement and thus would perform the equivalent of forward models [START_REF] Streng | Modulation of sensory prediction error in Purkinje cells during visual feedback manipulations[END_REF][START_REF] Wolpert | Internal models in the cerebellum[END_REF].

c. Learning internal models

During initial motor learning, as well as in adulthood, an animal has to perform novel tasks and adapt to ever changing environmental as well as bodily conditions. Therefore, an internal model of motor control must also be endowed with the ability to learn, i.e., modify its input-output relationships. In both forward and inverse models this ability relies on a feedback error which acts as an instructive signal for the model (Figure 5). Because the learning requires the presence of a "teacher", it can be described as a "supervised" learning.

Motor control systems can operate either in open or closed loops (Ito, 1972). In the case of a closed loop control, the information driving the internal model predictions and the feedback arise from the same origin. In vestibulo-spinal reflex, which aims at stabilizing the head and body trunk based on vestibular information, the vestibular organs both drive the reflex and report its sensorimotor outcome. In contrast, the vestibulo-ocular reflex, which aims at stabilizing the gaze, operates essentially is an open loop: the vestibular organs also drive the reflex, but the feedback is mostly visual and does not directly relates to vestibular feedback. Therefore, a satisfactory model must be able to function in closed as well as in open loops, which requires that the sensorimotor information and the feedback at least partly arise from different sources. Moreover, the model must be able to combine several sensory modalities, which is a prerequisite for many behaviors, e.g. when shooting a basketball, where visual but also proprioceptive information must be considered. Given the diversity of sensorimotor contexts and motor actions performed by an animal, a high storage capacity is also required. Overall, internal models are associated with high dimensional sensorimotor representations of the internal and external world [START_REF] Wolpert | Internal models in the cerebellum[END_REF].

The perceptron

Classical cerebellar theories posit that a neuronal network called the "perceptron" meets these requirements (Albus, 1971;Marr, 1969). A perceptron is a three-layered pattern recognition device (Figure 5C): each input pattern arising from the first layer is recombined in the perceptron's second layer to provide a unique pattern, which is used by the third layer to compute an appropriate output. Intersecting but different patterns can thereby be separated and recognized, providing a high dimensional representation of the input. This mechanism allows to disambiguate similar sensorimotor contexts requiring different motor actions.

In the perceptron, each connection is characterized by a synaptic weight. While the connections between the first and the second layer are fixed, a supervised learning occurs between the second and third layer [START_REF] Ito | The Cerebellum: Brain for an Implicit Self[END_REF]. Depending on the outcome of the motor action, the connections weights are either strengthened or weakened. Several studies have shown that in a perceptron with an optimal storage capacity the majority of the synapses are silent (Albus, 1971;[START_REF] Clopath | Optimal Properties of Analog Perceptrons with Excitatory Weights[END_REF] and the activity of the second layer is very sparse (less than 1% of active nodes at the same time). It was shown more recently that both sparse and dense patterns of activity in the second layer could lead to an expansion of the coding space and a decorrelation of the inputs [START_REF] Cayco-Gajic | Sparse synaptic connectivity is required for decorrelation and pattern separation in feedforward networks[END_REF].

Adaptive filters

The idea of an adaptive filter model whithin the cerebellum was initially proposed by Fujita and represents an improvement over the perceptron [START_REF] Fujita | Adaptive filter model of the cerebellum[END_REF]. The main difference is that the neurons of the second layer become a set of dynamic temporal filters (Figure 5C). The output of these filters is then weighted as in the classical perceptron. The weights are similarly adapted following a feedback learning rule under the supervision of a comparator.

The dynamic temporal filters facilitate the learning of temporal sequences [START_REF] Barri | Synaptic basis of a sub-second representation of time in a neural circuit model[END_REF][START_REF] Medina | Computer simulation of cerebellar information processing[END_REF]: the filter bank decomposes the incoming inputs in various time-varying activity patterns, that are then selected and summed to compute the output of the adaptive filter. This mechanism can accommodate for temporal delays between a sensory input and the required motor output, thereby allowing to perform complex sequences of motor actions [START_REF] Barri | Synaptic basis of a sub-second representation of time in a neural circuit model[END_REF]. The putative existence of adaptive filters in the cerebellum has been a major topic of cerebellar research [START_REF] Porrill | Adaptive filters and internal models: Multilevel description of cerebellar function[END_REF]Raymond & Medina, 2018;[START_REF] Shadmehr | Error correction, sensory prediction, and adaptation in motor control[END_REF]. In the following section, I will describe why the structure and connectivity of the cerebellum, and in particular of the cerebellar cortex, appear appropriate to their biological implementation.

Section 1.07 Cerebellar implementation

First, anatomically the cerebellum lies in derivation of the corticospinal pathway (Figure 1A); it receives both sensory and motor inputs (Section 1.05) and targets various brain centers among whose many are motor or pre-motor (Section 4.03). Therefore, it is ideally located to contain internal models (Figure 5B).

As a whole, the cerebellum receives two types of afferents (Figure 6A) in the form of mossy fibers (MF) and climbing fibers (CF). While the MF arising from various CNS regions convey the sensorimotor information required to compute sensorimotor predictions or motor commands, the CFs originate exclusively from the inferior olive (IO) and are thought to provide the instructive signal required for learning in the above-described models. Because the driving and the instructive signals arise from different origins, the cerebellum can therefore operate in open or closed motor control loops (M. Ito, 1972). Moreover, the three layers of the cerebellar cortex and their respective cellular subtypes can be closely associated with the different elements introduced in the perceptron model.

a. Granular layer

The granular layer is classically thought to perform a pre-computation of the incoming sensorimotor inputs before their actual integration occurs in the PC. The granular layer contains excitatory neurons, the granule cells (GCs), and inhibitory interneurons (Figure 6A).

Granule cells

The GCs are the smallest and the most numerous neurons in the brain. They represent the only excitatory cell type of the granular layer (Ito, 1984). On average, each granule cell has only four dendrites, which are contacted by mossy fibers (MF) and Golgi cells (see below) in a structure called the glomerulus. Each mossy fiber branches repeatedly, forming a structure called the mossy fiber rosette, thus innervating hundreds of granule cells in tens of glomeruli (see also Figure 4B). In total, 250 million MFs make 200 billion synapses on 50 billion GrCs (Figure 6A). Therefore, the granular layer represents a site of major divergence and recombination of incoming information [START_REF] D'angelo | Cerebellar Granule Cell[END_REF][START_REF] Solinas | A realistic large-scale model of the cerebellum granular layer predicts circuit spatio-temporal filtering properties[END_REF] and strikingly resembles the preprocessing layer of classical cerebellar algorithms.

Despite being in vivo under constant excitation from the MF, which fire in the 10-100 Hz range, GCs are generally silent when the animal is at rest. However, upon sensory stimulation or during movement, GC firing occurs in sparse high frequency bursts [START_REF] Powell | Synaptic representation of locomotion in single cerebellar granule cells[END_REF]. Moreover, a single GC can integrate multimodal sensory inputs [START_REF] Ishikawa | Multimodal sensory integration in single cerebellar granule cells in vivo[END_REF]. These results are in line with a separation as well as a temporal filtering of the incoming inputs proposed by classical models of motor control (Figure 6B). Recent works using calcium imaging have reported dense activity patterns in granule cells [START_REF] Giovannucci | Cerebellar granule cells acquire a widespread predictive feedback signal during motor learning[END_REF] that could support high-dimensional representations of animal behavior [START_REF] Lanore | Cerebellar granule cell axons support high-dimensional representations[END_REF].

Golgi and Lugaro cells

Golgi cells are the main interneuron type of the granular layer and provide feedforward as well as feedback inhibition to the GCs [START_REF] Dieudonné | Submillisecond kinetics and low efficacy of parallel fibre-Golgi cell synaptic currents in the rat cerebellum[END_REF][START_REF] Dieudonné | Golgi Neurons[END_REF]. They are thought to participate in the regulation of the GCs activity through multiple mechanisms such as gain control, oscillatory modulation and temporal windowing [START_REF] Zeeuw | Spatiotemporal firing patterns in the cerebellum[END_REF]Gurnani & Silver, 2021;[START_REF] Kanichay | Synaptic and cellular properties of the feedforward inhibitory circuit within the input layer of the cerebellar cortex[END_REF]. They were hypothesized to provide the anatomical substrate of the temporal filters in the adaptive filter model (M. [START_REF] Fujita | Adaptive filter model of the cerebellum[END_REF]. The Lugaro cells constitute another type of interneuron whose function is still not well understood [START_REF] Pietrajtis | Golgi neurons[END_REF]). An exhaustive review of these interneurons would be outside the scope of this manuscript.

b. Molecular layer

An even greater divergence of the granular layer already recombined information occurs in the molecular layer. The thin axons of the granule cells ascend through the granular layer up to the molecular layer and then separate in two branches called the parallel fibers (PFs). In mice, the PFs run medio-laterally in the molecular layer for several hundreds of microns on both sides, so that a parallel fiber can span most of a lobule width [START_REF] D'angelo | Cerebellar Granule Cell[END_REF]. In doing so they make en passant synapses onto PC dendrites, providing PCs with the granular layer preprocessed information. Each PF can contact up to 300 PCs, creating a striking convergence of information: each PC is contacted by 175000 PFs in the rat [START_REF] Ito | The Cerebellum: Brain for an Implicit Self[END_REF]). Yet, 90% of the PF-PC synapses are silent, which is consistent with the idea of patterns separation in the granular layer [START_REF] Cayco-Gajic | Sparse synaptic connectivity is required for decorrelation and pattern separation in feedforward networks[END_REF][START_REF] Clopath | Optimal Properties of Analog Perceptrons with Excitatory Weights[END_REF]. Overall, the 50 billion GrCs make 10 trillion synapses onto 15 million PCs [START_REF] Nguyen | Structured cerebellar connectivity supports resilient pattern separation[END_REF]. Thus, the granular layer provide the PC with a high dimensional representation of the incoming sensorimotor information [START_REF] Lanore | Cerebellar granule cell axons support high-dimensional representations[END_REF].

Apart from the PF, the molecular layer also contains two classes of inhibitory interneurons, the basket and the stellate cells, which are collectively called molecular layer interneurons. They both cast feed-forward inhibition from the PF to the PC.

c. PC layer

The Purkinje cell is both functionally and anatomically the most prominent cell type of the cerebellar cortex: it integrates a whole array of inputs and represents the entire cortical output.

The PCs are arranged in a monolayer which spans the entire cortex and follows its foliation (Figure 6A). They are characterized by their strikingly ramified dendritic arbor, which arises from primary dendrites at the soma and extends in the whole height of the molecular layer (see also Figure 8B).

While this arbor covers a surface of 120*140 microns in the parasagittal plane in mice, its mediolateral extensions is reduced to less than 10 microns (Mukamel et al., 2009;[START_REF] Nedelescu | Regional differences in Purkinje cell morphology in the cerebellar vermis of male mice[END_REF]. Although the exact morphology of the PCs can vary depending on the region, this general arrangement holds true throughout the whole cerebellar cortex.

The PCs receive excitatory glutamatergic inputs from PFs that are for a large part non-local, because each PC is contacted by PFs whose soma of origin can be distant of more than 1 mm from the PC [START_REF] Napper | Number of parallel fiber synapses on an individual Purkinje cell in the cerebellum of the rat[END_REF][START_REF] Pichitpornchai | Morphology of parallel fibres in the cerebellar cortex of the rat: An experimental light and electron microscopic study with biocytin[END_REF]. These PF-PC synapses are located on intermediate and distal dendrites in the molecular layer. Because each PC possesses thousands of synapses which in theory could be individually tuned, it was hypothesized that they represent the third layer of the perceptron model and their synaptic weights the adaptive element of the cerebellar circuit. In classical cerebellar models, the CF provides the PC with an instructive signal, which is generally considered to be an error or a mismatch between the expected and the actual sensorimotor input (Figure 6B).

In contrast with most neurons, PCs can fire action potentials without any synaptic input. In the resting animal, theses spikes occur at high rates (40-100 Hz). It follows that the PC constantly inhibit the DCN cells through this so-called "pacemaker" activity and that the cerebellar output can be modulated by increasing or decreasing this tonic PC inhibition.

d. Deep cerebellar nuclei output

The PC axons run through the granular layer and the white matter before reaching the DCN, where they form GABAergic synapses. From there, the DCN transmit the cerebellar output to extracerebellar centers. The PC-DCN projections are convergent with a ratio of 7:1 to 52:1 (Person & Raman, 2012a). Interestingly, the DCN also send excitatory as well as inhibitory projections back to the cerebellar cortex [START_REF] Ankri | A novel inhibitory nucleo-cortical circuit controls cerebellar Golgi cell activity[END_REF][START_REF] Gao | Excitatory Cerebellar Nucleocortical Circuit Provides Internal Amplification during Associative Article Excitatory Cerebellar Nucleocortical Circuit Provides Internal Amplification[END_REF] that are likely to participate in the regulation of the granular layer activity.

The DCN contain two neuronal subpopulations. One is composed of large glutamatergic neurons which spontaneously fire action potentials at up to 100 Hz in the awake mouse (Lee et al., 2015).

Upon sensorimotor stimulation, their firing rate can increase up to 400 Hz. Another DCN subpopulation consists of purely GABAergic small cells and projects to the IO (Teune et al., 2000).

Importantly, both DCN populations also receive MF and CF inputs. As such, the DCN are part of the adaptive processor, albeit with less computational capabilities [START_REF] Gao | Distributed synergistic plasticity and cerebellar learning[END_REF].

Because of its specific projections, the GABAergic population could represent the copy of the processor output that is used by the comparator, i.e., the IO, to compute the instructive signal (Figure 6B). Additionally, the IO receives excitatory inputs from various CNS regions (Section 3.03) and virtually every IO neuron receives both excitatory and inhibitory synaptic inputs [START_REF] Loyola | Inferior Olive: All Ins and Outs[END_REF]. It follows that the IO is ideally located to perform the role of the "comparator" in the supervised learning framework. Thus, the architecture of the olivocerebellar microcircuit appears perfectly suited to implement an internal adaptive model. [START_REF] Nguyen | Structured cerebellar connectivity supports resilient pattern separation[END_REF]. B. Parallels between an artificial adaptive processor and the cerebellar network. A preprocessing stage (the granular layer) transforms the input signals to create representations that are a suitable substrate for supervised learning. Those representations are sent to an adaptive processor (the PC-DCN ensemble) that generates responses. Errors are computed by a comparator (the inferior olive) using the desired response and the processor response, and are sent back to the adaptive processor to modify its synaptic weights. Color code refers to the one of Figure 5C (Adapted from Raymond & Medina, 2018).

e. Functional implications and manuscript outline

The interpretation of the (olivo)cerebellar function I just presented raises several questions, which this manuscript will attempt to address.

First, an internal model solves the question of the sensorimotor delay for stationary functioning but not for learning. In the absence of a ground truth ("desired response" in Figure 5C for the inverse model), the comparator has to rely on a sensorimotor feedback which inevitably arrives with a delay after the computation of the processor output. How can the system accommodate for this delay? Moreover, how could the right modifications be made if the instructive signal arrives long after the output signal has been produced, i.e., which synaptic weights should be changed or not changed following sensory feedback? This issue is known in the literature as the "credit assignment problem" (Bouvier et al., 2018). Finally, does the olivocerebellar system really follow the principles of a supervised learning device? In Part 2 of the Introduction, I will investigate how cerebellar learning can operate. Olivocerebellar learning will then be the focus of the first Article reported in this manuscript, in which climbing fiber related signals in Purkinje cell dendrites were recorded during a novel postural task (p.98).

Second, the cerebellum can participate in a wide range of behaviors, from reflexes to voluntary movements through rhythmic behaviors. How can the cerebellum support this wide range of functions, while it appears that, despite subtle regional differences, the architecture of the cerebellar cortex is strikingly uniform? Based on olivocerebellar connectivity, cortico-nucleoolivary loops that are likely to constitute functional units have been identified, which has led to the proposal that the cerebellum is a set of -mostly-independent adaptive processors or "microchips" with specific inputs, internal dynamics and outputs [START_REF] Porrill | Adaptive filters and internal models: Multilevel description of cerebellar function[END_REF]. I will investigate this modular organization in Part 3 of the Introduction, and in an addendum to Article I, which reports an experimental attempt at mapping the deep muscles proprioceptive inputs to the inferior olive (p.156).

Third, in a learned state, how does the cerebellum actually control movement and perform different motor functions? In Part 4, I will review the current knowledge on cerebellar motor control and on how the cerebellar output could be functionally organized. I will then investigate the cerebellar output of the anterior vermis through optogenetic Purkinje cell manipulation in freelymoving mice in Article II (p.162).

Following Articles I and II, I will finally, in a last part entitled General Discussion (p.190), put into perspective the results gathered during my PhD in order to propose a framework of the cerebellar postural vermal function for future investigations.

Part 2. Olivocerebellar learning

In this part, I first outline why the neurophysiology of the olivocerebellar system is suited to perform learning under the supervision of the IO. Then, I examine the insights given by the experimental models that have been used to investigate olivocerebellar learning. Finally, I explore alternative learning theories that could account for the striking diversity of observations. Section 2.01 Neurophysiology of the inferior olivary discharge a. Somatic firing and oscillations A typical IO neuron has a profusely ramified dendritic arbor whose dendrites are rolled up around the soma in a small volume [START_REF] Vrieler | Variability and directionality of inferior olive neuron dendrites revealed by detailed 3D characterization of an extensive morphological library[END_REF]. Two neighboring IO neurons display an overlap of their dendritic arborizations (Figure 7A). Inside their intersecting region, dendritic and axonal spines of IO neurons can cluster together and form glomeruli in which they are electrically coupled by gap junctions formed by the protein Connexin 36. A glomerulus can contain 5 to 10 spines from different neurons [START_REF] De Zeeuw | Intracellular labeling of neurons in the medial accessory olive of the cat: II Ultrastructure of dendritic spines and their gabaergic innervation[END_REF]) linked by gap junctions. Each spine can receive both excitatory and inhibitory inputs that modulate the cell firing (de [START_REF] De Zeeuw | Ultrastructural study of the GABAergic, cerebellar, and mesodiencephalic innervation of the cat medial accessory olive: Anterograde tracing combined with immunocytochemistry[END_REF]).

An individual firing event of an IO neuron is characterized by a prolonged after-depolarizing potential of 10 ms (ADP, Figure 7B) resulting from the activation of high threshold Ca2+ conductances, and a long-lasting afterhyperpolarization, which can last up to 250 ms [START_REF] Llinas | Electrophysiology of mammalian inferior olivary neurones in vitro[END_REF]. One to seven high frequency small wavelets are superimposed on the ADP (Figure 7B). Additionally, IO neurons can fire in rebound after a prolonged hyperpolarization (Llinás 2014).

The IO cells fire, one spike or a burst of spikes, on average at only 1-2 Hz [START_REF] Llinas | Electrophysiology of mammalian inferior olivary neurones in vitro[END_REF], which contrasts with the rest of the olivocerebellar system (PC and DCN cells can fire at several hundred Hz). The wavelets observed at the soma are the signature of a high frequency burst of action potentials which is generated in the proximal segment of the axon following the initial ADP (Figure 7B, lower trace).

Additionally, IO cells spontaneously display slow (0.2-2 Hz) and fast (6-12 Hz) membrane oscillatory regimes (Figure 7C), which are referred to as subthreshold oscillations (Benardo & Foster, 1986;Chorev et al., 2007;R. Llinas et al., 1974). The presence of electrotonic coupling between nearby cells allows for the synchronization of these oscillations and stabilizes their frequency and amplitude across physiological membrane potentials [START_REF] Devor | Electrotonic coupling in the inferior olivary nucleus revealed by simultaneous double patch recordings[END_REF][START_REF] Khosrovani | In vivo mouse inferior olive neurons exhibit heterogeneous subthreshold oscillations and spiking patterns[END_REF]Leznik & Llinás, 2005). The synchronization can propagate at the larger scale of the network (Leznik & Llinás, 2005), as observed with voltage population imaging in IO slices where the oscillations propagate to hundreds of cells (Figure 7D). Uncoupling IO cells by genetically or pharmacologically removing the gap junctions abolishes the synchronization of the oscillations (Leznik & Llinás, 2005;[START_REF] Long | Rhythmicity without synchrony in the electrically uncoupled inferior olive[END_REF]. While these populational oscillations are well characterized in vitro as well as in the anesthetized animal, their presence during behavior remains uncertain (Llinas, Baker, and Sotelo 1974;[START_REF] Khosrovani | In vivo mouse inferior olive neurons exhibit heterogeneous subthreshold oscillations and spiking patterns[END_REF]Hakimian et al. 2008).

It has been proposed that they could be transiently present in the awake animal and that their periodicity would be affected by their synaptic inputs (Negrello et al., 2019).

The IO firing can be influenced not only by excitatory and inhibitory inputs, but also by the phase of the subthreshold oscillations in the network (Figure 7E). The peak of the oscillation is associated with an enhanced probability of spiking and vice-versa (Chorev et al., 2007;[START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF].

Therefore, the presence of oscillations and electrical coupling promotes a synchronous discharge of nearby IO cells, which can occur at the millisecond scale [START_REF] Devor | Electrotonic coupling in the inferior olivary nucleus revealed by simultaneous double patch recordings[END_REF]Zhang et al., 2019). Olivary events are then transmitted to the cerebellar cortex via climbing fibers. [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF]. C. Intracellular recording of an IO neuron in vivo in the anesthetized rat. Insert, corresponding power spectrum (Adapted from Chorev et al., 2007). D. Spontaneous oscillatory electrical activity was acquired simultaneously using optical voltage imaging and intracellular recording in vitro in IO slices. The upper panel superimposes the optical signal in red and intracellular voltage recording in black and demonstrates temporal waveform coherence. The lower panels illustrate the spatial distribution of voltage imaging at five different time points. Note that ensemble oscillations emanated from several fluorescent clusters of coherent activity, and that the spatial and temporal structure of the IO cluster activity is discernable directly from cluster distribution and size (Leznik and Llinás 2005). E. Average number of spikes evoked in an IO neuron in vitro as a function of the phase of synaptic stimulation [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF].

b. The climbing fiber

The IO cells project their axons to the contralateral cerebellar cortex, where they fold around the proximal dendritic tree of the PCs as climbing fibers (CF, Figure 8A andB), making the strongest glutamatergic synapses known in the brain (~200 synaptic contacts per PC). Each IO axon separates on average into 7 CF that contact PCs in different lobules but in a restricted parasagittal region (Figure 8A). In the adult brain, each PC is almost ubiquitously contacted by a single CF [START_REF] Sugihara | Morphology of single olivocerebellar axons labeled with biotinylated dextran amine in the rat[END_REF][START_REF] Sugihara | The Entire Trajectories of Single Olivocerebellar Axons in the Cerebellar Cortex and their Contribution to Cerebellar Compartmentalization[END_REF]. The conduction speed of the CF axon linearly depends on its length, so that the conduction time remains constant for CFs projecting to different lobules, a phenomenon known as isochronicity [START_REF] Sugihara | Uniform olivocerebellar conduction time underlies Purkinje cell complex spike synchronicity in the rat cerebellum[END_REF], which allows a synchrony of the PCs contacted by the same IO neuron in a narrow time window of 1 ms. Moreover, there is a precise topography in the CF projection (see Part 3):

neighboring IO cells project to the same cortical region. Consequently, neighboring CFs in the cortex also discharge synchronously (Tang et al., 2019;T. Zhang et al., 2019), giving rise to "bands" of synchrony covering several lobules.

On their way to the cortex, the IO axons make collaterals toward the DCN (Figure 8A, [START_REF] De Zeeuw | Climbing fibre collaterals contact neurons in the cerebellar nuclei that provide a GABAergic feedback to the inferior olive[END_REF]. However, the IO-DCN projections are sparse and their stimulation in the adult brain leads to infrequent and small excitatory post synaptic currents [START_REF] Lu | Cerebellar Nuclei Neurons Show Only Small Excitatory Responses to Optogenetic Olivary Stimulation in Transgenic Mice : In Vivo and In Vitro Studies[END_REF][START_REF] Najac | Synaptic excitation by climbing fibre collaterals in the cerebellar nuclei of juvenile and adult mice[END_REF]. Therefore, I will focus on how the CF signal is integrated by the PC.

c. Dendritic integration of the climbing fiber discharge

A CF discharge provokes the occurrence of a high frequency burst of dendritic calcium spikes [START_REF] Eccles | Intracellularly recorded responses of the cerebellar Purkinje cells[END_REF] in the proximal PC dendrites (Figure 8D, red trace). These spikes propagate in a second time to the distal spiny dendrites. Thus, the CF discharge leads to a massive calcium entry in the whole PC dendritic tree (Figure 8C), involving the activation of P/Q and T type calcium channels (Otsu et al., 2014). The resulting local variation of calcium concentration can be recorded optically using a variety of calcium reporters and is called a calcium transient ( Figure 8D green trace).

The number of dendritic spikes is one of the main determinants of the calcium transient amplitude (Otsu et al., 2014;Roome & Kuhn, 2018). In addition, in vitro experiments have described a correlation between the number of spikes in the CF burst and the number of dendritic spikes in the PC dendrites [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF]. Therefore, the CF burst has a major impact on post-synaptic calcium signaling. However, the relation is only partially linear and subsequent in vivo experiments (Roh et al., 2020) found a relatively low correlation of 0.6 between the amplitudes of CF and PC calcium transients (Figure 8E andF). Thus, the same CF input may lead to different post-synaptic modulations depending on the ongoing state of the dendrite. [START_REF] Sugihara | The Entire Trajectories of Single Olivocerebellar Axons in the Cerebellar Cortex and their Contribution to Cerebellar Compartmentalization[END_REF]. B. CF innervation of the PC proximal dendritic tree (a whole tree is represented on the right for comparison, adapted from [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF]. C. Quasisimultaneous recordings of fluorescence transients in response to CF stimuli in a PC loaded with 200 µM Fluo-4 (Adapted from Otsu et al., 2014). D. Simultaneous dendritic voltage and calcium imaging from a PC in an awake mouse using voltage sensitive dye ANNINE-6plus (red) and calcium indicator GCaMP6f (green) (Adapted from Roome & Kuhn, 2018). E. Dual recordings of Ca2+ indicator jRGECO1a and GCaMP6f in a Purkinje cell and its corresponding climbing fiber. F. A representative nonlinear regression analysis of Ca2+ amplitudes of the CF-PC pair shown in F. R² = 0.658 (Adapted from Roh et al., 2020). G. Example dendritic (recorded 85 mm from the soma) and somatic Purkinje cell responses to three CF stimuli at 2 ms intervals (black triangles). Several superimposed traces (gray); single examples shown colors (Adapted from [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF]. H. Histogram of timing jitters for individual calcium transient events in synchronous events in neighboring PCs (Adapted from Zhang et al., 2019). I. Average CS synchrony plotted as a function of the mediolateral distance between the cells in a pair. The number above each data point indicates the number of cell pairs at that separation. Intra-IO carbenoxolone injection blocks electrical coupling and reduces CS synchrony levels (Blenkinsop & Lang, 2006).

d. Consequences on the Purkinje cell discharge

At the PC soma, the occurrence of a CF event generates a characteristic burst response composed of sodium channel dependent "spikelets" occurring on top of a depolarized plateau. These spikes are called "complex spikes" (CS, Figure 8G, black part of the magenta trace), in contrast with the typical action potentials fired by the PC, the "simple spikes" (SS, Figure 8G, magenta trace). CS consequently occur on average at a frequency of 1-2 Hz in vivo [START_REF] Yang | Interaction of plasticity and circuit organization during the acquisition of cerebellumdependent motor learning[END_REF], 2014). For a given PC, the number of spikelets in the CS is variable -generally from 1 to 4 [START_REF] Schmolesky | Synchronous spiking of cerebellar Purkinje cells during control of movements[END_REF]-and correlates with the number of spikes in the CF burst and thus the number of dendritic spikes [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF].

Interestingly, the complex spike is generally not faithfully transmitted to the PC axon (Figure 8I, [START_REF] Khaliq | Axonal propagation of simple and complex spikes in cerebellar Purkinje neurons[END_REF][START_REF] Monsivais | Determinants of action potential propagation in cerebellar Purkinje cell axons[END_REF]. However, the occurrence of a CS transiently inhibits PC SS firing [START_REF] Zeeuw | Spatiotemporal firing patterns in the cerebellum[END_REF]. Depending on the number of spikelets in the CS, the firing can be either reduced or silenced for a period ranging from 10 ms to 100 ms [START_REF] Burroughs | The dynamic relationship between cerebellar Purkinje cell simple spikes and the spikelet number of complex spikes[END_REF][START_REF] Davie | The origin of the complex spike in cerebellar Purkinje cells[END_REF]. This phenomenon is known as the "simple spike pause" (Figure 8G). Additionally, a synchronous CF discharge in neighboring PCs leads to synchronous dendritic (Figure 8H) -and therefore CS-events. This CS synchrony exponentially decreases with the medio-lateral distance between the cell pair (Figure 8I). Blocking the gap junction coupling in the IO reduces this PC CS synchrony (Blenkinsop & Lang, 2006), highlighting the importance of electrical coupling in generating synchronous CF events.

Overall, the discharge pattern of the IO and its global integration by the PC appears to be wellsuited for learning: the IO fires at low rates and would thus only minimally perturbs the output of the PC processor in a learned state, while during learning the weights of the PC synapses could be adjusted all at once because a CF event triggers a calcium entry in a large part of the PC dendritic tree. We will now see how the CF input can induce cerebellar plasticity.

Section 2.02 Cerebellar plasticity a. Plasticity at the parallel fiber-Purkinje cell synapse

Both Hebbian and anti-Hebbian plasticity at the PF PC synapse was proposed by classical cerebellar theories (Albus, 1971;Ito, 1972;Marr, 1969). It was later demonstrated that the plasticity is anti-Hebbian (Ito, 1984). A burst of stimulations of the PF at 100 Hz followed by 3 CF stimulations at 20 Hz leads to a 30% decrease in the PC excitatory post-synaptic potential. This long-term depression (LTD) only occurs for PF stimulations preceding the CF stimulation, with variable PF-CF delays depending on the dataset (Chen & Thompson, 1995;[START_REF] Wang | Coincidence detection in single dendritic spines mediated by calcium release[END_REF], overall in the 50-150 ms range. Interestingly, the optimal PF-CF interval is variable depending of the cerebellar region and could match the corresponding behavioral requirements (Safo & Regehr, 2007). In the flocculus, which is involved in gaze stabilization, the optimal interval is homogenous at the scale of the population around 120 ms [START_REF] Suvrathan | Timing Rules for Synaptic Plasticity Matched to Behavioral Function[END_REF], which matches the feedback delay for visual errors [START_REF] Stone | Detection of tracking errors by visual climbing fiber inputs to monkey cerebellar flocculus during pursuit eye movements[END_REF]. In contrast, the optimal interval is highly variable within the cerebellar vermis, where the CF can encode multiple modalities corresponding to a broader range of feedback delays. Overall, this LTD mechanism provides spatial and temporal specificity because it only impacts the previously active PF-PC synapses and not the whole PC dendritic tree. LTD is predominantly triggered by the calcium entry in the PC dendrites (Yamaguchi, 2021).

In contrast, omitting the CF stimulation [START_REF] Wong | A new form of cerebellar long-term potentiation is postsynaptic and depends on nitric oxide but not cAMP[END_REF] leads to a long-term potentiation (LTP) at the PF-PC synapse (Figure 9A). This LTP can counterbalance the LTD, and is likely involved in its extinction in several learning paradigms [START_REF] Mehta | Reversing cerebellar long-term depression[END_REF]. Based on in vitro experiments, it was proposed that the intracellular level of calcium around the CF discharge dictates the plasticity directionality (Coesmans et al., 2004). Low levels of calcium would be associated with LTP, while higher concentrations would foster LTD, which is the inverse of the standard rule described in other brain regions (Figure 9B).

In the anesthetized mouse, physiologically relevant granular layer stimulation evokes a sustained depolarization of as much as 10 mV of the PC membrane potential over 100 ms (Figure 9D, Roome and Kuhn 2020), which is caused by a calcium entry in the distal dendrites of the PC [START_REF] Denk | Two types of calcium response limited to single spines in cerebellar Purkinje cells[END_REF][START_REF] Hildebrand | Functional Coupling between mGluR1 and Cav3.1 T-Type Calcium Channels Contributes to Parallel Fiber-Induced Fast Calcium Signaling within Purkinje Cell Dendritic Spines[END_REF]. This calcium entry is mediated by the activation of mGluR1 and Ttype calcium channels at the PF-PC synapse (Ly et al., 2016;Otsu et al., 2014). These phenomena are accompanied by the occurrence of dendritic spikes that are distinguished from dendritic complex spikes resulting from a CF input.

The interplay between PF and CF-induced calcium entries is likely to be instrumental in inducing plasticity. Several studies reported that coincident CF and PF discharges lead to an increased amplitude of the CF-induced calcium transient (Roome and Kuhn 2020;[START_REF] Wang | Coincidence detection in single dendritic spines mediated by calcium release[END_REF] Häusser 2000, Figure 9C). During sensory stimulation, calcium signals encode stimulus strength and this coding is not exclusively CF related (Najafi et al., 2014a[START_REF] Najafi | Sensory-driven enhancement of calcium signals in individual purkinje cell dendrites of awake mice[END_REF], which is mediated by coincident PF and CF inputs (Figure 9E, Roome and Kuhn 2020).

The increased calcium entry induced by a coincident PF-CF activation could provide the PC with the appropriate information to perform either LTP or LTD specifically at the previously active PF synapses. PF input alone would lead to low levels of calcium, thereby provoking LTP; PF input followed by a CF input around the timing of the PF-induced calcium peak (100 ms after the PF) would foster high levels of calcium and LTD. Finally, when a CF input occurs alone, the calcium level in the dendrite would be around the reversing threshold between LTD and LTP and no synaptic change would occur. It was proposed that LTD was mediated by widespread P/Q calcium channels activation induced by a CF event, while LTP was relying on T-type calcium channels that are involved in local spine-specific calcium influx following PF inputs (Ly et al., 2016). Bidirectional PF plasticity is governed by a calcium threshold mechanism which favors LTD for high concentrations (Panels A and B are adapted from Coesmans et al., 2004). C. Average time course of Ca2+ signals from 14 PC dendritic spines. The responses to separate activation of PF and CF inputs, and their linear sum, are also shown (Adapted from [START_REF] Wang | Coincidence detection in single dendritic spines mediated by calcium release[END_REF]. Note that the total response exceeds the sum of the two individual responses. D. Average PC dendritic voltage (red) and calcium (green) in response to weak electrical stimulation (10 negative current pulses, 30 mA, 1 ms duration, at 100 Hz) in the granule cell layer (Adapted from Roome & Kuhn, 2020). E. Averages calcium signals following non-evoked (gray, left) and evoked (green, right) dendritic complex spike signals, under control (top dark traces) and mGluR1 antagonist conditions blocking the PF inputs (dashed traces). Black trace is mean and colored trace is SD (Adapted from Roome & Kuhn, 2020).

b. Plasticity in the deep cerebellar nuclei

While the PF-PC synapse appears as a major learning site in the cerebellar circuit, it will ultimately influence the cerebellar output through the DCN. As mentioned earlier, the DCN receive mossy fiber (MF) inputs. Interestingly, the MF-DCN synapse was also shown to be plastic [START_REF] Zhang | Long-term depression at the mossy fiber-deep cerebellar nucleus synapse[END_REF]. A high frequency stimulation of the MF contacting a DCN cell leads to a LTD. However, if the stimulation is followed by a hyperpolarization and a rebound current in the DCN, a LTP is observed (Figure 10F-G), so that as in the PF-PC case the plasticity can be bidirectional [START_REF] Pugh | Potentiation of Mossy Fiber EPSCs in the Cerebellar Nuclei by NMDA Receptor Activation followed by Postinhibitory Rebound Current[END_REF].

Notably, a short pause (from 10 to 100 ms) appears in the DCN firing after a CS occurrence [START_REF] Hoebeek | Differential olivo-cerebellar cortical control of rebound activity in the cerebellar nuclei[END_REF]. Moreover, a strong, i.e., above physiological levels, electrical IO stimulation leads to a similar pause followed by a rebound activity (Figure 10A and B, [START_REF] Bengtsson | In vivo analysis of inhibitory synaptic inputs and rebounds in deep cerebellar nuclear neurons[END_REF][START_REF] Alvĩa | Questioning the role of rebound firing in the cerebellum[END_REF]. It was shown in vivo that the strength and the duration of the pause is modulated by the number of PCs involved in a CS synchrony triggered by a synchronous CF discharge (Tang et al., 2019). A synchrony in a 100 ms window is sufficient to obtain a partial inhibition of the DCN, but simultaneous complex spikes in a window of 10 ms provide a maximal inhibition. In fact, the synchrony level predicts the strength of the inhibitory effect (Figure 10C-E). It was thus proposed that both phenomena are modulated by PC CS synchrony. Synchronous CS events in neighboring PCs converging to the same DCN cell would be associated with a stronger inhibition (Tang et al., 2019) and putatively with a stronger rebound [START_REF] Bengtsson | In vivo analysis of inhibitory synaptic inputs and rebounds in deep cerebellar nuclear neurons[END_REF].

Therefore, a MF excitation -PC inhibition -DCN rebound sequence would lead during motor learning to the LTP initially reported in vitro. Similarly, as in the cortex, the plasticity could be reversed depending on the amount of CS synchrony. Thus, the CF could trigger plasticity in both the PC and DCN at once but in opposite directions. Because the PC-DCN projection is inhibitory, the learning would nonetheless occur in the same direction. Interestingly, it was proposed that the MF-DCN plasticity would allow for a transfer of learning from the cortex to the DCN [START_REF] Nagao | Role of the Cerebellum in the Acquisition and Consolidation of Memory of Motor Learning[END_REF].

In this "trigger an storage" hypothesis, the learned SS patterns in the cortex would be transferred to the DCN for long-term retention [START_REF] Lang | The Roles of the Olivocerebellar Pathway in Motor Learning and Motor Control. A Consensus Paper[END_REF]. This hypothesis was partially tested with repeated optogenetic PC stimulations paired with sensory stimulation, which elicited a similar sequence in the DCN in vivo (Lee et al., 2015). Pairing resulted in an increased density of VGluT2 puncta in the interposed nucleus (Figure 10H), indicating a structural plasticity of the MF inputs to the DCN, which is likely to be accompanied by synaptic plasticity.

Therefore, the DCN can participate in motor learning as well, which goes beyond but is not incompatible with classical theories. 

c. Involvement of the nucleo-olivary pathway in cerebellar learning

From a learning perspective, the GABAergic population of the DCN appears to be of special interest. While the principal glutamatergic cells are characterized by fast kinetics and a large dynamic range [START_REF] Anchisi | Postsynaptic currents in deep cerebellar nuclei[END_REF]Person & Raman, 2012a), this second subpopulation displays a narrower dynamic range (maximal firing rate, 70 Hz) and their kinetics is far slower (decay of an IPSC, ~25 ms versus 2 ms for the principal cells). Consequently, repetitive PC inputs lead to a build-up of inhibition in these cells and they show no rebound after a release of inhibition [START_REF] Najac | Integration of Purkinje cell inhibition by cerebellar Nucleo-Olivary neurons[END_REF][START_REF] Özcan | Differential coding strategies in glutamatergic and GABAergic neurons in the medial cerebellar nucleus[END_REF]. Therefore, they act as an integrator, which stands in stark contrast with the faithful transmission of the principal cells. In vivo, stimulations of the nucleo-olivary cells leads to an olivary inhibition with a latency of 38 ± 14 ms [START_REF] Bazzigaluppi | Properties of the Nucleo-Olivary Pathway: An In Vivo Whole-Cell Patch Clamp Study[END_REF]. This loose temporal precision in the inhibitory response relates to an asynchronous release of GABA [START_REF] Best | Inhibitory Regulation of Electrically Coupled Neurons in the Inferior Olive Is Mediated by Asynchronous Release of GABA[END_REF].

Therefore, the nucleo-olivary pathway might compensate for the delay between the cerebellar output and the actual sensory feedback in the internal model by inhibiting the IO through an integrative disynaptic relay. While a multisynaptic pathway involving extracerebellar centers could also transfer the cerebellar output back to the olive, the DCN-IO connection completes a direct cortico-nucleo-olivary loop which is considered to be pivotal in cerebellar computation and learning. Little is known about the plasticity of the DCN GABAergic cells, but modifications in the PC firing would mechanically lead to modifications in their discharge pattern. The nucleo-olivary pathway could support motor learning by inhibiting the IO discharge to cancel the initial error (Rasmussen & Hesslow, 2014). Moreover, nucleo-olivary inhibition decreases electrical coupling and blocks IO subthreshold oscillations [START_REF] Lefler | Cerebellar inhibitory input to the inferior olive decreases electrical coupling and blocks subthreshold oscillations[END_REF], which falls in line with a reduced IO excitability and discharge.

These experimental observations and their interpretation in the context of the adaptive model provide a mechanistic framework for cerebellar learning. However, they have several implications that require further consideration.

In the model the CF signal represents an all-or-none error which disappears during learning.

However, if PF stimulation alone elicits LTP, the absence of CF signal once learning has been completed does not guarantee the stability of the synapses. Therefore, the stationary state of the system remains unclear. One solution would be that the basal CF discharge probability is sufficient to stabilize the plasticity. Moreover, while in classical theories a CF event is all-or-none, it is now admitted that it is in reality graded [START_REF] Callaway | IPSPs strongly inhibit climbing fiber-activated [Ca2+](i) increases in the dendrites of cerebellar Purkinje neurons[END_REF]Gaffield et al., 2019;Otsu et al., 2014;[START_REF] Rowan | Graded Control of Climbing-Fiber-Mediated Plasticity and Learning by Inhibition in the Cerebellum[END_REF]. Therefore, both the probability and the strength of the CF signal could evolve over learning.

Moreover, this learning mechanism does not completely solve the credit assignment problem.

Although the olivocerebellar circuit is organized in modules (see Part III of this introduction), it seems unlikely that there is a one-to-one correspondence between a group of PCs, a DCN cell and an IO cell. How the correct error signal is carried to the correct PC(s) thus remains to be elucidated.

In the next sections, I review in vivo experimental evidence of cerebellar learning in different paradigms and discuss whether they are in accordance with in vitro observations and classical mechanistic hypotheses.

Section 2.03 Experimental models of cerebellar motor learning

In this section, I describe the diversity of the experimental attempts at understanding how cerebellar learning operates. Albeit the cerebellum is involved in a broad range of cognitive tasks [START_REF] King | Functional boundaries in the human cerebellum revealed by a multi-domain task battery[END_REF], most experimental efforts have been put towards its role in motor learning.

a. Tasks involving the ocular region

Historically, the most successful models of cerebellar learning have used a body region that is easy to track and closely related to several cerebellar regions: the eye.

Eyeblink conditioning

In the eyeblink conditioning paradigm, an aversive stimulus is associated with a neutral stimulus to create a conditioned reflex [START_REF] Mccormick | Lesions of the inferior olivary complex cause extinction of the classically conditioned eyeblink response[END_REF]Ohmae & Medina, 2015). The aversive stimulus is generally a periocular air puff and is coined the unconditioned stimulus. This unconditioned stimulus provokes a reflexive eyelid closure. In contrast, the neutral stimulus, which is often auditive or visual, is named the conditioned stimulus. During the learning, the conditioned stimulus is delivered at a fixed interval before the unconditioned stimulus, so that the occurrence of the conditioned stimulus predicts the one of the unconditioned stimulus. Under these conditions, a conditioning response in the form of a preemptive eyelid closure progressively appears over trial repetition (Figure 11B).

Vestibulo-ocular reflex (VOR)

The VOR is a naturally occurring compensatory reflex in which the eye moves to compensate for head movements in order to stabilize the gaze on a target (Blazquez et al., 2004). While in a natural environment the gain of the VOR approximates unity, it can be artificially manipulated to create "retinal slips", in which the gaze loses the target. This can be done by artificially manipulating the response of the environment to a head rotation (for instance with a screen). The gain of the VOR will then adapt to these new environmental conditions.

Ocular saccade adaptation

In this voluntary task the animal must change its gaze towards a target which is instantaneously moved from one location to another. After an initial learning phase during which a primary ocular saccade is learned, the position of the target is altered during the saccade, which leads to a secondary corrective saccade (Figure 12A). Over repetitions, the primary saccade is modified to directly reach the new target position (Catz et al., 2005).

Ocular pursuit

This task is similar to the ocular saccade adaptation but this time the animal must track a target which follows a continuous trajectory. In general the trajectory is linear until a sharp change of direction occurs [START_REF] Medina | Links from complex spikes to local plasticity and motor learning in the cerebellum of awake-behaving monkeys[END_REF]Yang & Lisberger, 2014). Over repetitions of the same trajectory, the animal learns to anticipate the sudden change of direction and performs an anticipatory saccade.

b. Rewarded tasks

In these tasks, the animal learns to obtain a reward in response to either a sequence or class of sensory cues. In go/no-go tasks, the mouse must initiate licking in a time window following the occurrence of a specific combination of sensory stimuli, such as a pure tone of a given frequency (Tsutsumi et al., 2019). In other tasks, the mouse must release the pressure on a lever when a specific visual pattern appears on a screen (Heffley et al., 2018), or turn a wheel to move an virtual object to a specific location (Kostadinov et al., 2019). Over sessions, the animal success rate and reaction time gradually improve. In this kind of task, it is often challenging to determine the motor dimension of the learning.

c. Limb movement learning

Studies in different species have focused on the acquisition of a specific motor coordination often involving a forelimb and the use of a joystick.

In the monkey, a task was developed in which the animal must maintain a lever in a specific position against a constant opposing force (Gilbert & Thach, 1977). The direction of the force is randomly reversed over time, so that the animal has to perform a compensatory opposing muscular contraction. After this initial learning, the magnitude of the force is modified, leading to the learning of another gain for the same movement. In another variation of this task, the monkey must learn to move a target on a screen using a joystick (Ojakangas & Ebner, 1992). The gain between the movement of the target and the joystick is then altered and the monkey needs to adapt his force in consequence.

In mice, a recent study has investigated the learning of a precise paw trajectory (Wagner et al., 2021). The task consisted in moving a joystick to reach a target area associated with a reward.

The stereotypy and the correctness of the movement gradually increased over sessions (see 

Section 2.04 Evolution of the cerebellar output during motor learning

Most investigations have focused on the PC, because its somatic activity gives information not only about the output of the cerebellar cortex but also the CF event occurrence evolution during learning. In the classical "error" learning hypothesis, the CF should initially report sensorimotor errors, then return to basal firing rate over learning as the circuit output is modified.

a. Confirmation of the supervised learning model

Evolution of the CS and SS occurrences

Several of the above-described paradigms have given results in favor of the classical supervised learning theory. In all the paradigms involving the eye and the periocular region the CS probability initially increases following the sensory cue or motor perturbation, with variable delays depending on the task (25 to 50 ms after the unconditioned stimulus for the eyeblink conditioning). Over trials the probability of a CS occurrence progressively returns to basal levels and parallels the dynamics of motor learning (Gilbert & Thach, 1977;Halverson et al., 2015;Herzfeld et al., 2018;Kimpo et al., 2014;Rasmussen & Hesslow, 2014;ten Brinke et al., 2015). Moreover, PCs responding to the task in terms of CS generally show a decrease in their SS firing in the period preceding the timing of the CS, which is in line with a long-term depression at the PF-PC synapse (Figure 11A andB). Correlations at the trial-to-trial level were also reported between the features of the CS and the strength of SS and motor output changes (Yang & Lisberger, 2014).

Evolution of the DCN activity

The evolution of the PC SS output suggests a parallel modification of the DCN output leading to the observed behavioral learning. In the case of the eyeblink conditioning, the evolution of the DCN activity was shown to positively correlate with the emergence of the eyelid conditioned response over learning (Figure 11C, ten Brinke et al., 2017). Optically inhibiting the DCN abolished the conditioned response. However, significant up or down modulations of the DCN activity preceded the appearance of the conditioned response (Figure 11C), so that the relationship between the DCN activity and behavior during learning remained unclear. More longitudinal recordings of the DCN activity during motor learning are therefore needed to reach a conclusion.

Necessity of the IO for motor learning

Both electrical and optical stimulations of either the IO or PC can be used to artificially instruct a learned response in several paradigms (Bonnan et al., 2021;Lee et al., 2015;Mauk et al., 1986;[START_REF] Silva | Neural instructive signals for associative cerebellar learning[END_REF]. Conversely, lesions or inhibition of the IO lead to an absence of learning [START_REF] Mccormick | Lesions of the inferior olivary complex cause extinction of the classically conditioned eyeblink response[END_REF][START_REF] Silva | Neural instructive signals for associative cerebellar learning[END_REF].

Overall, these results strongly argue in favor of the cerebellar supervised learning model. In vivo at the cellular level, the CS would induce a long term depression (LTD) of the PF-PC synapse leading to the observed SS reduction [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF][START_REF] Rasmussen | Number of spikes in climbing fibers determines the direction of cerebellar learning[END_REF]. Moreover, the induced LTD could favor a stronger inhibition from the DCN to the IO, which would explain the decrease of CS occurrence. The DCN-IO pathway would therefore gate and stabilize learning (Rasmussen & Hesslow, 2014). Interestingly, a transient DCN-IO optical inhibition in already conditioned animals is sufficient to trigger the extinction of the conditioned response (Kim et al., 2020), while leaving the unconditioned eyelid response intact compared to a classical extinction (Figure 11D). We can extrapolate that because of an excess of IO inhibition the PF-PC synapse would undergo a long-term potentiation and the SS activity return to initial levels, leading to the conditioned response disappearance. This result strongly argues in favor of the proposed role of the nucleo-olivary pathway in motor learning. 

b. Observations unaccounted for by the classical theory

However, the presented studies have yielded complementary observations, some of which are not easily accounted for by the classical models of cerebellar learning. In eyeblink conditioning, a CS response to the unconditioned stimulus is still present even once the conditioned response has been learned, as can be seen on Figure 11A. More surprisingly, the cells initially responsive to the unconditioned stimulus become also responsive to the conditioned stimulus, and this response in not related to the eye lid movement but rather to the sensory relevance of the conditioned stimulus (Ohmae & Medina, 2015). This last result is not predicted by a supervised learning algorithm.

In several studies, a directionality or a bidirectionality of the behavioral and cellular learnings can be observed. In Figure 11C, DCN firing is facilitated for some cells but also suppressed for others.

In ocular saccade adaptation and ocular pursuit the SS and corresponding motor output evolutions can be bidirectional depending on the presence and duration of the CS (Herzfeld et al., 2018;Yang & Lisberger, 2014). VOR gain increase or decrease can be induced with optical PC stimulation mimicking CF signaling; the directionality of the VOR gain is controlled with light power and depends on dendritic Ca2+ signaling (Bonnan et al., 2021). Moreover, in the standard VOR adaptation both increase and decrease in gain are associated similar increases in CS probability, but VOR gain decrease is specifically associated with an excess in SS firing (Kimpo et al., 2014). These observations could still be compatible with the inversion of plasticity seen in vitro if the CF signal is appropriately graded, either pre or post-synaptically [START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF]. However, they contradict the idea of a simple CF error signal-based learning.

Interestingly, the CF signal is instructive exclusively for VOR gain increase (Kimpo et al., 2014) but may not be necessary for other specific forms of VOR training (Ke et al., 2009). In ocular saccade adaptation, the evolution of the CS probability depends on the directionality of the gain correction which is needed; in the case of a gain decrease the CS probability increases over the course of adaptation (Figure 12A and B, Catz et al., 2005). The same results were later obtained for smooth pursuit adaptation [START_REF] Dash | Specific vermal complex spike responses build up during the course of smooth-pursuit adaptation, paralleling the decrease of performance error[END_REF]. Therefore, depending on the type of learning the IO signal might not be required or be differentially involved. In a manual task in which monkeys are required to track a target, performance errors are encoded by the PC SSs [START_REF] Popa | Predictive and feedback performance errors are signaled in the simple spike discharge of individual Purkinje cells[END_REF].

Recent investigations frequently used calcium imaging to record the CF activity at the population level using genetically encoded indicators. Several authors have reported that CFs were responsive to other modalities than movement error, which could be as diverse as sensory stimuli (Heffley et al., 2018;Tsutsumi et al., 2019), reward-related signals (Heffley & Hull, 2019;Kostadinov et al., 2019) or correct execution of movement (Heffley et al., 2018;Wagner et al., 2021). Therefore, the CF information appears to be far richer than an error signal. Overall, confirmations of the supervised learning model have been obtained in relatively simple and hardwired tasks and even in these cases, complementary observations have been made that are not in agreement with the supervised learning theory. In complex tasks involving one or several body segments, the observations often stand in direct contradiction with classical views of cerebellar learning. It is clear that if supervised learning could exist in the cerebellum for specific tasks, it cannot explain the diversity of observations which rather point to multiple learning mechanisms (Hull, 2020). Hence, alternative learning theories have been proposed (Bouvier et al., 2018;Ohmae & Medina, 2015). In the next section, we briefly discuss two of these theories.

Section 2.05 Alternative learning theories a. Reinforcement learning

Reinforcement learning models generally rely on maximizing a reward signal. The olivocerebellar system has been proposed to implement a temporal difference learning, a subclass of reinforcement learning models. In this model, the IO would generate a prediction about the expected outcome of a motor action, and would then report if the prediction was either correct or incorrect. In an eyeblink conditioning experiment, the data agreed with this theory: the CF signaled an unpredicted air puff, fired in response to the predictive CS and was inhibited when the unconditioned stimulus was omitted after a conditioned stimulus, which is called a negative prediction error (Ohmae & Medina, 2015). A recent study has proposed that the nucleo-olivary inhibitory pathway could implement the negative part of the prediction, as its stimulation is sufficient to cancel CF firing and thus promote learning extinction (Kim, Ohmae, and Medina 2020).

While eyeblink conditioning might not be an ideal task to test this model because it is more punitive than rewarding, recent investigations have emphasized the role of reward signals in cerebellar learning (Heffley & Hull, 2019;Kostadinov et al., 2019;[START_REF] Larry | Cerebellar climbing fibers encode expected reward size[END_REF]. These studies reported that the CF can encode reward-related signals about reward expectation, delivery and omission (Kostadinov et al., 2019), as well as the size of the reward [START_REF] Larry | Cerebellar climbing fibers encode expected reward size[END_REF]. Although these data give support to the existence of reinforcement learning models in the cerebellum, it is still not clear how they might be implemented (Hull, 2020).

b. Stochastic gradient descent

Stochastic gradient descent is a theory based on the random probing of the system using perturbations (Bouvier et al., 2018). In this model, the 1 Hz rhythm of the olivary discharge randomly generates "perturbation" complex spikes and thus a motor perturbation of the movement following a PF activation. The IO then compares the predicted error transmitted by the nucleoolivary projections to the actual error and forwards the difference to the PC. In the case of an amplified error, an "error" complex spike is generated by the IO which leads to a long term depression (LTD) at the PF-PC synapses. Conversely, the absence of error complex spike means a decreased error and triggers a long term potentiation (LTP). In the two other alternative cases, no plasticity occurs (Figure 13A). This model partly solves the credit assignment problem, because the perturbation complex spike and the error complex spike or its absence occur in the same cell. The model also allows for a bidirectionality of the learning and emphasizes the role of CF event sequences. However, the nature of the perturbation complex spike renders in theory the learning much slower than what is observed experimentally (thousands of trials in the model vs hundreds experimentally).

Nevertheless, the relevance of the model is grounded in several experimental evidence. First, in a decerebrate ferret a single CF impulse is not sufficient to trigger a conditioned response of the PC following a sensory stimulation [START_REF] Rasmussen | Number of spikes in climbing fibers determines the direction of cerebellar learning[END_REF]. In fact, two trains of 5 impulses were needed to do so. Instead, a single CF impulse leads to the extinction of the conditioned response. These results surprisingly contrast with in vitro studies described previously. According to two independent sets of experiments (Bouvier et al., 2018;Titley et al., 2019), the discrepancy lies in the in vitro experimental conditions. Since the plasticity at the PF-PC synapse is governed by calcium, the calcium concentration in the preparation appears to be crucial. In vitro experiments at physiological calcium levels have failed to trigger LTD with a single CF stimulation (see Figure 13B and C, LTD is only induced at 2 mM of calcium which is far above physiological levels). Instead, for a CS event occurring during or after PF stimulation LTP occurs, as predicted by the theory (Figure 13B, red and yellow dots). When the same protocol is repeated but with a sequence of two CS, LTD is triggered for inter CS intervals between 50 and 150 ms (Figure 13D andE). Therefore, a sequence of two CS events could be required for LTD at the PF-PC synapse.

Such a sequence of events has so far not been observed in in vivo recordings. In the case of the eyeblink conditioning two events are observed (Figure 11A); however, the first event is not a perturbation but rather sensory evoked and the latency with the unconditioned stimulus (300 ms) is too long to explain the LTD. Nevertheless, the model presupposes that the perturbation complex spike is a motor perturbation, i.e., that a movement was initiated. In most of the presented paradigms, the animal does not initiate a movement by itself but rather executes a reflex, so that a sequence might be observed in a voluntary motor task.

To wrap up, it is most likely that several modalities of learning are operating in the olivocerebellar circuit. Contradictory results have often been obtained in different experimental paradigms corresponding to different cerebellar regions. Therefore, each region probably has its own rules of computation and learning. In the third part of this introduction, I investigate the modularity of the olivocerebellar system. 

Part 3. Olivocerebellar modular organization

The remarkably uniform structure of the cerebellar cortex raises the question of how the wide range of cerebellar functions is represented inside the olivocerebellar system. Although its neuroanatomy and physiology may exhibit some degree of specificity (Cerminara et al., 2015), the functional significance of a cerebellar region is thought to rely for a large part on its connectivity (Apps et al. 2018). In this part, I will investigate the modularity of the olivocerebellar circuit, in particular through the CF input. I will first focus on the description of segregated cortico-nucleoolivary loops, before discussing the presence of a somatotopy in the olivocerebellar system.

Section 3.01 Parasagittal zonal organization of the olivocerebellar system a. Identification of olivocerebellar zones

Modules in the cerebellar cortex were originally identified in ferrets by Voogd in 1964. He observed a cortical segmentation based on the myelination of Purkinje cell axons: compartments with large axons were intertwined with bands of thin fibers (Voogd & Glickstein, 1998). These compartments had a parasagittal orientation and generally spanned several lobules. They were more numerous and did not always match the medio-lateral cortical divisions based on anatomy. Voogd showed that these bands projected to segregated subregions of the deep cerebellar nuclei. Based on his work, a new nomenclature of cerebellar zones based on letters was adopted (Figure 15, left part of the cortex). Following Voogd, Groenewegen investigated the projections from the inferior olive to the cerebellar cortex and found that they were also organized in parasagittal stripes [START_REF] Groenewegen | The parasagittal zonation within the olivocerebellar projection[END_REF], which were congruent with the ones described by Voogd. Moreover, these projections sent collaterals to the DCN in a topographic fashion. Around the same period, Armstrong independently characterized the CF projections using antidromic stimulations [START_REF] Armstrong | Topographical localization in the olivo-cerebellar projection: An electrophysiological study in the cat[END_REF] and found the same structure in bands. These investigations led together to the concept of a parasagittal olivo-cortico-nuclear zonal organization [START_REF] Voogd | Cerebellar zones: A personal history[END_REF].

b. Zebrin labeling

A similar structure in parasagittal bands was later observed at the level of the Purkinje cells with various chemical markers, the most prominent being Zebrin or Aldolase C, a glycolytic enzyme expressed in Zebrin positive (Z+) Purkinje cells (Hawkes et al., 1985). An alternation of positive and negative Zebrin bands can be observed on the flattened cerebellar cortex (Figure 14A).

Interestingly, the number and the spatial extent of these bands can vary depending on the lobule, but the pattern is reproducible between individuals and species [START_REF] Sillitoe | Conservation of the architecture of the anterior lobe vermis of the cerebellum across mammalian species[END_REF]. Moreover, the Zebrin boundaries strikingly match the ones initially described by Voogd and are therefore often used as a reference in cerebellar investigations. Interestingly, when other markers are used to label PCs, different boundaries can be observed [START_REF] Marzban | Phospholipase C Expression Reveals the Continuity of Cerebellar Topography Through Development[END_REF], which points to a higher resolution in the circuit organization.

c. Olivocerebellar modules

Using tracing methods in rodents (Sugihara 2011;[START_REF] Zeeuw | Motor learning and the cerebellum[END_REF][START_REF] Shinoda | The entire trajectory of single climbing and mossy fibers in the cerebellar nuclei and cortex[END_REF]Sugihara and Quy 2007), several groups identified cortico-nucleo-olivary modules at a finer scale in mice. As described in Section 2.01, a single IO neuron projects contralaterally to a narrow parasagittal PC stripe in the cerebellar cortex across several lobules [START_REF] Sugihara | The Entire Trajectories of Single Olivocerebellar Axons in the Cerebellar Cortex and their Contribution to Cerebellar Compartmentalization[END_REF] and CFs arising from neighboring cells also terminate in the same stripe, albeit the lobules of termination can differ. Nearby injections in the IO can lead to strikingly different band patterns in the cerebellar cortex (Figure 14A). The overall resulting bands are on average narrower than the previously identified zones and Zebrin patterns, pointing towards the existence of a precise topography in the CF projections. In another set of experiments, the Sugihara group investigated the olivary axons collateral projections to the DCN (Sugihara and Shinoda 2007). A microinjection at a specific location in the olive resulted in a confined labeling in the DCN (Figure 14B). Combined with the CF projection pattern, this allowed to associate IO regions with corresponding zones in the DCN and the cerebellar cortex. In another study, retrograde labeling showed that a DCN subregion receives inputs from a specific Zebrin band in the cerebellar cortex (Sugihara et al. 2009). Interestingly, one region of the IO can diverge to several bands (Figure 14A green injection for instance), but these bands could converge back to the DCN corresponding module (Apps and Garwicz 2000), so that there may be a precise match between olivo-cortical divergence and cortico-nuclear convergence.

Together, these results refined the previous observations made by Voogd and others, leading to the view of olivo-cortico-nuclear modules as functional units of the olivocerebellar system. A synthetic representation of the olivocerebellar connectivity is proposed in Figure 15. disappearance of the microzonal patterns (Figure 16C), so that the intrinsic connectivity of the IO appears to be equally necessary for microzonal activity (Ozden et al., 2009). Therefore, the olivary activity exhibits a striking microzonal structure which likely relies on segregated coupled cell groups in the IO but could additionally be the signature of olivary inputs synchronous activation inside each microzone. I will now investigate the sources of IO afferents, with an emphasis on the olivary regions projecting to the anterior vermis.

Section 3.03 Olivary input organization a. Olivary afferents

Every olivary nucleus receives excitatory inputs from various CNS regions (Swenson and Castro 1983;[START_REF] Walberg | Descending connections from the mesencephalon to the inferior olive: An experimental study in the cat[END_REF]Swenson and Castro 1983;[START_REF] De Zeeuw | A new combination of WGA-HRP anterograde tracing and GABA immunocytochemistry applied to afferents of the cat inferior olive at the ultrastructural level[END_REF]Gerrits and Nether 1985;[START_REF] Walberg | Olivary afferents from the brain stem reticular formation[END_REF][START_REF] Armstrong | Functional significance of connections of the inferior olive[END_REF][START_REF] Saint-Cyr | Descending projections to the inferior olive from the mesencephalon and superior colliculus in the cat -An autoradiographic study[END_REF]Ruigrok et al. 1990;[START_REF] Kawamura | Olivary projections from the pretectal region in the cat studied with horseradish peroxidase and tritiated amino acids axonal transport[END_REF][START_REF] Akaike | The tectorecipient zone in the inferior olivary nucleus in the rat[END_REF][START_REF] Molinari | Gracile, cuneate, and spinal trigeminal projections to inferior olive in rat and monkey[END_REF] and inhibitory afferents arising exclusively from the DCN. I will here focus on the excitatory afferents.

Spinal cord

Inputs from the spinal cord to the IO are mediated by three main spino-olivocerebellar pathways that were identified through localized lesions of the SC white matter [START_REF] Oscarsson | The ventral spino-olivocerebellar system in the cat. II. Termination zones in the cerebellar posterior lobe[END_REF]: the ventral, dorsal and lateral funiculi spino-olivo-cerebellar pathways. While the ventral pathway is direct, the dorsal pathway is relayed through the dorsal column nuclei and the lateral pathway

through not yet specified brainstem nuclei (Figure 17A). These pathways mediate proprioceptive and cutaneous information to the IO.

Mesodiencephalic junction

Several nuclei located in the mesodiencephalic junction project to the IO, among which we can find the nucleus of Darkschewitsch and the nucleus of Bechterew, both of which are involved in vestibular function and gaze stabilization [START_REF] Leichnetz | The medial accessory nucleus of bechterew: A cell group within the anatomical limits of the rostral oculomotor complex receives a direct prefrontal projection in the monkey[END_REF]. The nuclei of the fields of Forel (three nuclei whose function is not well known) and the red nucleus are additional afferent sources.

Tectal and vestibular inputs

The superior colliculus and pretectal nuclei, which are structures involved in sensorimotor functions related to vision [START_REF] Ito | The mouse superior colliculus: An emerging model for studying circuit formation and function[END_REF] project to small regions of the IO. In contrast, the vestibular nuclei massively project to the IO.

Olivary regions of interest

This manuscript will investigate the vermal lobules IV/V and to a lesser extent VIa. This anterior part of the vermis receives CF projections from the caudal medial accessory olive (cMAO) and the caudal dorsal accessory olive (cDAO). The cMAO can be divided in subnuclei a, b and c (Figure 15). The Figure 17B recapitulates the putative projections to these two regions. It must be noted that most of the investigations were not performed in rodents [START_REF] Holstege | Projections from the red nucleus and surrounding areas to the brainstem and spinal cord in the cat. An HRP and autoradiographical tracing study[END_REF][START_REF] Kawamura | Olivary projections from the pretectal region in the cat studied with horseradish peroxidase and tritiated amino acids axonal transport[END_REF]Gerrits and Nether 1985;[START_REF] Courville | Projections from the reticular formation of the medulla, the spinal trigeminal and lateral reticular nuclei to the inferior olive[END_REF] or mice (H. H. [START_REF] Molinari | Gracile, cuneate, and spinal trigeminal projections to inferior olive in rat and monkey[END_REF]. Because inter-species variations were observed [START_REF] Molinari | Gracile, cuneate, and spinal trigeminal projections to inferior olive in rat and monkey[END_REF], these projections to the IO must be confirmed in mice.

The cMAO would receive massive inputs from the spinal cord, medial and descending vestibular nuclei, the dorsal column nuclei, several perirubral nuclei, the lateral reticular formation and putatively the red nucleus. These structures will be briefly reviewed in Section 4.03. The cDAO inputs would mainly arise from the spinal cord and the dorsal column nuclei. The precise connectivity of the IO in mice remains to be investigated. However, in cats thoracic spinal cord lesions lead to degeneration in the subnuclei a and b of the caudolateral MAO, while cervical lesions affect more rostromedial parts of the same subdivisions (Swenson and Castro 1983). Another independent study based on anterograde labeling reached similar conclusions [START_REF] Matsushita | Projection pattern of vestibulocerebellar fibers in the anterior vermis of the cat: an anterograde wheat germ agglutinin-horseradish peroxidase study[END_REF]. Thus, the spino-olivo-cerebellar inputs could be organized in a somatotopic fashion, i.e., each part of the body would be represented by an olivary subregion projecting to a band of PCs. The question of whether the olivary input is somatotopically organized has been debated for decades in the cerebellar community (Manni & Petrosini, 2004). In the next section, I review the evidence in favor and against this hypothesis.

b. Somatotopy in the inferior olive

Historically, most of the insights regarding the organization of the olivary inputs actually come from cerebellar cortical recordings. Because of the IO projection pattern to the PCs and the oneto-one relationship between CF and CS events, recording CF-related signals or CS activity in the cortex allows indirect investigations of the IO input organization, which is convenient since this brain region is hardly accessible in an intact animal.

Early insights

In the 1940's, Snider and Sawtell proposed the existence of body maps in the cerebellar cortex based on cortical surface electrical recordings and mechanical stimulations in cats and monkeys (Snider, 1950). One inverted homunculus was present in the anterior lobe, while two symmetrical homunculi were located in the paramedian lobule of the posterior lobe (Manni & Petrosini, 2004).

Thus, the somatotopy appeared to be mainly transverse to the lobules, which was confirmed by Adrian in similar experiments [START_REF] Adrian | Afferent areas in the cerebellum connected with the limbs[END_REF]. However, in both cases the mapping was performed under anesthesia in decerebrate preparations and subsequent experiments failed to uncover a somatotopy in the unanesthetized animal [START_REF] Combs | Electro-anatomical study of cerebellar localization; stimulation of various afferents[END_REF]. Moreover, it is retrospectively hard to assess whether these experiments actually recorded CF responses or rather granular layer responses, which probably display a totally different organization (Michikawa & Miyawaki, 2021).

Zonal somatotopy

It was first proposed by Oscarsson (Oscarsson, 1969) that there was a longitudinal somatotopy in the cerebellar cortex. His conclusions were based on CF responses recorded as surface potentials evoked by peripheral nerves stimulations in anesthetized and paralyzed cats. The hindlimbs and forelimbs receptive fields were segregated in longitudinal bands which could differ depending on the lobule but generally spanned several lobular subdivisions, consistent with the CF projection pattern [START_REF] Shinoda | The entire trajectory of single climbing and mossy fibers in the cerebellar nuclei and cortex[END_REF][START_REF] Sugihara | The Entire Trajectories of Single Olivocerebellar Axons in the Cerebellar Cortex and their Contribution to Cerebellar Compartmentalization[END_REF]. Similar experiments later performed by Ekerot and Larson arrived to the same conclusions (Figure 20A, Ekerot and Larson 1979a;1979b). However, it must be noted that in these studies the spinal cord of the animals was selectively transected at the C3 level to study a specific pathway in isolation. In cats with an intact neuraxis, no somatotopy was found (Figure 18, [START_REF] Leicht | Somatotopic studies on the vermal cortex of the cerebellar anterior lobe of unanaesthetized cats[END_REF].

In a subsequent experiment conducted in anesthetized and paralyzed intact rats, a somatotopy was found at the zonal scale based on cutaneous receptive fields (Jörntell et al. 2000). The obtained body map represented a mix of longitudinal and medio-lateral subdivisions (Figure 18B).

The A zone as defined by Voogd was divided into the A1 and Ax zones based on receptive field segregation. The A1 zone of the lobules IV and rostral V was associated with ipsilateral proximal inputs, while the caudal V and VI responded slightly more specifically to ipsilateral face stimulations. In the Ax zone, the same subdivisions were associated with the ipsilateral hind limb and front limb respectively. The overall pattern was therefore consistent with the existence of a homunculus, so that the two axes of the body might be represented over the two dimensions of the cortical surface, as initially proposed by Snider and Sawtell. However, the authors noted that the resolution of their mapping was limited by the electrode array they used as well as by the nature of the stimulation, and that the results of Figure 18B "should only be viewed as a coarse outline in these respects". 

Microzonal somatotopy

In another influential set of experiments, the Oscarsson group refined the zonal somatotopy to a microzonal resolution (Andersson & Oscarsson, 1978). By recording single PCs while stimulating peripheral nerves of the limbs in the same preparation (paralyzed cats with a transected spinal cord, only leaving the VF-SOCP intact), they showed that in the B zone of the cortex the climbing fiber responses were organized in thin parasagittal bands (200 µm), each with its own receptive field (Figure 19A). In an independent experiment, Ekerot and Larsson also found a microzonation in the C1 zone based on cutaneous afferents (Jörntell et al. 2000;Ekerot and Larson 1979a;1979b). Stimulations of skin areas of the limb elicited CF responses of well-defined and reproducible receptive fields in the cerebellar cortex. Moreover, a microzone with the same receptive field could be repeated over the medio-lateral extent of the cortex, which was congruent with the idea of olivocerebellar divergence (R. Apps & Garwicz, 2000). Another microzone related to the periocular region was identified in the rabbit [START_REF] Mostofi | Electrophysiological localization of eyeblinkrelated microzones in rabbit cerebellar cortex[END_REF]. However, for cutaneous as well as nervous stimulations in the awake animal with an intact spinal cord, the microzonation was less obvious, and the receptive fields appeared more patchy (Figure 19B, [START_REF] Robertson | Topographic Features of Climbing Fiber Input in the Rostral Vermal Cortex of the Cat Cerebellum[END_REF][START_REF] Robertson | Organization of climbing fiber input from mechanoreceptors to lobule V vermal cortex of the cat[END_REF]. Therefore, the functional relevance of these microzones in the behaving animal could not be assessed.

In more recent investigations, a microzonal somatotopy of the CF input was confirmed in the C3 zone of the cerebellar cortex by stimulating skin afferents of the forearm in cats with an intact spinal cord (Ekerot, Garwicz, and Schouenborg 1991;Ekerot, Garwicz, and Schouenborg 1991).

Thus, a somatotopy at the scale of the microzone might exist only in specific regions of the cortex such as the C3 zone or be specific to a sensory modality. When the CF receptive fields for cutaneous and muscle afferents were compared, the convergence was only partial (H. Jörntell et al., 1996). The authors proposed that cutaneous receptive fields were "associated with inputs from muscles the action of which would tend to move the receptive field towards a stimulus applied to the skin". Interestingly, a close correspondence exists between individual CF skin receptive fields and skin withdrawal fields obtained by single muscle stimulation (Martin [START_REF] Garwicz | Common principles of sensory encoding in spinal reflex modules and cerebellar climbing fibres[END_REF], indicating that the two sensory modalities could be closely related. Michikawa et al. 2021 tried to find a match between CF somatotopic receptive fields and cortical segments of correlated CF-related PC dendritic calcium activity. A single limb muscle electrical stimulation in the anesthetized mouse elicited a large distributed pattern of CF responses across segments, even for the lowest stimulation currents. These patterns were preserved in the awake animal, but displayed in both cases no clear correlation with the segments identified with the CFrelated calcium activity (Figure 19C). Therefore, the authors concluded that the sensory representation of a single muscle is distributed over multiple olivocerebellar segments. However, electrical stimulations could present a lack of specificity and, contrary to other reports showing a microzonal somatotopy in the IO, the experiment was done without blocking muscle contraction, which precludes any definitive conclusion. (Andersson & Oscarsson, 1978). B. Diagram of an unfolded vermal cortex of the lobule V of the cat. In an animal with an intact neuraxis, the major body areas whose cutaneous stimulation elicited CF responses emerged in a patchy pattern [START_REF] Robertson | Organization of climbing fiber input from mechanoreceptors to lobule V vermal cortex of the cat[END_REF]. 

Section 3.04 Somatotopy of the mossy fiber inputs

In this short section, I briefly review the current knowledge of the organization of the mossy fibers (MF) projections to the cerebellar cortex. MFs are thought to be the prominent driver of the cerebellar output.

a. Fractured somatotopy

As mentioned in Section 1.05, the MF projections appear to be less segmented than the CF projections: a single MF can project to several olivocerebellar modules [START_REF] Biswas | Divergent projections of single pontocerebellar axons to multiple cerebellar lobules in the mouse[END_REF]H. S. Wu et al., 1999). However, these projections are to some extend also organized. In vivo experiments using cutaneous stimulations in anesthetized rats unveiled a micro-organization of the MF input which appeared more complex than the CF microzonal somatotopy described by Oscarsson. The somatotopy was qualified as "fractured" [START_REF] Shambes | Fractured Somatotopy in Granule Cell Tactile Areas of Rat Cerebellar Hemispheres Revealed by Micromapping[END_REF]: the receptive fields displayed a mosaic pattern of variable size patches associated with the same body region (Figure 20C). The relevance of this fractured somatotopy has not yet been established in the awake animal.

However, it must be noted that there is some degree of similarity between the MF and CF receptive fields for a given CF microzone [START_REF] Brown | Congruence of mossy fiber and climbing fiber tactile projections in the lateral hemispheres of the rat cerebellum[END_REF][START_REF] Garwicz | Cutaneous receptive fields and topography of mossy fibres and climbing fibres projecting to cat cerebellar C3 zone[END_REF].

b. Granular layer processing

In the cerebellar cortex, the MF input is distributed onto PCs over large distances through the PFs. Neighboring PCs in a 100 µm band receive excitation from the same PFs which arise from patches of granule cells (GCs) at different locations relative to a single PC (Figure 20D). Therefore, PCs belonging to a microzone are driven by local as well as distal GCs [START_REF] Isope | Properties of unitary granule cell→Purkinje cell synapses in adult rat cerebellar slices[END_REF][START_REF] Spaeth | Cerebellar connectivity maps embody individual adaptive behavior in mice[END_REF][START_REF] Valera | Stereotyped spatial patterns of functional synaptic connectivity in the cerebellar cortex[END_REF], so that MFs inputs are likely recombined independently of their putative organization. However, this implies that a microzone could be provided with similar MF information arising from several body parts. Because the CF receptive field partially matches the SS inhibitory and local interneuronal ones [START_REF] Cerminara | Neuronal activity patterns in microcircuits of the cerebellar cortical C3 zone during reaching[END_REF][START_REF] Ekerot | Parallel fibre receptive fields of purkinje cells and interneurons are climbing fibrespecific[END_REF], this information could be selected through plasticity based on the CF receptive field of each microzone. Thus, the organization of the MF inputs and their prepossessing appears far more complex than a projection to specific microzones or modules as in the case of the CF input. From the combination and integration of these two input pathways arises the PC output signal. In the last part of this introduction, I inquire about the cerebellar output and its organization. I first describe how the cerebellar output is regulated by the PCs and how the cerebellum ultimately influences behavior. Then, I review the principal cerebellar downstream targets and the functional organization of the cerebellar output.

Part 4. The cerebellar motor output Section 4.01 Cerebellar control of movement a. Modulation of the cerebellar output by the Purkinje cells simple spikes

Understanding how the cerebellar output regulates motor behavior raises a first challenge which is constitutive to the architecture of the circuit. The cerebellum has a two-layered output: the DCN (and the vestibular nuclei) are directly driven by extracerebellar mossy fiber (MF) inputs but are also under the inhibitory control of the cortical PCs. There is at least a 10-fold convergence between these two layers. While I have already described how this convergence allows regulating the DCN activity through olivary-evoked CS synchronies (Section 2.02), I will now focus on the importance of the SS temporal dynamics in shaping the DCN signal.

PCs inhibiting the same DCN cell are neighbors in one lobule, and such clusters can span several lobules (Tang et al., 2019). One could think that the DCN inhibition is simply proportional to the mean firing rate of the neighboring PCs contacting a given DCN cell. However, it appears that the nature and temporal dynamics of PC activity can finely modulate the DCN discharge.

In vivo, graded optogenetic step stimulation of PC ensembles leads to a graded reduction in DCN firing (Figure 21A), highlighting the expected inhibitory influence of the mean SS discharge frequency on the cerebellar output (Witter et al., 2013). However, in vitro, asynchronous inhibitory synaptic inputs suppress nuclear cell spiking, while synchronized inputs actually entrain the cell discharge (Figure 21B, Person and Raman 2012). Moreover, synaptic MF excitation becomes more effective at increasing DCN cell spiking when the inhibitory inputs are synchronous (Figure 21C, [START_REF] Wu | Facilitation of mossy fibre-driven spiking in the cerebellar nuclei by the synchrony of inhibition[END_REF]. Interestingly, the facilitation is pronounced at 50 Hz but disappears at 100 Hz, which suggests that a relatively low PC firing rate is required for precise DCN control.

More recent investigations have reached similar conclusions in vivo using optogenetic PC train stimulations in mice (Özcan et al., 2020). Based on these observations, it was recently proposed that physiological firing rates of DCN glutamatergic neurons require hundreds of active mossy fibers combined with coherent inhibition from PCs [START_REF] Wu | Facilitation of mossy fibre-driven spiking in the cerebellar nuclei by the synchrony of inhibition[END_REF]. Such coherence in the PC spiking could arise from a beam of common PF inputs (Heck et al., 2007) or molecular layer interneurons modulation (Person & Raman, 2012a). Therefore, the PCs would finely tune the activity of the DCN in accordance with the behavioral demands through the rate and synchronization of their SS.

Additionally, it was observed that the GABAergic DCN cells were not entrained by a synchronous SS PC discharge. Instead, they only responded to the mean population firing rate of PCs at high frequencies, probably because of their filtering properties, highlighting the specificity of the nucleo-olivary projections.

To summarize, the connectivity and the electrophysiology of the PC-DCN diptych is particularly suited to rapid and precise modulations of the cerebellar output, in particular through synchrony mechanisms. This would allow the DCN to quickly and precisely modify the animal behavior. 

b. Influence of the cerebellar output on motor behavior

The cerebellum can modulate the activity of various pre-motor centers and therefore the execution of movement. This occurs via output signals from the DCN and vestibular nuclei, which are regulated by excitatory MF and inhibitory PC inputs. Therefore, modulations of both PC and DCN activities are expected during behavior. In vivo, cerebellar modulation of motor behaviors has been described following two main experimental approaches. On the one hand, cerebellar activity can be recorded during practiced movements. On the other hand, PC and DCN activities can be manipulated using different methods to assess the causality and necessity of the cerebellar output for correct movement execution. While electrical stimulations are performed with electrodes and are therefore not cell-specific, optogenetic techniques allow bidirectional manipulations of a specific subpopulation of cells inside a tissue in a better-defined volume. Optical stimulations are generally carried through an optic fiber implanted in, or at the surface, of the animal brain.

Rhythmic movements

Recordings of paravermal PC and IN neurons during locomotion in cats and mice showed that both cell types are rhythmically modulated by the step cycle [START_REF] Armstrong | Discharges of nucleus interpositus neurones during locomotion in the cat[END_REF][START_REF] Armstrong | Discharges of interpositus and Purkinje cells of the cat cerebellum during locomotion under different conditions[END_REF][START_REF] Orlovsky | Role of the cerebellum in locomotor coordination[END_REF]Sarnaik and Raman 2018).

Despite each cell having a different phase relative to the step cycle, the two populations appeared to be also globally modulated. Surprisingly, the modulation of the PC was in phase or antiphase with the DCN modulation depending on whether the forelimb or hindlimb region was considered.

Removing the cerebellar cortex engendered an excess of tone in the limb during swing. It was thus concluded that the PCs were modulating the DCN MF inputs during locomotion. More recent investigations have shown that the step-to-step variability in PC firing contains information about the features of the ongoing step cycle [START_REF] Sauerbrei | Structured Variability in Purkinje Cell Activity during Locomotion[END_REF] and that several classes of PC and DCN cells can be segregated during locomotion depending on the relative phase of their modulation (Sarnaik & Raman, 2018). In the latter study, optogenetics was used to perturb the locomotor cycle using either steps or trains of light to stimulate the PCs of the lobule simplex.

Interestingly, step stimulations more frequently provoked slips of the ongoing steps than trains, likely because steps lead to an asynchronous firing of the PCs and thus more pronounced DCN inhibition.

In another rhythmic behavior -licking during a reward in mice-, the PC SS activity in the lateral cerebellum encoded tongue protrusions and retractions and was modulated at the initiation and termination of licking episodes [START_REF] Gaffield | The cerebellum encodes and influences the initiation and termination of discontinuous movements[END_REF]Tsutsumi et al., 2020). Optogenetic stimulations in the concerned region provoked a delayed licking initiation and a degradation of its rhythmicity.

Ballistic movements

PCs and DCN cells display specific spatio-temporal firing profiles during ballistic movements. In monkeys performing saccades in different directions, each PC exhibits a preferential receptive field, i.e., it fires preferentially for a saccade in a specific direction [START_REF] Herzfeld | Encoding of action by the Purkinje cells of the cerebellum[END_REF].

Interestingly, the CS and SS preferential directions are in antiphase (Figure 22B). At the population scale, the PCs increase their firing rate at the initiation of the saccade and this modulation is graded by the saccade velocity and amplitude (Figure 22A andB). Strikingly, the PCs increase their synchronization during the deceleration phase despite a decreased firing rate; this synchrony has been proposed to finely tune the DCN output to enhance target reaching precision (Sedaghat-Nejad et al., 2022).

At the cerebellar output stage, the anterior interposed nucleus cells specifically encode for the deceleration of the movement in a grasping task in mice (Figure 22C, [START_REF] Becker | Cerebellar Control of Reach Kinematics for Endpoint Precision[END_REF].

Using optogenetic inhibition and stimulation of the DCN, the same study showed that the DCN could control the endpoint precision of the paw trajectory (Figure 22D). Therefore, the cerebellum prevents undershoots and overshoots of a movement by likely sending an appropriate motor command to downstream premotor centers, which provides a mechanistic explanation to the symptoms described in cerebellar patients in Section 1.05.

As mentioned in Section 2.04, PC and DCN activities parallel eyeblink conditioning acquisition [START_REF] Ten Brinke | Dynamic modulation of activity in cerebellar nuclei neurons during pavlovian eyeblink conditioning in mice[END_REF]. The SS pause timing relates to the kinematics of the eyelid closure (Halverson et al., 2015) and the DCN discharge correlates with the amplitude of the conditioned response (Figure 11C, ten [START_REF] Ten Brinke | Dynamic modulation of activity in cerebellar nuclei neurons during pavlovian eyeblink conditioning in mice[END_REF]. A more recent study showed that in eyeblink conditioning not only eyelid closure but rather multi-joint motor synergies are learned (Heiney et al., 2021). Stimulations of the DCN region associated with this behavior using either an electrode or optogenetics engenders compound movements and motor synergies which resemble the ones observed during sensory evoked motor behavior (Heiney et al., 2021).

Artificially induced motor behaviors

As exemplified by this last study, manipulating the cerebellar output can evoke a movement per se, which can be unnatural and is the result of "artificial" muscle contraction. An electrical stimulation of the cerebellar white matter under the fastigial nucleus provokes an augmentation of postural tone in various limb muscles [START_REF] Mori | Stimulation of a restricted region in the midline cerebellar white matter evokes coordinated quadrupedal locomotion in the decerebrate cat[END_REF]. The tone augmentation linearly increases with the stimulation intensity. Similarly, electrical stimulations of the IN induce contractions of limb muscles [START_REF] Giuffrida | Single muscle organization of interposito-rubral projections[END_REF]. The delay between the stimulation and muscle contraction onset is in the range of 10 ms, which is consistent with a direct recruitment of the motor units by the nucleo-rubro-spinal pathway, as proposed by the authors. A stimulation of the rostral anterior interposed nucleus in the awake mouse elicits neck and limb muscle contractions participating in a muscle synergy with a comparable delay (Heiney et al., 2021).

In the cerebellar cortex, several experiments have used optogenetics in PCs to evoke eyelid closure, limb movements or even whole body twitches (Heiney et al., 2014;Lee et al., 2015;Witter et al., 2013). Thanks to the different optogenetic tools available, it was possible to either stimulate or inhibit PCs (Figure 22F and G). A PC inhibition elicits a movement that is time-locked to the stimulation onset and that is graded by the stimulation intensity (Heiney et al., 2014;Lee et al., 2015). In contrast, a PC stimulation leads to movements similarly influenced by light power but that are time-locked to the stimulation offset (Lee et al., 2015;Witter et al., 2013). This last observation was attributed to the rebound firing observed in the DCN after a period of strong inhibition (Section 2.02). 

Section 4.02 Role of the inferior olive in motor control

In Part 2 of this introduction, I have emphasized the role of the IO in cerebellar learning. However, an alternative proposal has been made for a direct role of the IO in motor control [START_REF] Llinas | Inferior Olive: Its Role in Motor Learning[END_REF]. This issue is not easy at all to disentangle, because olivary lesions or pharmacological perturbations lead to radical modifications of the PC SS firing patterns [START_REF] Zucca | Climbing Fiber Regulation of Spontaneous Purkinje Cell Activity and Cerebellum-Dependent[END_REF]. It follows that the IO is required for normal cortical function and thus proper movement execution.

IO impairments can lead to clinical symptoms similar as the ones described in Section 1.05 [START_REF] Murphy | Neurological Deficit in Cats With Lesions of the Olivocerebellar System[END_REF][START_REF] Soechting | Changes in a motor pattern following cerebellar and olivary lesions in the squirrel monkey[END_REF][START_REF] White | Genetic silencing of olivocerebellar synapses causes dystonia-like behaviour in mice[END_REF]. In rats, an ablation of the olive leads to a 100 ms delay in movement initiation, as well as a slower execution and an impaired motor coordination [START_REF] Welsh | Functional significance of climbing-fiber synchrony: A population coding and behavioral analysis[END_REF]. This doesn't necessarily mean, however, that the IO is directly involved in the control of movement. Only a minority of experiments have pointed towards a motor component in the CF signal in the case of eye movements [START_REF] Kobayashi | Temporal firing patterns of Purkinje cells in the cerebellar ventral paraflocculus during ocular following responses in monkeys. II. Complex spikes[END_REF], ballistic arm movement (Keating & Thach, 1995) and joystick manipulation (Streng et al., 2017a), during which the CF discharge also predicts the kinematics of the upcoming movement.

a. Motor timing theory

Alternatively to classical learning cerebellar theories, it was proposed that the IO could encode the temporal precision of the movement at the population scale (Welsh, Lang, and Sugihara 1995;Llinas 2011;Llinás 2009). This hypothesis was originally supported by a rhythmic licking experiment in rats in which the IO cells synchronized their activity in phase with licking (Welsh, Lang, and Sugihara 1995) and could be clustered into different independently synchronized groups. In the proposed model, the IO is organized in functional clusters via electrical coupling and common shared inputs. The sequential activation of different IO clusters allows the emergence of spatio-temporal motor sequences (Llinas, 2011). Based on the olivocerebellar connectivity, these sequences translate in successive microzonal activity patterns in cortical PC ensembles. In this framework, the olivocerebellar microzones represent the building blocks of natural behaviors.

Therefore, the IO would exert a motor control primarily through the effect of a CS synchrony on the DCN firing presented in Section 2.02. Synchronous microzonal CF discharges would lead to a pause in the DCN firing followed by a rebound, which could in theory allow to rapidly correct the ongoing behavior. Interestingly, rebound DCN activity after a period of massive artificial inhibition can induce movement (Lee et al., 2015;Witter et al., 2013). However, the existence of the rebound mechanism under more physiological conditions remains unclear. In vivo, neither the spontaneous giant IPSPs in the DCN provoked by a CS nor a high CS synchrony (Figure 10D) resulted in a post inhibitory rebound response [START_REF] Bengtsson | In vivo analysis of inhibitory synaptic inputs and rebounds in deep cerebellar nuclear neurons[END_REF]Tang et al., 2019).

However, a rebound in the DCN was observed upon electrical or mechanical stimulation of the corresponding CF receptive field in anesthetized cats [START_REF] Bengtsson | In vivo analysis of inhibitory synaptic inputs and rebounds in deep cerebellar nuclear neurons[END_REF]. To assess the functional relevance of rebound firing in the DCN would require recordings of their activity along with their afferent PCs during practiced behaviors.

Alternatively, the DCN inhibition elicited by a CS synchrony could in itself participate in motor control, for instance by opening a window for DCN activation (Llinas, 2011). Interestingly, PC that display a high CS synchrony also present an enhanced SS synchrony [START_REF] Wise | Mechanisms of synchronous activity in cerebellar Purkinje cells[END_REF], which is associated with pauses in SS firing [START_REF] Shin | Dynamic synchronization of purkinje cell simple spikes[END_REF]. Therefore, CS synchrony could promote SS synchrony, thereby opening a window for a fine modulation of the DCN output.

The existence of microzonal correlated CF activity during the execution of learned behaviors is per se an argument in favor of the motor timing theory (Heffley et al., 2018;Kostadinov et al., 2019;Mukamel et al., 2009;Ozden et al., 2009;Tsutsumi et al., 2019). Moreover, the microzonal structure of the CF discharge is required for proper execution of spinocerebellar reflexes and correct motor coordination (De Gruijl et al., 2014). Importantly, in several of those experiments the CFs fire in preparation for movement and could thus support motor coordination (Tsutsumi et al., 2019;Wagner et al., 2021). Moreover, different microzones fire preferentially at different timings, likely creating sequences at the scale of the network (Kostadinov et al., 2019;Mukamel et al., 2009;Ozden et al., 2009). Additionally, the synchrony in the CF population is more pronounced when the movement is correctly timed (Figure 9D and E, Heffley et al. 2018). However, the nature of the olivary events is generally hard to infer, because it is difficult to discriminate sensory from motor signals. Because any complex movement requires a sequence of elementary motor actions, a sequence of microzonal activations could represent either successive sensory feedbacks or successive motor signals. Therefore, while the IO probably plays a role in motor control, further investigations are needed to assess the relevance of this theory.

b. Compatibility with olivocerebellar learning

How would this microzonal sequential activity be intertwined with learning? The fact that behavioral training on a trial-to-trial basis as well as global movement parameters [START_REF] Herzfeld | Encoding of action by the Purkinje cells of the cerebellum[END_REF](Herzfeld et al., , 2018) can be predicted by single PCs activity implies that the CS signals are probably correlated at a population level during learning as well. Learning could thus consist of a rearrangement of the microzonal CF activity patterns (Welsh et al., 1995). It was recently shown that the acquisition of a skilled limb movement is accompanied by an increased coherence in the IO discharge over a pluri-microzonal scale (Figure 23A-C, Wagner et al. 2021). In the learned state, correctly executed movements are characterized by a widespread synchrony timed-locked around movement onset (Figure 23D). Unfortunately, microzonal patterns were not investigated in this study, likely because of an insufficient temporal resolution (30 Hz) compared to movement execution duration. We could expect that a learned movement would be characterized by welldefined microzonal sequential synchrony patterns.

Nevertheless, the ubiquitous role -or at least presence-of these synchronous patterns of CF discharges during practiced movements reopens the question of how the plasticity is regulated at the PF-PC synapse. To resolve this learning-motor control duality conundrum, it was recently proposed that the CF synchrony would support motor control, while CS waveform, i.e., the temporal features of the CF-related dendritic calcium events, would direct plasticity [START_REF] Lang | The Roles of the Olivocerebellar Pathway in Motor Learning and Motor Control. A Consensus Paper[END_REF]. Since synchronous CS tend to have more spikelets [START_REF] Lang | Modulation of Purkinje cell complex spike waveform by synchrony levels in the olivocerebellar system[END_REF], this would mean based on Figure 8 that synchronous events trigger more long term depression and support learning. In this case, one would expect less synchrony with learning, in contradiction with the most recent observations (Wagner et al., 2021). Another issue is the timing of CS firing relative to the movement: a motor signal can only occur before the movement, while an instructive signal necessitates sensory feedback, thus occurring after the movement. Interestingly, during short reaching movements in monkeys the CS can encode both the destination of the movement and the final reaching error at different time points [START_REF] Kitazawa | Cerebellar complex spikes encode both destinations and errors in arm movements[END_REF]. Therefore, the IO could have both motor and learning roles based on the diversity of its temporal dynamics.

Overall, the cerebellum is endowed with several mechanisms that allow it to modulate motor behavior. As in the case of cerebellar learning, the observations and their interpretations vary depending on the task and cerebellar region under investigation. SS and CS firing rates are different in Zebrin negative and positive bands [START_REF] Zhou | Cerebellar modules operate at different frequencies[END_REF] and the cytoarchitecture of the cortex is not as uniform as initially envisioned (Cerminara et al., 2015). Microzones could thus perform different intrinsic computations, adding another level of complexity. For instance, depending on the microzone behaviors could be driven by either an increase or a pause in the SS firing (De Zeeuw 2021). While these regional specificities are not yet well understood, it is clear that the inner modular structure of the cerebellum reflects a functional diversity within common basic processing principles. 

Section 4.03 Cerebellar output targets

The DCN represent with the vestibular nuclei the entire output of the cerebellum. In this section, I review the various brain structures targeted by cerebellar efferents. The diversity of cerebellar downstream centers allows the cerebellum to modulate a wide range of motor and non-motor behaviors through various descending pathways (Figure 24A-B).

a. Descending projections

Reticulospinal tract

Several major descending tracts arise from the pontomedullary reticular formation. This structure is composed of tens of nuclei that have proven to be hard to segregate. In the rat, over 25 reticular regions with descending fibers have been identified [START_REF] Ruigrok | Cerebellar Influences on Descending Spinal Motor Systems[END_REF]. Projections from the reticulospinal tract terminate throughout the entire length of the spinal cord. Individual reticulospinal neurons can collateralize over long distances, most probably affecting several parts of the body [START_REF] Peterson | Patterns of projection and branching of reticulospinal neurons[END_REF]. They contact motoneurons directly or relay their signals through interneurons located inside the spinal circuitry [START_REF] Shapovalov | Extrapyramidal monosynaptic and disynaptic control of mammalian alpha-motoneurons[END_REF]. The pontomedullary reticular formation has diverse roles in motor function, in particular in motor coordination and ongoing postural adjustments [START_REF] Arshavsky | Origin of signals conveyed by the ventral spino-cerebellar tract and spino-reticulo-cerebellar pathway[END_REF]. Apart from the posterior interposed nucleus, all the DCN massively project to the pontomedullary reticular formation.

Vestibulospinal tract

One can distinguish the medial and lateral vestibulospinal tracts, which project to the cervical and whole spinal cord respectively [START_REF] Highstein | The Anatomy of the vestibular nuclei[END_REF]. Vestibular nuclei receive direct inputs from the anterior paravermis, caudal vermis, flocculus a paraflocculus as well as DCN inputs [START_REF] Meng | Diversity of vestibular nuclei neurons targeted by cerebellar nodulus inhibition[END_REF]. The anterior vermis indirectly contacts via the fastigial nucleus virtually every vestibular nucleus (Teune et al., 2000), thereby exerting a global control on posture.

Rubrospinal tract

The rubrospinal tract arises from the red nucleus (RN) which is a midbrain region that has a prominent role in motor behavior, in particular in limb movements [START_REF] Ruigrok | Precerebellar nuclei and red nucleus[END_REF]). It displays a caudal magnocellular region (mRN) and a rostral parvicellular region (pRN, [START_REF] Basile | Red nucleus structure and function: from anatomy to clinical neurosciences[END_REF].

The mRN projects to the spinal cord after crossing the midline, while the pRN exclusively projects to the IO, at least in primates. In rodents the parvicellular part is not clearly delimited [START_REF] Ruigrok | Precerebellar nuclei and red nucleus[END_REF]). The mRN also sends collaterals to various brainstem centers, in particular the lateral reticular nucleus [START_REF] Flumerfelt | Organization of the mammalian red nucleus and its interconnections with the cerebellum[END_REF]. In addition, the mRN displays a global somatotopy: medial rubral neurons project to the cervical cord, lateral neurons to the lumbar cord.

The RN is a sensorimotor integration center. It receives inputs from the cerebellum and motor cortical areas, as well as direct spinorubral sensory afferents [START_REF] Bernays | Afferents to the rat red nucleus studied by means of d-[3H] aspart ate, [3H]choline and non-selective tracers[END_REF]. In particular, the anterior interposed and lateral nuclei massively project to the RN in a topographical fashion (Ruigrok and Voogd 1990;[START_REF] Huisman | Collaterals of rubrospinal neurons to the cerebellum in rat. A retrograde fluorescent double labeling study[END_REF]. Projections from the fastigial nucleus are less pronounced but also exist (Teune et al., 2000).

Lesions of the RN translate in deficits in fine motor skills such as prehension, but also interlimb coordination impairments [START_REF] Muir | Red nucleus lesions impair overground locomotion in rats: A kinetic analysis[END_REF][START_REF] Zelenin | Activity of red nucleus neurons in the cat during postural corrections[END_REF]. Notably, rubral neurons fire in advance of the muscular contraction with a 34 ± 25 ms delay [START_REF] Gordon | EMG patterns in antagonist muscles during isometric contraction in man: Relations to response dynamics[END_REF] and encode the force generated by the muscle. Finally, a focal RN activation leads to the contraction of single contralateral limb muscles [START_REF] Ghez | Input-output relations of the red nucleus in the cat[END_REF]. Overall, the RN is involved in the execution of learned and automated motor plans involving skilled limb movements [START_REF] Kennedy | Corticospinal, rubrospinal and rubro-olivary projections: a unifying hypothesis[END_REF].

Tectospinal tract

The superior colliculus (SC) is mostly associated with visual inputs and the control of gaze direction. It ensures this function by controlling saccadic movements as well as the neck muscles via direct tectospinal and indirect tectoreticulospinal pathways [START_REF] Ruigrok | Cerebellar Influences on Descending Spinal Motor Systems[END_REF]. The posterior interposed nucleus and the lateral nucleus supply the majority of the cerebellotectal projections, relaying information from the paraflocculus. The caudal oculomotor part of the fastigial nucleus controlling saccade adaptation also projects to the SC [START_REF] Kheradmand | Cerebellum and ocular motor control[END_REF].

Interstitiospinal tract

The interstitiospinal tract arises from the interstitial nucleus of Cajal which is located dorsomedially relative to the RN. The interstitial nucleus of Cajal exerts monosynaptic excitation on the neck and polysynaptic excitation on the back and limbs muscles [START_REF] Holstege | Projections from the rostral mesencephalic reticular formation to the spinal cord[END_REF]. The cerebellar projections to the interstitial nucleus of Cajal mostly arise from the fastigial nucleus, in particular from its caudal oculomotor half.

b. Projections to the cerebral cortex and superior areas

The projections from the DCN to the cerebral cortex go through the cerebello-thalamo-cortical pathway and mostly originate from the lateral nuclei and thus from the cerebellar hemispheres [START_REF] Kelly | Cerebellar loops with motor cortex and prefrontal cortex of a nonhuman primate[END_REF]. The cerebellum also communicates with the basal ganglia [START_REF] Bostan | The basal ganglia and the cerebellum: nodes in an integrated network[END_REF], hypothalamus, periaqueductal gray [START_REF] Frontera | Bidirectional control of fear memories by cerebellar neurons projecting to the ventrolateral periaqueductal grey[END_REF] and hippocampus [START_REF] Watson | Anatomical and physiological foundations of cerebello-hippocampal interaction[END_REF]. The disynaptic projections from cortical areas back to the cerebellar cortex give rise to cerebellocortical loops that are involved in motor and non-motor functions [START_REF] Bostan | Cerebellar Outputs in Non-human Primates: An Anatomical Perspective Using Transsynaptic Tracers[END_REF].

c. Divergence of cerebellar projections

Given the extensive connections between each DCN subregion and the rest of the CNS, each DCN axonal projection most likely sends collaterals to several other brain regions (Teune et al., 2000). Retrograde tracers injection in distinct brain areas can lead to up to 67% of double labeled neurons in the DCN [START_REF] Ruigrok | Collateralization of cerebellar output to functionally distinct brainstem areas. A retrograde, non-fluorescent tracing study in the rat[END_REF]. Thus, this divergence implies that the same DCN region could in theory modulate several motor pathways at once. Additionally, the DCN also send collaterals back to the cerebellar cortex, which could improve and accelerate motor corrections [START_REF] Houck | Cerebellar premotor output neurons collateralize to innervate the cerebellar cortex[END_REF].

d. Targets and functions of the Fastigial Nucleus

In the context of my PhD, I was particularly interested in the connectivity and function of the deep cerebellar nucleus contacted by the cerebellar anterior vermis, i.e., the fastigial nucleus. A recent study has extensively investigated the fastigial nucleus (FN) in mice (Fujita, Kodama, and Du Lac 2020). The results relevant to this manuscript are summarized in Figure 24C.

The anterior vermis was shown to specifically project to the rostral and ventrolateral fastigial nucleus (rFN and vlFN respectively) and to receive CF projections from the a and b subregions of the cMAO. Moreover, there were anatomical, functional and genetic expression differences between cell types of these two subregions, with the genetic profile and morphology -a thicker axon and a larger cell area than other subnuclei-of the glutamatergic rFN cells particularly suited to high firing rates. Because the 1-band of the anterior vermis is a Zebrin negative region, its PCs also likely fire at high frequencies (Cerminara et al., 2015). Therefore, this submodule appears to be particularly adapted to rapid adjustments of the ongoing movement.

The downstream targets of the rFN and vlFN were thoroughly investigated. The rFN projected to the ventral medullary and intermediate portions of the lateral reticular formation (MdV), which are regions associated with axial motor control [START_REF] Mori | Role of the medial medullary reticular formation in relaying vestibular signals to the diaphragm and abdominal muscles[END_REF][START_REF] Lois | Neural circuits controlling diaphragm function in the cat revealed by transneuronal tracing[END_REF]. rFN neurons also had extensive projections to the spinal cord, lateral paragigantocellularis nucleus (LPGi), nucleus reticularis gigantocellularis (NRG) and lateral vestibular nucleus (LVN). rFN axons innervated big-sized neurons in the LVN and NRG (soma>300 microns), which could endow them with the ability to rapidly modulate vestibulospinal and reticulospinal neurons [START_REF] Eccles | Reticulospinal neurons with and without monosynaptic inputs from cerebellar nuclei[END_REF][START_REF] Wilson | Peripheral and central substrates of vestibulospinal reflexes[END_REF]. In addition, the rFN targeted autonomic nuclei involved in cardiovascular and respiratory functions. Finally, the rFN projected to the subcoerulus region of the dorsal pons (SubC), which can modulate motor output through the coeruleospinal pathway [START_REF] Fung | Locus coeruleus control of spinal motor output[END_REF]. These results are all in line with a role of the rFN in postural axial motor control (S. [START_REF] Mori | Stimulation of a restricted region in the midline cerebellar white matter evokes coordinated quadrupedal locomotion in the decerebrate cat[END_REF]. In contrast, the vlFN labeled terminals were identified in the Kölliker-Fuse nucleus (KF), which is implicated in the modulation of posture and locomotion, and in the medial portion of the intermediate of the vestibular nucleus (IVN), which relates to autonomic functions.

Therefore, even a subnucleus can fulfill a wide range of motor -and probably non-motor-functions.

Are these functions segregated in the circuit, i.e., are there cortical and nuclear segmented regions as well as descending pathways dedicated to each subfunction? In the last section of this introduction, I investigate the functional organization of the cerebellar output. 

Section 4.04 Functional organization of the cerebellar output

The anatomy of the cerebellar circuit renders its output organization not straightforward at all. First, the PCs receive two orthogonal sets of inputs, one of which can convey a large amount of information through the PF. Second, these inputs are integrated to compute a signal that does not event yet represent the cerebellar output because it must be in its turn integrated by the DCN.

Third, we have seen that the organizing principles of the MF and CF inputs are still not firmly established. Therefore, in order to understand how the cerebellar output is organized the path forward has often been to rely on direct experimental data.

In the previous section, we have seen that manipulations of the cerebellar output in different regions can lead to different motor outcomes (Heiney et al., 2014;Lee et al., 2015;Witter et al., 2013). Thus, we can already conclude that the functional motor output of the cerebellum is at least to a certain degree segregated. As in the still debated case of the cerebral motor cortex, two hypotheses can be formulated [START_REF] Graziano | Ethological Action Maps: A Paradigm Shift for the Motor Cortex[END_REF]. The first states that the output of the circuit can be represented by a body map, i.e., that each region modulates a specific part of the body, generating a "somatotopical" organization. The second posits that each region encodes a specific motor action and can thus control several body parts in coordination, creating an "action-based" organization of the circuit output. Although homunculi were initially reporter in the motor cortex, it was later shown that it contains ethological action maps [START_REF] Graziano | Ethological Action Maps: A Paradigm Shift for the Motor Cortex[END_REF].

Another interrogation resides in the degree of specificity of this organization. The cerebellar output could be functionally loosely organized in broad modules roughly corresponding to subnuclei of the DCN and their corresponding cortical regions, or at the other end of the spectrum in highly specialized "microzones" comprising only a few PCs and their associated DCN cells.

a. Somatotopical organization

Because of the existence of olivocerebellar modules and the microzonal somatotopy observed in the CF projections (Section 3.03), it is tempting to hypothesize that there is a similar parasagittal organization of the cerebellar output in terms of functions and downstream influences. In this case, each parasagittal PC band would control a specific part of the body. Using a rabies virus to retrogradely infect afferent CNS neurons via intramuscular injection, Ruigrok investigated the projections from the CNS to single muscles in mice (Ruigrok et al. 2008). Injections in agonist and antagonistic muscles led to the labeling of clearly defined parasagittal bands in the cerebellar cortex that were partially overlapping (Figure 25A andB, left and middle panels). In several cases, these bands could be narrower than a microzone. These results raise the possibility that a muscle or a muscle group is primarily controlled by a single band of a few PCs and its corresponding region in the DCN.

However, the number of labeled bands increased with the experiment duration: there was at four days post-injection one or two initial bands, which were confined to the vermis, then additional bands appeared in the paravermis and cerebellar hemispheres (Figure 25A and B, right panels). It is known that rabies viruses retrogradely jump one synapse approximately every 24 hours, so that the different bands could project through different more or less direct motor pathways to the motoneuron pools innervating the injected muscle. Moreover, this experiment, by design, could not assess if the same band of PCs was projecting to other muscle groups.

What would be the motor function of a given microzone relative to its CF receptive field?

Bengtsson and Ekerot found a match between the cutaneous receptive field of a DCN cell and the one of its afferent CF in anesthetized cats [START_REF] Bengtsson | Specific relationship between excitatory inputs and climbing fiber receptive fields in deep cerebellar nuclear neurons[END_REF]. Therefore, a given microzone would have a motor function directly related to its afferent CF receptive field. In agreement with this idea, a recent study observed a correspondence between cutaneous receptive fields of both the SS and CS in the awake animal in 6 cells out of 9 (Figure 25C, [START_REF] Cerminara | Neuronal activity patterns in microcircuits of the cerebellar cortical C3 zone during reaching[END_REF].

In the intact animal, microstimulations of the DCN generally elicit multisegmental muscle synergies (Ekerot, Jörntell, and Garwicz 1995;Heiney, Wojaczynski, and Medina 2021).

Moreover, it is known that single rubrospinal (arising from the red nucleus) tract or vestibulospinal tract axons can innervate motoneurons controlling muscles at different spinal segments [START_REF] Shinoda | Long descending motor tract axons and their control of neck and axial muscles[END_REF], so that a microzone receiving inputs from a specific body region could nonetheless influence several body parts. When CF receptive fields and forelimb movements evoked by anterior interposed nucleus electrical stimulations are compared, the movement evoked at a specific site generally acts to withdraw the area of the skin corresponding to the CF receptive field (Ekerot, Jörntell, and Garwicz 1995). Therefore, there would be a somatotopical organization of the cerebellar output in which a given PC microzone is associated with a motor synergy involving in particular the muscle antagonistic to its afferent CF receptive field. This hypothesis is summarized in Figure 25c, in which the cerebellar circuit is integrated with the reflex circuitry of the spinal cord.

b. Action-based organization

Lesions studies that have attempted to impair a specific microzone [START_REF] Horn | Functional Relations of Cerebellar Modules of the Cat[END_REF]Pijpers et al., 2008) have observed subtle motor impairments of specific behaviors rather than single body part motor deficits [START_REF] Mason | Organization of reaching and grasping movements in the primate cerebellar nuclei as revealed by focal muscimol inactivations[END_REF]. In mice, PC stimulations at various locations in the paravermal region elicit various whole-limb and face movements (Figure 25D); the topography is globally conserved between animals (Heffley et al., 2018). However, several lobules can be related to the same body part, indicating that several PC microzones could participate in the control of the same muscles, which is reminiscent of the additional bands observed by Ruigrok (Figure 25a).

In the case of the forelimb region in cats, it is known that the map of the ipsilateral body surface defined by CF skin receptive fields is at least partly repeated over the C1, C3 and Y zones (Ekerot, Garwicz, and Schouenborg 1991). Because microzones with the same CF receptive field converge back onto a single representation in the anterior interposed nucleus, it has been hypothesized that the functional cerebellar motor unit is the multizonal microcomplex (Figure 24b, [START_REF] Apps | Anatomical and physiological foundations of cerebellar information processing[END_REF]. If each cortical PC microzone of a given multizonal microcomplex receive different PF inputs, they could fulfill different functions related to the same CF receptive field. Therefore, there is probably a greater functional diversity to be found in the cerebellar cortex than in the DCN. Each PC microzone could control the same set of muscles in different contexts, creating a mixed organization.

c. Mixed organization

It was proposed by Thach (Thach et al. 1992) that the cerebellar output displays a somatotopy in each deep cerebellar nucleus, but that each nucleus controls different modalities of the movement. This assumption was grounded in several observations made in monkeys. First, the anterior interposed nucleus and lateral nucleus (LN) projections to the cerebral motor cortex through the thalamus both display a somatotopy but their termination sites are intermingled [START_REF] Asanuma | Anatomical evidence for segregated focal groupings of efferent cells and their terminal ramifications in the cerebellothalamic pathway of the monkey[END_REF]. Since the fastigial nucleus (FN) has only sparse projections to the thalamus, the presence of a homunculus in this nucleus was mostly speculative. Nevertheless, each nucleus was related to subtle and specific movement defects rather than impairments of identified body parts (W Thomas Thach et al., 1992). Thus, each DCN would contain a map of the whole body and be involved in stance and gait (FN), movement coordination (IN) and movement planning and initiation (LN) respectively. The emergence of additional bands observed by Ruigrok after 144h post injection (Figure 25A andB, left versus right panels), as well as different cerebellar regions controlling the same body part (Figure 25D), fall in line with this interpretation.

Moreover, Thach hypothesized that the output of the cerebellar cortex was organized orthogonally to the CF inputs, i.e., that functional cortical modules were arranged in the antero-posterior direction (W. T. Thach et al., 1992). He grounded this hypothesis in the PF projection pattern; each coronal beam of PF would control through the PC inhibitory relay several synergistic body parts of the DCN homunculus. In an ulterior experiment in rats, his group showed that on-beam PC pairs had simple spikes that were significantly better time-locked to each other and to movement than off-beam PC pairs (Heck et al., 2007), indicating that on-beam PFs could synchronize PCs activity and thus finely shape DCN activity [START_REF] Person | Synchrony and neural coding in cerebellar circuits[END_REF]Sedaghat-Nejad et al., 2022). Direct experimental evidence of this hypothesis is still lacking. All in all, while several proposals have been made, a putative microzonal organization of the cerebellar output and its nature have yet to be firmly established. One issue resides in actually recording the cerebellar output. While calcium reporters now allow to monitor CF-related events at the population scale, recording SS PC output over entire microzones has proven to be far more difficult (Lang et al., 1999;Tsutsumi et al., 2020;Welsh et al., 1995). Recordings in the DCN are possible with electrophysiological probes but do not provide a precise spatial signature of the recorded cells. Moreover, the DCN output represents an already integrated signal and might be less relevant in understanding the cerebellar cortex functional diversity.

Optogenetic manipulations provide a way to map neuronal circuits functions but present their own limitations: the evoked activity might not be physiologically relevant, and the spatial extent of the stimulation must be carefully considered: the radius and position of the optic fiber as well as the light intensity determine the spatial extent of the stimulated volume. Stimulating a broad region (400 µm fiber over the vermal lobule IV/V) induces a whole-body twitch (Witter et al., 2013), while a smaller fiber (20-30 µm tip) can be used to generate localized movements such as eyelid closure (Heiney et al., 2014). Intermediate fibers (200 µm) have been used to elicit limb movements (Lee et al., 2015). So far, a systematic mapping of a cerebellar cortical region has not been reported.

Concluding remarks

If we take a step back, it is clear that most of the fundamental questions about cerebellar learning and processing are unlikely to have a unique answer. Whether it be cerebellar learning mechanisms or cerebellar motor control, contradictory theories are mirrored in contradictory observations. One could consider that the olivocerebellar system is composed of computers of different "brands", in the sense that they can have different hardware, software and input/output peripherals. The purpose of my PhD was to elucidate the different facets of the cerebellar computer in the specific context of postural control and in a specific cerebellar region, the anterior vermis. Postural control is probably not the only function of the anterior vermis (Fujita, Kodama, and Du Lac 2020), nor is the anterior vermis the only cerebellar region involved in posture [START_REF] Ioffe | Cerebellar control of posture[END_REF]. Nevertheless, a global understanding of the cerebellar function can't be achieved without studying specific subsystems.

Both the chosen region and the chosen function are particularly suitable to cerebellar investigations. Postural control encompasses a wide range of motor behaviors that can nowadays be tracked and quantified using a wide range of algorithms. On the other hand, the anterior vermis is an accessible region, at least in mice, a model in which genetic tools can be used to either record or manipulate the neuronal activity in an otherwise intact brain. Thus, my PhD aimed at understanding the functional organization of the cerebellar cortex in the context of postural control, combining optogenetic approaches and image analysis to quantify the motor output.

Methodological interlude: Rodent behavior analysis in neuroscience

An important part of my PhD work consisted in analyzing video recordings of rodent behavior. While behavioral features were traditionally extracted manually from animal movies through intensive labor, the recent advancements in computer vision have enabled the development of powerful tools for the automatic analysis of animal behavior, which have unlocked new possibilities in investigating the link between neuronal circuits and behavioral output, in particular in rodents [START_REF] Egnor | Computational Analysis of Behavior[END_REF][START_REF] Mathis | Primer A Primer on Motion Capture with Deep Learning : Principles , Pitfalls , and Perspectives[END_REF]. This section does not represent a complete review of the methods that are currently available to obtain relevant information from behavioral video data; rather, it centers around the techniques used in this manuscript in order to give the reader insights about why they were used.

Data acquisition

Acquiring video recordings of small animal behavior such as rodents poses several technical challenges that need to be addressed before the experiment, as the recorded data defines the scope of what can be extracted from behavior. Adequate recording conditions can significantly facilitate subsequent behavior analysis.

First, maintaining consistent lighting conditions is essential for obtaining high-quality video recordings. While lighting can be finely adjusted when the orientation of the animal remains constant such as in a head-fixed experiments (Heiney et al., 2021;ten Brinke et al., 2015;Wagner et al., 2021), freely-moving experiments require a homogenous lighting of a larger field in different behavioral conditions and orientations [START_REF] Carta | Cerebellar modulation of the reward circuitry and social behavior[END_REF][START_REF] Darmohray | Spatial and Temporal Locomotor Learning in Mouse Cerebellum[END_REF]Machado et al., 2015). Non-intended variations in lighting can lead to changes in the appearance of the animal, making it difficult to accurately track and analyze behavior. Because rodents are nocturnal animals, IR sources such as LED panels are generally used to avoid stress-related behaviors.

Finally, mouse behavior recording experiments often used a homogenous background, in order to maximize the contrast between the animal and its environment (Machado et al., 2015).

Second, the resolution and acquisition rate of the cameras used are of utmost importance in rodent experiments. Mice movements are generally quick and can occur in less than 100 ms (Bonnan et al., 2021;Heiney et al., 2014Heiney et al., , 2021;;Villette et al., 2017;Wagner et al., 2021).

Moreover, high-resolution recordings are necessary when either tracking detailed features of the animal such as digits (Mathis et al., 2018;[START_REF] Pereira | Fast animal pose estimation using deep neural networks[END_REF], or recording the animal behavior in a large environment as in freely-moving experiments [START_REF] Darmohray | Spatial and Temporal Locomotor Learning in Mouse Cerebellum[END_REF]Machado et al., 2015). Additionally, the placement of the camera and its field of view play a crucial role in capturing the relevant range of animal behavior, because video recordings are intrinsically limited in the information they provide, as they represented a 2D projection of a 3D environment. Several cameras are generally necessary to extract behavioral features [START_REF] Dunn | Efficient cortical coding of 3D posture in freely behaving rats[END_REF]Machado et al., 2015;[START_REF] Sheets | Quantitative Evaluation of 3D Mouse Behaviors and Motor Function in the Open-Field after Spinal Cord Injury Using Markerless Motion Tracking[END_REF]. However, using faster, higher-resolution or supplementary cameras results in larger datasets that can become difficult to handle, so that a trade-off must be found depending on the experimental requirements. Recently, cameras with sensors measuring the depth of each object in the scene rather that light have been developed (de [START_REF] De Chaumont | Real-time analysis of the behaviour of groups of mice via a depthsensing camera and machine learning[END_REF][START_REF] Gerós | Improved 3D tracking and automated classification of rodents' behavioral activity using depth-sensing cameras[END_REF][START_REF] Hong | Automated measurement of mouse social behaviors using depth sensing, video tracking, and machine learning[END_REF] and constitute a promising technique for animal 3D tracking without using multiple cameras.

The importance of dimensionality in animal behavior

Most natural animal behaviors are high-dimensional: they involve multiple joints and body parts which evolve in 4 dimensions (three in space, one in time). Even for a 2D video recording, every pixel can be considered as a dimension whose value varies over time, yielding thousands of dimensions, even for small-resolution recordings. Therefore, video analysis methods aim primarily at reducing recording dimensionality and extracting dimensions relevant to the animal movement.

Animal pose estimation

The principle of animal pose estimation is to reduce the animal to a point or a set of points that are relevant in understanding its behavior. The most elementary point of interest would be the center of gravity, which gives access to the animal body average trajectory, but animal tracking can encompass multiple body segments and anatomical landmarks [START_REF] Mathis | Primer A Primer on Motion Capture with Deep Learning : Principles , Pitfalls , and Perspectives[END_REF].

Video segmentation

In order to obtain an approximation of the body center of gravity of an animal on a video recording, the easiest procedure consists in an animal-background segmentation [START_REF] Gomez-Marin | Automated tracking of animal posture and movement during exploration and sensory orientation behaviors[END_REF], which is easy to perform when the contrast between the animal body and its environment is sufficient. For an inhomogeneous background, a subtraction of the background is generally performed before segmentation. From the centroid of the segmented body, which approximates its center of gravity, the average position, velocity and acceleration of the animal can then be computed (Figure 26A).

Segmentation can similarly be used to track specific markers attached on an animal body [START_REF] Vargas-Irwin | Decoding complete reach and grasp actions from local primary motor cortex populations[END_REF]. However, this method can cause discomfort and alter the animal natural behavior, in particular in small animals like rodents (Mathis et al., 2018). Moreover, the segmentation approach works well for single-animal experiments, but often fails to track multiple animals [START_REF] Egnor | Computational Analysis of Behavior[END_REF], for instance in social-interaction studies, so that more refined tools are required.

Machine Learning-Based Algorithms

Recently, machine learning algorithms, and in particular deep-learning techniques, have been developed in order to track multiple body landmarks in multiple animals without any marker [START_REF] Mathis | Primer A Primer on Motion Capture with Deep Learning : Principles , Pitfalls , and Perspectives[END_REF][START_REF] Pereira | Quantifying behavior to understand the brain[END_REF], so that the animal behavior is minimally perturbed (Figure 26B). These methods are based on artificial neural networks that are trained to fulfill a specific task, producing results comparable to expert human performance. Machine-learning algorithms can accommodate for various lighting conditions as well as occlusions of the points of interest. They can even be used to track fine body features such as digits during prehension (Figure 26C), which won't be possible otherwise. However, they generally require an initial investment by the experimenter. A training dataset composed of movie frames that recapitulate the diversity of the observed behavior must first be generated. The algorithm must then be trained on a subset of hand-labeled frames, before being evaluated on the remaining frames of the training dataset. After training, i.e., when the performance of the algorithm meets the experimenter requirements, the model can be used on the original as well as other similar datasets without any additional training, thus representing a significant time gain [START_REF] Lauer | Multi-animal pose estimation, identification and tracking with DeepLabCut[END_REF]. Current algorithms can label tens of points of interest in hundreds of frames per second with human accuracy [START_REF] Mathis | Primer A Primer on Motion Capture with Deep Learning : Principles , Pitfalls , and Perspectives[END_REF].

Dimensionality reduction algorithms

Because video recordings constitute high dimensional data, dimensionality reduction techniques have become increasingly popular in behavior analysis thanks to the development of modern computers. These methods can be used to obtain a very low-level (2D or 3D) visual representation of the data, from where features such as stereotyped behaviors can be identified using clustering methods. Dimensionality reduction can be performed either directly on the original movie (Mukamel et al., 2009), or on already preprocessed data, for instance on pose estimation trajectories (Mathis et al., 2018).

PCA

Principal Component Analysis or PCA is one of the oldest and most widely used linear dimensionality reduction techniques [START_REF] Jollife | Principal component analysis: A review and recent developments[END_REF]. The principle of PCA is to find new variables, which are linear functions of the original dataset, that successively maximize the variance explained by the new variables and are uncorrelated with each other, i.e., orthogonal.

Because it finds directions that explain most of the variance in the dataset, PCA can also be used to as a denoising algorithm by removing low-variance components from the original data.

ICA

Independent Component Analysis or ICA is an alternative dimensionality reduction method to PCA. ICA also performs a linear combination of the original variables. However, in contrast to PCA, ICA aims at maximizing the statistical independence between the new variables. To this end, ICA maximizes a measure of the non-gaussianity of the new variables (Hyvärinen, 1999). Thus, while PCA "compresses" most of the data information over a small number of dimensions, ICA separates the data in independent sources. ICA is especially useful when independent variables covary in the same direction, and thus can't be separated by PCA (Figure 26D). ICA is often used after a PCA preprocessing (Mukamel et al., 2009).

Projection methods

Projection methods are useful with high-dimensionality datasets in the which the variance is evenly distributed along the PC dimensions, preventing a simple 2D or 3D exhaustive visualization of the dataset variability. These algorithms aim at displaying the local and global structure of the data by computing relevant distances between the observations. To this end, the algorithm affects a location to each datapoint in a 2D or 3D map. The map can then be used to observe clusters and state transitions in the dataset.

The two most popular projection methods are t-distributed Stochastic Neighbor Embedding or t-SNE and Universal Manifold Approximation and Projection or UMAP (McInnes et al., 2018).

Compared to the t-SNE algorithm, UMAP is not deterministic. Therefore, the algorithm parameters must be carefully set to ensure the reproducibility of the observations. However, UMAP is known to better preserve the global dataset structure than t-SNE. These methods have a wide range of applications, in particular in genetics (Figure 26E). For instance, novel sub-cell types were identified in the cerebellum using the UMAP algorithm [START_REF] Chen | Transcriptomic mapping uncovers Purkinje neuron plasticity driving learning[END_REF].

Although these non-linear dimensionality reduction techniques can extract representative directions in a highly dimensional non-linear dataset (most of real-world data are highly nonlinear), they must be interpreted with caution, because the found dimensions do not have a specific meaning, unlike PCA where they represent the greatest variance in the original data. (Mathis et al., 2018). D. An illustration of the ICA relevance over PCA in a synthetic example dataset. The data in this figure was generated by two functions (sources) that covary in the same direction. The first principal component, i.e., the direction of maximum variance, would be horizontal, providing no separation between the two sources. In contrast, the ICA provides optimal separation and recovers the original sources (Inspired from [START_REF] Hyvärinen | Independent Component Analysis: Algorithms and Applications[END_REF]. E. Uniform manifold approximation and projection (UMAP) resolves 34,336 nuclei from whole cerebellum into five clusters based on gene expression [START_REF] Chen | Transcriptomic mapping uncovers Purkinje neuron plasticity driving learning[END_REF].

ARTICLE I

In this first article, we strove to dissect the nature of the information encoded in the climbing fiber (CF) activity in a novel postural environment and its evolution during motor learning. To this end, we designed a postural task in which a naïve mouse is introduced under a two-photon microscope on a frictionless wheel. In this novel sensorimotor context, the mouse uses various postural strategies, which we track using high-speed (100 Hz) behavior video recordings. We first find that the animal performs a postural learning characterized by subtle modifications of ballistic spontaneous postural readjustments. Using state-of-the-art optical techniques developed by the team, we record climbing fiber induced calcium transients (CFCTs) from multiple Purkinje cell dendrites of the cerebellar anterior vermal lobule IV/V at the millisecond scale with a high signalto-noise ratio. We uncover that the CF response around postural readjustment initiation can be decomposed in two phases, one consisting in a sharp increase in firing probability around movement onset, the other in a protracted modulation which precedes the sharp one. By clustering the stereotyped motor strategies used by the animal, we show that, while the protracted component accompanies the compensation of an initial overshoot in velocity over movement repetitions, the sharp component lag evolves to encode the learned movement kinematics.

Finally, we show that the protracted-sharp components support CF event sequences that we identify as a good candidate for the induction of cerebellar plasticity at the parallel fiber-Purkinje cell synapse, and thus the underpinning of cerebellar posturomotor learning. I participated in this project as a co-first author, in collaboration with another PhD student hosted by the team, Clémentine Hatton. Although I performed EMG surgeries, gave experimental advice and participated in the manuscript writing, I was predominantly involved in the fine analysis of the mouse movements on the wheel and the relationships between their execution and the CF temporal dynamics. The clustering method I developed allowed us to segregate stereotyped animal movements and to unveil movement-specific CF responses and learning dynamics.

In a related project that I report in an Addendum to this first article, I sought to understand the muscle-related organization of CF receptive fields. To this end, I used a transgenic mouse line in which spindle extrafusal muscle fibers express the optogenetic actuator ChR2, allowing to evoke spindle sensory afferent inputs selectively in a single muscle. I acquired CF-related calcium signals over a broad region of the vermal lobule IV/V while mapping several muscles in the anesthetized animal. This cartography reveals that the inferior olive receives inputs from muscle spindle afferents and that these inputs are topographically organized into microzones.

Overall, the results obtained on the input side of the olivocerebellar function during my PhD unveil novel features of olivary dynamics and open several avenues of investigations in order to go forward in our understanding of olivocerebellar computation.

INTRODUCTION

The cerebellum is involved in the acquisition of a wide range of motor coordination tasks (Gilbert & Thach, 1977;Heiney et al., 2021; W. T. Thach et al., 1992;Wagner et al., 2021). In classical cerebellar theories, learning occurs under the supervision of the inferior olive (IO) via its climbing fiber (CF) axonal projections to the Purkinje cells (PCs) of the cerebellar cortex (Albus, 1971;Ito, 1972;Marr, 1969). In these theories CFs are believed to carry an error learning signal which is able to trigger plasticity at previously active parallel fiber-Purkinje cell synapses (Chen & Thompson, 1995;M. Ito, 1984;Safo & Regehr, 2007), thereby tuning the PC output to the deep cerebellar nuclei (DCN) in to each sensorimotor context. Numerous in vitro and in vivo experiments have given strong support to the "error" CF signal hypothesis (Gilbert & Thach, 1977;Halverson et al., 2015;Herzfeld et al., 2018;Kimpo et al., 2014;Rasmussen et al., 2014;ten Brinke et al., 2015). However, CF-related PC activity does not systematically decrease with learning (Catz et al., 2005), and learning can occur without olivary support (Ke et al., 2009;Nguyen-Vu et al., 2013). Furthermore, in addition to errors, CFs can encode kinematic parameters and other sensorimotor modalities (Catz et al., 2005;Ohmae & Medina, 2015;Streng et al., 2017a;ten Brinke et al., 2015). Recent works using calcium imaging in Purkinje cell dendrites have even revealed that climbing fibers can carry learned sensory-motor predictions as well as reward expectancy at the population scale (Heffley et al., 2018;Heffley & Hull, 2019;Kostadinov et al., 2019;Sendhilnathan et al., 2020). Consequently, alternative hypotheses on the nature of the signal carried by the CF have been proposed and it is now admitted that the cerebellum can learn beyond error-driven supervised learning (Hull, 2020;Raymond & Medina, 2018).

In this new framework, CFs functions could be partly supported by their spatial organization, as the cerebellar cortex can be subdivided into thin parasagittal microzones of coordinated CF activity (Kostadinov et al., 2019;Michikawa et al., 2021;Mukamel et al., 2009;Ozden et al., 2009).

In vivo, synchronous climbing fiber events can occur at the millisecond scale (T. J. Ebner & Bloedel, 1981;Lang et al., 1999;Tang et al., 2019;T. Zhang et al., 2019) and the synchrony level in a PC pair decreases with medio-lateral separation (Blenkinsop & Lang, 2006;Ozden et al., 2009). This coordination is thought to arise from intrinsic olivary mechanisms, as IO cells display subthreshold oscillations in the 3-10 Hz range (Benardo & Foster, 1986;R Llinas & Yarom, 1986; Rodolfo R. Llinás, 2014b) which can be synchronized via gap-junctional coupling (Chorev et al., 2007;Leznik et al., 2002;Leznik & Llinás, 2005; R. Llinas et al., 1974), leading to synchronous CF events (Kitazawa & Wolpert, 2005; R. R. Llinás, 2009;Ozden et al., 2009). Synchrony between IO cells could also result from coordinated inputs (Heffley et al., 2018). Based on IO activity patterns and intrinsic cortico-nucleo-olivary modular connectivity (Sugihara et al., 2009;Sugihara & Quy, 2007;Sugihara & Shinoda, 2007), olivocerebellar micro-modules have been proposed as functional units that could support the learning of complex motor behaviors (Llinas, 2011;Welsh et al., 1995).

The temporal organization of CF firing could also encode learning processes. A CF discharge leads to a massive calcium influx in the PC dendritic tree (Kitamura & Häusser, 2011;Otsu et al., 2014), which can be recorded optically as a climbing fiber induced calcium transient (CFCT). The sign of the plasticity at the PF-PC synapse is dependent on the calcium concentration triggered by the CF event: high concentrations lead to a long term depression (LTD) and a subsequent reduction of the PC output, while low concentrations foster long term potentiation (LTP) (Coesmans et al., 2004). Although post-synaptic integration of the CF input can modulate the calcium entry in the PC dendrite [START_REF] Najafi | Sensory-driven enhancement of calcium signals in individual purkinje cell dendrites of awake mice[END_REF]Roome & Kuhn, 2020), CFCT amplitude is largely influenced by the number of spikelets in the CF-induced complex spike (Gaffield et al., 2019;Otsu et al., 2014;Roh et al., 2020;Roome & Kuhn, 2018). Moreover, sequences of CF discharge could be instrumental in inducing plasticity. Under physiological conditions in vitro, single CF stimulations fail to provoke LTD and two successive CF inputs are necessary, with an optimal inter spike interval (ISI) of 50-150 ms (Bouvier et al., 2018;Titley et al., 2019). Therefore, graded CFCTs and firing sequences could encode cerebellar plasticity and motor learning (Bouvier et al., 2018). Thus, investigating the IO role in motor learning requires precise measurements of both the temporality of CF events at the population level (Kostadinov et al., 2019;Wagner et al., 2021) and the graded amplitude of their postsynaptic calcium signals (Roome & Kuhn, 2018).

The nature of most protocols used to study cerebellar learning, by their low-dimensionality and/or reward-oriented learning (Blazquez et al., 2004;Catz et al., 2005;Gilbert & Thach, 1977;Heffley et al., 2018;Kostadinov et al., 2019;Mauk et al., 1986;Ojakangas & Ebner, 1992;Tsutsumi et al., 2020;Wagner et al., 2021;Yang & Lisberger, 2014), may also have hampered our capacity to understand the inferior olive function in motor coordination learning. In this study, we developed a paradigm adapted to trigger the spontaneous acquisition of novel postural readjustment strategies involving the whole body, while imaging head-fixed mice under an AOD-based 2-photon microscope (Villette et al., 2017). After ascertaining the involvement of the cerebellar vermal lobule IV/V in our task, we use a combination of ULoVE microscopy (Villette et al., 2019) and sparse viral expression techniques to allow for high signal to noise ratio (SNR) chronic multicellular dendritic calcium recordings at a millisecond temporal resolution in PC dendrites. We find that the temporal correlations between cells can be decomposed in a narrow synchrony (15 ms) and a pair-wise co-modulation over a longer timescale (50 ms). Both synchrony and comodulation are upregulated during postural readjustment periods. At the cellular level, we observed a multiphasic response composed of a sharp increase in event rate around movement onset and, more surprisingly, a protracted response preceding the movement for hundreds of milliseconds. Strikingly, we observe that the protracted response disappears over sessions, while the animal learns to prevent an overshoot in its postural readjustments. In contrast, the sharp response is only marginally reduced. By performing combined movement and cellular clustering, we unveil that the modifications in movement execution parallel the evolution of the CF-related activity. Finally, we propose a mechanism based on sequences of CF events occurring during movement periods that could be the substrate of cellular plasticity and learning. Together, our results provide new insights on how the olivo-cerebellar system could operate in the framework of generic motor learning.
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RESULTS

A cerebellar motor learning paradigm based on spontaneous postural readjustments

To investigate the dynamics of the olivocerebellar circuit during motor learning, we developed a paradigm in which the mouse performs spontaneous movements in a novel and challenging environment, which alters sensory-motor interactions. Briefly, the animal is introduced on day 1 on a frictionless wheel (Figure 1A), head-fixed under the 2-photon microscope. Having no prior knowledge of the frictionless wheel environment, the mouse has to learn the new whole-body sensori-motor coordinations required to maintain and modify its posture. We monitored the behavior of the mouse for 5 days, during a 15 minute session each day, by recording the wheel position (Villette et al., 2017) and a high-speed video of the animal (Figure 1B).

The prevailing type of movement on the frictionless wheel consisted of coordinated ballistic jerks involving the limbs, neck and trunk (Movie S1), which adjusted the posture of the animal. In these jerks, the wheel moved in average -1.75 ± 2.03 mm forward for 134 ± 71 ms followed by a slower backward relaxation of 1.38 ± 2.23 mm lasting 386 ± 371 ms. A large variety of other body movements were observed, including walking, running or grooming. Because of their complexity, these protracted movements were not further analyzed and movement henceforth refers to the isolated ballistic jerks linked to postural adjustment. To analyze mouse motor behavior quantitatively, we extracted the spatio-temporal features of movement from the behavioral movies. The frame-to-frame differential movie was processed through a PCA-ICA algorithm (Hyvärinen, 1999;Mukamel et al., 2009) which computed well-segregated spatially independent components (SICs, Figure 1C) with their time-varying scores (Figure 1D, see Methods). We found that on average 226 ± 44 SICs were required to recapitulate the animal behavior, explaining 86 ± 2.1% of the variance of the differential movie (Movie S2). The individual SICs temporal contributions varied widely between postural jerks, underscoring different start positions, kinematics and end positions (Figure 1E). On average, 118 ± 53 (n = 18 mice) adjustments were recorded per 15 min session. The average kinematics and onset time of the postural adjustments were well captured by the rectified sum of the SICs scores, which approximates the average velocity of body parts (Figure 1E). Kinematics evolved over the first three sessions (Figure 1F-H), the maximal velocity being larger and more protracted during day 1 session than on following days and resulting in an overshoot on day 1 (0.56 ± 0.063 to 0.45 ± 0.047, p = 1.96e-4 for the maximal velocity, 87 ± 7 ms to 74 ± 6 ms, p = 2.33e-4 for the propulsion duration). Thus, the animal appears to adapt its motor strategy to the novel environment of the wheel to gradually perform, over sessions, precise and sharp postural adjustments. Compared to most reinforced learning paradigms (Heffley et al., 2018;Tsutsumi et al., 2019;Wagner et al., 2021), where the animal learns over many sessions which movement to perform to obtain a reward, the animal learned how to perform a well-known and voluntary movement in a new environment. This task involves mainly a modification of the internal models of sensory-motor interactions and whole-body coordination which are thought to be the main function of the vermal cerebellum.

Responses of lobule V CFs to postural adjustments are structured into microzones

We sought to follow IO dynamics during our task. Purkinje cells dendritic calcium transients have been shown to reliably report climbing fiber activity (Gaffield et al., 2019;Roh et al., 2020;Roome & Kuhn, 2018). We therefore performed video rate two-photon imaging of Purkinje cells expressing GCaMP6f, in large fields of the vermal lobule IV/V (Figure 1I). This region has been abundantly recorded (Heffley et al., 2018;Mukamel et al., 2009;Ozden et al., 2009) and is known to be involved in postural adjustment and limb movements (De Gruijl et al., 2014;Hoogland et al., 2015;Wagner et al., 2021;Witter et al., 2013). On average, 64.6 ± 17.4 PCs dendrites were segmented from the movies (n = 323, on 5 fields of view, see Methods), and calcium transient onsets were identified using a custom algorithm (see Methods), yielding an average CF firing rate of 1.3 ± 0.32 Hz (n = 323 cells). Pairwise correlation of the CF calcium transients onset times were computed. Matrices of the amplitudes and lags of the correlations displayed a structure in parasagittal bands (Figure 1J-K, n = 2.2 ± 0.45 microzones per field of view, width 119 ± 52.4 µm, n = 8), which have often been equated to functional microzones (Mukamel et al., 2009;Ozden et al., 2009;Tsutsumi et al., 2019). However, pairwise correlation amplitude was inhomogeneous inside a microzone and decreased with the medio-lateral distance between cells (Figure 1L, R = -0.528, p = 2e-136 spearman correlation, exponential space constant: 33.4 µm). In contrast, pairwise correlations were very weakly correlated with the antero-posterior distance (Figure 1M, R = -0.182 p = 1e-15, decay of 0.16 mm -1 ), consistent with previous reports (Mukamel et al., 2009;Ozden et al., 2009;Zhang et al., 2019).

Focusing on our behavioral task, each isolated (± 0.5 s) postural readjustment event was segmented as a spontaneous trial. Aligning calcium recordings on spontaneous trial onsets, we found that the vast majority of CF displayed an increased firing probability around movement onset, but with varied time courses (321/323 Purkinje cells, n = 3 animals, Figure 1N). Clusters of cells displaying similar responses, with a characteristic time course, could be defined by dimensionality reduction and k-means analysis (Figure 1O, thick traces) (2.4 ± 0.55 clusters per field of view; 5 fields in 3 animals, 26.9 ± 17.4 cells per cluster). These variations in the timing and strength of the CF response were not readily identified in the crude movement-averaged calcium transients (Figure S1A-C). Strikingly, clusters of response time-courses during postural 104 adjustments did not respect the frontiers of the microzones, as defined by CF correlation, when various types of movements are averaged over the entire recording. Overall, the fraction of a cluster within a given microzone followed an uniform distribution between zero and one (Figure 1Q, n = 20, 5 fields of view, 3 mice), pointing to complete spatial independence of clusters associated to the ballistic jerks from microzones. These results point to a movement-specific temporal organization of CF population activity with a fine (millisecond) structure that superimposes on the microzonal organization of the olive, which appears in contrast as a structurally-grounded common domain of correlation. 

High temporal resolution recordings reveal a protracted and a sharp component of the CF response to ballistic postural adjustments

High temporal resolution recordings were required to resolve the complex time course of IO population dynamics in relation to the fast execution of ballistic movements. To overcome the speed limitation of large-field imaging, we used ULoVE Random-Access Multiphoton (RAMP) microscopy (Villette et al., 2019), (Figure 2A-B, see Methods). This strategy permitted recording up to 7 cells simultaneously at 1 KHz with high photon flux (0.75691 ± 0.3793 MHz n = 4380 traces, 5.1 ± 1.3 cell/mouse, n = 86 neurons, n = 17 mice) and high signal to noise ratio (SNR) (theoretical noise 4.08 ± 1.17%, Figure 2C-D). To assess the quality of our recordings, we simulated synthetic traces covering the statistics of our dataset and applied the custom-made detection algorithm used to analyze our experimental data (see Methods, Figure S2.1 and S2.2). We found that for our average flux, our algorithm detects at least 98.4% of calcium transients, with a precision on the onset of 1.5 ms (flux of 0.7 MHz, see methods), and 97.6% of calcium transients, with a precision on the onset of 2.6 ms for the lowest flux of the dataset (0.15 MHz).

The CF response around movement onset reported in Figure 1 could be described in more temporal details in this new set of data (Figure 2E). Most of the cells (86/88 cells, 18 mice, 4.9 + 1.45 cells per mouse) had a significant firing rate increase starting -170 ± 148 ms before movement onset and lasting until 88 ± 76 ms after onset, with a high variability of response amplitude (peak rate: 9.7 ± 4.1 Hz, range 0-21.1 Hz). While the overall response was protracted, a sharp and strong response component could be identified around movement onset (Figure 2F).

Sorting the trials by the timing of the closest CFCT around the peak of the response revealed this sharp component more clearly (Figure 2G). To extract more quantitatively the movement-specific response of the cell, we computed the trial-normalized cumulative sum of the events subtracted from the baseline CF firing activity (Figure 2H). In this representation, the protracted component appears as a ramp-up, while the sharp component of the response corresponds to a sharp sigmoidal increase in cumulative excess of spiking around movement onset with an amplitude of 0.40 ± 0.23 events per trial and a width of 28.4 ± 12.3 ms (20-80%, n = 84 cells). We then isolated the protracted component by subtracting the sharp response from the total response (Figure 2H, see Methods). The sharp and protracted components were less variable within (Figure 2I) than between mice (protracted response amplitude SD = 0.227 ± 0.12, p = 0.0038; sharp response amplitude SD = 0.176 ± 0.075, p = 0.03535, bootstrap 1e5 surrogates), and the amplitudes of the two components within a cell were correlated (Figure 2J, R = 0.618, p = 6e-10. n = 82). In cells where the two components could be statistically isolated, the protracted component started before the sharp response (Figure 2K, -158 ± 84 ms vs 5.6 ± 27.2 ms, protracted and sharp components respectively, n = 65 cells, Table S1) and its half-amplitude point correlated loosely with the timing of the sharp component (R = 0.274, p = 0.027). Finally, the sharp response caused a negative inflection in the time course of the protracted component (slope decrease -2.08 ± 2.14 Hz), often but not always leading to a pause in firing compared to baseline (negative slope of the integrated baseline-subtracted response).

The protracted-sharp components match a motor efferent copy -sensory feedback sequence of inputs to the inferior olive

We reasoned that the first response (i.e., protracted component) may represent an efferent motor copy signal received by the olive and arising before muscle contraction, and the second response (i.e., the sharp component) a sensory feedback [START_REF] Najafi | Sensory-driven enhancement of calcium signals in individual purkinje cell dendrites of awake mice[END_REF]Ohmae & Medina, 2015;Roh et al., 2020;Roome & Kuhn, 2020), thus following muscle contraction. Given that muscle contraction precedes any observable movement by tens of milliseconds (Heiney et al., 2021), we generated an additional experimental dataset (n = 8 mice) with chronically implanted electromyographic electrodes (EMGs). Because the vermis has been long associated with axial muscles (Asanome et al., 1998;Chambers & Sprague, 1955b, 1955a;Joyal et al., 1996;S. Mori, 1989), we recorded from the trapezius and the longissimus lumborum muscles, while monitoring CFCT events in PC dendrites (n = 19 dendrites, n = 8 mice, Table S2). As expected, we found that muscle contraction started before the video detected movement onset (Figure 2L, -17.1 ± 7.7 ms and -11.6 ± 5 ms for the trapezius and longissimus lumborum muscle respectively). contraction (Figure 2M, median [25-75th percentiles]: -207.1 [-249.6 -154.1] ms and -205 [-248.2 -159.9] ms, respectively for the trapezius and longissimus, n = 7), while the sharp response occurred about 10 ms after muscle contraction onset: (11.52 [-2.3 26.9] ms and 9.69 [-8.02 25.95] ms respectively for the trapezius and longissimus). This observation is consistent with an efferent motor copy origin of the protracted response, preceding the muscle command onset, while the sharp response would result from sensory feedback initiated following muscle contraction at the onset of movement. 

Kilohertz PC dendrites recordings reveal two types of temporal correlations between CFs

The complex time course of the CF responses to movement, which has not been resolved previously in imaging data, prompted us to re-examine CF correlations in our high sampling rate recordings. CF spike cross-correlation was present in all Purkinje cell pairs. In 89.2 % of the pairs (n = 183, Table S3) the cross-correlation was best fitted by two gaussian functions (Figure 3A-B, see Methods), revealing two timescales of correlation. The narrow gaussian had a width of 12.1 ± 5.8 ms, a normalized integral of 0.087 ± 0.062 and a lag of 1.1 ± 4.4 ms, while the broad gaussian had a fitted width of 61.4 ± 33.4 ms, a normalized integral of 0.086.3 ± 0.066 and a highly variable lag of 3.8 ± 23.8 ms. The timescale of narrow correlations was similar to that found in electrophysiological experiments (T. J. Ebner & Bloedel, 1981;Lang et al., 1999;T. Zhang et al., 2019) and attributed to IO cells synchronization by gap junctions (Blenkinsop & Lang, 2006;Leznik et al., 2002;Leznik & Llinás, 2005). Thus, from now on, we reserve the term "firing synchrony" to the narrow correlations while the broad correlations will be referred to as "firing comodulation". CF firing synchrony was independent of antero-posterior distance (Figure S3A) between cell pairs but decayed exponentially from 0.15 to 0 along the medio-lateral direction with a space constant of 126.1 µm (R = -0.61, p = 2e-20, Spearman correlation, n = 175 pairs, Figure 3C). Synchrony thus accounts for the microzone-related enhanced correlation identified at low temporal resolution (Figure 1U) and reported in the literature (Mukamel et al., 2009;Ozden et al., 2012). Unlike synchrony, comodulation was neither correlated with the medio-lateral, nor with the antero-posterior distance between cells (R = -0.02, p = 0.76 (spearman correlation), n = 164 pairs, Figure 3D andS3B). The independence between the amplitudes of comodulation and synchrony (R = -0.033, p = 0.6, n = 183 pairs, Figure 3E) confirmed that synchrony and comodulation represent independent processes, which were not resolved in low temporal resolution experiments.

Differential effect of movement on CF synchrony and comodulation

We further investigated the origin of CF synchrony and comodulation. Synchrony was moderately increased during periods of movement, as compared to immobility (increase of 24 ± 61%, p = 4e-15, n = 169/183 pairs, p = 1.3e-14, Figure 3F). We thus wondered whether synchrony could be caused by the occurrence of the sharp CF responses at movement onset, which display a similar, although substantially longer, timescale. In this case, the lag of the peak in synchrony would be equal to the timing difference between the sharp responses in the two Purkinje cells considered and the peak amplitude of synchrony should equal the product of the sharp response amplitudes (Figure 3G). We found that the synchrony lag remained very small, independent of the value of the lag of the sharp responses to movement, with no correlation between the two (Figure 3H, R = 0.141, p = 0.159, Pearson correlation, n = 101 pairs). Additionally, the level of synchrony around the movement was only marginally correlated with the pairwise product of the sharp response amplitudes (Figure 3I, R = 0.233, p = 0.01, n = 169 pairs). A symmetric correlation that systematically arises with zero lag is best explained by passive symmetrical coupling between cells activity and is therefore likely ascribed to gap junction coupling between olivary neurons, a well-known property of the olivary network (Benardo & Foster, 1986;Leznik et al., 2002;Leznik & Llinás, 2005;Llinas et al., 1974;R. Llinás & Sasaki, 1989;Ozden et al., 2012). These results confirm that synchrony arises from an intrinsic IO mechanism, which is superimposed on movement-related synaptic drive.

By computing pairwise cross-correlations during movement and immobility periods separately, we found that the comodulation component of CF correlation was low during immobility (0.069 ± 0.077; n = 103, Figure 3I), with 57 out of 183 pairs showing no significant co-modulation, and that comodulation increased to 0.182 ± 0.137 during movement (p = 2.4e-20, Figure 3J). In contrast to synchrony, firing comodulation amplitude was highly correlated with the product of the amplitudes of movement-induced CF activity in the two Purkinje cells considered (R = 0.687, p = 8e-18, Pearson correlation, n = 154 pairs, Figure 3K). This analysis confirms that the comodulation component of CF synchrony is mostly the passive consequence of similar firing rate modulations in response to movement. This may explain why global correlation between CF inputs has been previously shown to vary across behavioral states (Mukamel et al., 2009).

In conclusion, optical recordings at high temporal resolution allowed us to differentiate intrinsic gap-junction induced olivary synchrony, a well-known process thought to play an important role in cerebellar timing and learning, from firing rate co-modulation induced by behavioral firing rate modulation. 

Both protracted and sharp CF responses decrease during learning, while synchrony remains unchanged

We wanted to question if postural learning was associated with changes in CF temporal dynamics.

We observed a significant decrease in most of the cells global response to movement over sessions (0.96 ± 0.49 in session 1 vs 0.49 ± 0.30 in sessions 3-5, p = 3.19e-13, Figure 4A), which at first glance would agree with the error-coding hypothesis. However, we found that the protracted response, which precedes the movement, profoundly decreased over the first sessions of the experiment (Figure 4B, mean ± SD, 0.52 ± 0.33 in session 1 vs 0.22 + 0.12 in sessions 3-5, p = 2.3e-11, Wilcoxon signed rank test). The sharp response decreased more modestly and more gradually (Figure 4C, 0.43 ± 0.22 in session 1 vs 0.25 ± 0.20 in sessions 4-5, p = 3.7e-11, Wilcoxon signed rank test). Comodulation, as expected, displayed a trend similar to the overall response (Figure 4E, 0.18 ± 0.15 in session 1 vs 0.047 ± 0.043 in sessions 3-5, p = 5.7e-10, Wilcoxon signed rank test). Surprisingly, synchrony did not display any significant evolution over sessions (Figure 4D), contradicting a recent report based on forelimb motor learning at low temporal resolution, which pooled synchrony and comodulation (Wagner et al., 2021).

Despite a robust overall trend, we observed a high variability of the time course of CF response reduction from cell to cell. We reasoned that this variability could be due to the changes in motor strategy over the course of the experiment, which may require independent cerebellar learnings.

We thus sought to classify the motor strategies used by each animal to better understand the evolution of motor-sensory sequences and corresponding CF dynamics, this time over the repetitions of the same classified movement. 

Movement segregation unveils cells and movement specific olivary response profiles

In order to extract stereotyped movements from our dataset, we used universal manifold approximation (UMAP), a recent data visualization method (McInnes et al., 2018, see Methods).

The algorithm was fed with the previously described SICs temporal scores around every movement over all experimental sessions (Figure 5A) and generated a 2D representation of movement "trajectories" (Figure 5B). Strikingly, the endpoints of these trajectories could be clustered based on their density, defining movement clusters (Figure 5C). A fraction of the detected movements did not clearly belong to any cluster and were thus discarded (13.2 ± 6.5 %). For each animal, we could segregate 5.39 ± 2.40 clusters composed of 20.1 ± 10.2 nonorthogonal SICs, likely reflecting the involvement of multiple muscle groups, with 81 ± 57 repetitions in each cluster. Movements within each cluster looked strikingly similar and stereotyped (Figure 6D and Movie S3).

We have shown that CF activity induced by the movement was different in each Purkinje cell, suggesting the existence of sensorimotor receptive fields. We looked for specific profiles of populational CF activity associated to each movement cluster. We indeed found that Purkinje cells could respond differently depending on the cluster of movement (Figure 5E). To quantify the response specificity at the populational scale, we built, based on N cells' sharp responses in each mouse, a N-dimensional space in which we represented the population's response as coordinates (Figure 5F). By estimating the uncertainty on the measurement, we could evaluate if the population responses were significantly different across clusters. Overall, over 68 clusters pairs, 13 (19%) had significantly different populational sharp responses. The same procedure for the protracted response yielded a slightly higher percentage (Figure 5G, 22/68 cell population pairs, 32%). These observations point to movement-specific motor and sensory receptive fields in the IO.

Interestingly, the similarity of the responses (including protracted and fast components) between cells in the same cluster was distributed in a bimodal fashion (Figure 5F). Thus, for each cluster the cells could be grouped into assemblies based on a hierarchical clustering on their response profiles (Figure 5E-F, see Methods). These assemblies could vary from one movement to the other (Figure 5G, 2.69 ± 0.92 cells per assembly, n = 108 assemblies), confirming that the variability observed at the scale of the population was not simply the result of a global scaling of the cells' response to movement. 

Decrease in the protracted component of CF activity parallels motor learning

We observed that between the first and last 50 repetitions of each clustered movement, which will be henceforth referred to as early and late repetitions, the mouse decreased the maximal velocity and shortened the movement, suggesting an optimized and more efficient execution (Figure 6A).

The maximal velocity decreased from 0.56±0.21 to 0.41±0.15 (p = 7.53e-12, n = 47 clusters of movements, Figure S6A), as well as the duration of the propulsion phase of the movement, from 87.8±9.2 ms to 80.2±10 ms (p = 1.61e-15, Figure S6B). While the untrained movement overshoot was on average similar to that measured in Figure 1 for the overall averaged movements (0.17±0.15), it varied widely depending on the movement cluster considered (Figure 6B). The various posturo-motor strategies were often practiced by the animal in different sessions, opening a window on the fraction of the learning from one posturo-motor cluster that could be generalized to other posturo-motor coordinations. We first observed that movement overshoot decreased from 0.23+/-0.16 for movement used in session one to 0.09 +/-0.06 in sessions 4 and 5 (Figure 6C).

The standard deviation of the overshoot, a better measure than the mean for a signed value, decreased exponentially with the time of occurrence of the first 50 trials with a time constant of 0.9 sessions (Figure S6C) to 50% of its initial value (0.18 to 0.09), thus reflecting improved execution of untrained movements with longer time spent in the novel environment of the wheel (Heffley et al., 2018;Wagner et al., 2021). This indicates that learning acquired for one movement cluster cannot be completely generalized to other movement clusters. This finding also discards stress, or attention linked to novelty, as the primary drive for motor performance change along movement repetitions, as it would occur only in the first session.

We next computed the protracted and sharp responses of each cell assembly within each movement cluster for the early and late repetitions of the movement. We found a significant decrease of the protracted response (early repetitions: 0.49±0.34 vs late repetitions: 0.27±0.13, p = 1.6e-11, Figure 6D, n = 112). While protracted responses of large amplitude in early trials remained statistically larger in late trials (correlation early/late R = 0.36, p = 7.0e-6), the regression slope was only 0.13. When accounting for the movement sessions of occurrence, the protracted component excess in early trials decreased from 0.33+/-0.18 on session one to 0.16+/-0.15 on sessions 4 and 5 (Figure 6E, p = 5.7e-4). Thus, learning a novel motor strategy in late sessions is still associated with a significant, although less pronounced, protracted response depression.

Hence, learning by repetition of the same postural readjustment is associated with a reduction of the protracted CF response. Because the protracted response precedes the movement, this finding is orthogonal to the idea that the CF response conveys an execution error signal. However, it is compatible with the idea that the protracted CF activity correlates with some type of command error, which may or may not constitute an error prediction (Kim et al., 2020;Ohmae & Medina, 2015;Popa et al., 2017;Streng et al., 2017b). In support of this idea, we found that the amplitude variation of the protracted CF response correlated strongly with the overshoot of the untrained movement (Figure 6F, R = -0.69, p = 1.8e-12). Multiparametric partial correlations (Table 1A -B) with other parameters of the movement confirmed the singularity of the relationship between the movement overshoot and the protracted component amplitude during early movement repetitions (partial correlation 0.52, p = 3.9e-11), despite the presence of other trivial correlations, like the one between the maximum velocity and the initial velocity overshoot (R = 0.68, p = 1.2e-36).

The sharp component of CF response correlates with movement kinematics after learning

The evolutions of the sharp responses were qualitatively different and statistically independent from the evolution of the protracted response (R = 0.016, p = 0.88). The sharp response also slightly decreased with movement practice (0.34 ± 0.24 to 0.25 ± 0.23, p = 1.6e-11, Figure 6G) but in contrast with the protracted response it remained strongly correlated to its initial value (R = 0.79, p = 8.0e-51), with a slope of 0.79. In late repetitions. Some movements were therefore still associated with sharp responses of high amplitude (amplitude > 0.5 event per trials, n = 30/112, 26.8%).

While the sharp response timing remained correlated between early and late repetitions of the same movement (R = 0.78, p = 4.23e-26, Figure S6D), it changed significantly (n = 39/112, bootstrap test) and its evolution was variable and bidirectional. This change in timing was not due to sampling noise in our measurements. Indeed, we observed the emergence of a highly significant correlation between the sharp response timing and the movement propulsion duration with movement repetitions (Figure 6I, partial correlation 0.56, p = 1.8e-6), which was not present at the initial stage of learning (Figure 6H, partial correlation 0.24, p = 0.02). While some trace of execution error may be present in the sharp CF response during the early repetitions of the movement, in a learned movement the sharp CF component appears to encode a well-timed feedback in line with movement kinematics.

We know that CF supervised learning in PCs is controlled by dendritic calcium transients. We therefore sought to investigate the putative link between movement-driven protracted and fast CF activity and calcium signaling within the PC dendritic tree. 

Sequences of climbing fiber events are instrumental for graded calciummediated signaling during posturomotor learning

Numerous studies indicate that both the precise temporality of the CF events and the calcium readout in PC dendrites are essential to understand plasticity mechanisms at the PF-PC synapse (Bonnan et al., 2021;Bouvier et al., 2018;Coesmans et al., 2004;Ly et al., 2016;Otsu et al., 2014;Titley et al., 2019). We therefore sought to explore these two avenues, starting by the detection of temporal CFCT sequences at the single trial level.

We first computed the CFCT inter spike interval (ISI) distribution over the whole experimental session (Figure 7A) and observed that some cells exhibited a clear overrepresentation of shorti.e., below 150 ms-ISI on top of a more classical poissonian distribution (Figure 7B). To characterize the diversity of these distributions, we fitted them with a mixed gamma model (see Methods). We observed that the short ISI overrepresentation corresponds to sequences of CFCTs with an internal frequency of 17.6 ± 3.1 Hz and an average percentage of 12.4 ± 6.52 %. Because olivary oscillations could in theory lead to sequences of several CFCTs, we wondered if sequences of at least three CFCTs occurred in our dataset. We fitted the same mixed gamma distribution on the CFCT ISI following a sequence of two events (Figure 7C and 7D, 2nd ISI) and found a fast gamma component whose percentage corresponds to the one expected by chance (Figure 7E). Thus, the inferior olive displays sequences of two or more CFCTs likely supported by intrinsic mechanisms (Rodolfo R. Llinás, 2014a;Negrello et al., 2019). Because sequences of two events were highly prominent (88 ± 8% of doublets vs 12 ± 8 % of triplets), such sequences will henceforth be referred to as doublets.

We wondered how doublet occurrence was modulated during postural readjustment episodes and found a significant increase in doublet proportion in the vast majority of the cells (Figure 7F, 8 ± 5.6% during immobility vs 21 ± 11.7% during movement, n = 68/88 cells). Interestingly, doublet proportion and comodulation were strongly correlated (R = 0.479, p = 1.71e-8).. We then investigated how events constituting doublets were temporally distributed in the cell's response profile (Figure 7G). In most of the cells (38/50), the second event of the doublet occurred at a timing similar to the one of the sharp response (3.7 ± 1.5 ms, n = 38/50 cells, p = 0.13) (Figure 7H). By contrast, the first event occurred significantly before the sharp response and any detectable movement (Figure 7H,n = 38,, and displayed a higher temporal variability than the second event (Figure 7I, 2.3 ± 4.1-fold higher, p = 3.4e-6).

These observations pointed to a link between doublets and the biphasic nature of the CF response to movement. We computed doublet proportions in cells assemblies responses within clusters of movements and found, as expected, a strong correlation between the doublet proportion and the protracted response amplitude (R = 0.81, p = 2.3e-26, Figure S7A). Over repetitions, the doublet proportion evolution was correlated with the one of the protracted response (R = 0.74, p = 6.5e-17, Figure S7B-C) as well as with movement execution evolution (R = 0.48, p = 2.4e-7, Figure S7D). Therefore, the biphasic modulation of the olivary activity results in CFCT doublets whose evolution parallels posturomotor learning. This newly identified temporal sequence is a good candidate to be a substrate for cellular plasticity (Titley et al., 2019).

Calmodulin is the binding protein of GCaMP6f and is known to be involved in LTD processes (Piochon et al., 2016;Titley et al., 2019;Xia & Storm, 2005). We reasoned that the amplitudes of the CFCTs we recorded are a reliable proxy of the cell calcium readout, allowing us to investigate plasticity phenomena and the underlying influence of CFCTs temporality. We observed for a given cell a supralinearity of the CFCT amplitudes for short ISI, with a power factor of 0.31 ± 0.007 s, leading to a CFCT amplitude increase of 350 % compared to related isolated events (ISI>1s, Figure 7K). We wondered if this amplitude increase resulted from the post-synaptic integration of climbing fiber inputs by the PC, or from the calcium binding mechanism of the calmodulin.

Interestingly, we noticed that some cells displayed multimodal distributions of CFCT amplitudes (Figure 7L and S7E, Table S1). Plotting CFCT amplitudes as a function of their ISI (Figure 7M) revealed a multimodal distribution in 46.6% of the cells in our dataset (Figure 7M, 41/88 cells).

Depending on the cell, CFCT amplitudes could be distributed from 3 up to 5 modes, which may correspond to the number of dendritic spikes following the CF discharge. To support this hypothesis, we found that the rise time difference between each mode increment was consistent with the known inter dendritic spike interval (Figure 7N) (Otsu et al., 2014). In agreement with a previous study (Maruta et al., 2007), we found a decrease in the average mode for short ISI CFCTs (Figure 7O, p<0.001 for ISI<250 ms; Wilcoxon test, n = 41 cells). Thus, the higher amplitudes at short ISI (Figure 7K) do not result from a higher number of dendritic spikes, but from calmodulin calcium readout mechanism.

If the protracted response evolution over movement repetitions results from a calcium-induced LTD process, we would expect the protracted response decrease to be positively modulated by the amplitude of the CFCTs occurring in the CF sharp response time window. Indeed, we found that the evolution of the protracted response was well predicted by the average normalized amplitude of the sharp response CFCTs during early movement repetitions (R = -0.62, p = 6.7e-8, Figure 7P). Finally, to disambiguate the impact of the dendritic calcium level around the sharp response CFTCs from the one of the number of dendritic spikes following the sharp response CF events, we looked at the relationship between the protracted response evolution and the average normalized mode of the sharp response, and found no correlation (R = -0.16, p = 0.2, Figure 7Q). Thus, we concluded that the main mechanism leading to plasticity was the occurrence of CFCTs doublets which trigger a higher calcium entry in the PC dendrites, most likely promoting LTD at 122 PF-PC synapses (Bouvier et al., 2018;Coesmans et al., 2004;Titley et al., 2019;Xia & Storm, 2005;Yamaguchi, 2021).

Altogether, these results point towards a crucial role of motor-sensory feedback climbing fiber event sequences, i.e., doublets, in calcium-mediated synaptic plasticity in PC dendrites during posturomotor learning. 
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DISCUSSION

In this study, we uncover relationships between climbing fiber temporal dynamics, movement execution and PC dendritic calcium signaling during motor learning in the cerebellar anterior vermis. We unveil a previously uncharacterized motor-sensory biphasic CF response which results in temporal sequences of graded CFCT events in PC dendrites, whose evolution accompanies the learning of the execution of spontaneous postural readjustments performed by a mouse in a new sensorimotor context. Our findings have fundamental implications on the role of the olivocerebellar pathway in posturomotor learning.

An experimental paradigm for studying generic posturomotor learning

Compared to other paradigms used to investigate olivocerebellar learning, our task presents several benefits. In our experimental task, the animal is head-fixed in complete darkness and does not receive neither vestibular nor exteroceptive inputs. Thus, the CF sensory feedback can only be proprioceptive or cutaneous, preventing a CF response not directly relevant to the executed motor action. Second, our task is neither based on aversive feedback (Ohmae & Medina, 2015;ten Brinke et al., 2015) nor rewarded (Heffley et al., 2018;Kostadinov et al., 2019;Wagner et al., 2021); the mouse self-initiates each trial and learns over repetitions to optimize movement execution, which more faithfully reproduces how movements are learned in real-life conditions. Third, our movement classification shows that the execution of the movement changes, not its nature. Thus, in our study the animal learns how to correctly execute a motor plan, while in other studies, in which a new movement is acquired, modifications of the motor plan during learning could be a confounding factor (Heffley et al., 2018;Heffley & Hull, 2019;Kostadinov et al., 2019;Wagner et al., 2021).

Biphasic modulation of the CF discharge

The modulation of the CF firing around postural readjustments is more complex than the simple increase in firing rate we could have anticipated, with a protracted and a sharp component that are very different in their origins and learning dynamics. These two components of the CF response to the movement might have been overlooked in other comparable studies (Wagner et al., 2021) or be specific to our motor paradigm, which nonetheless encompasses several posturomotor learnings in one single task (Figure S6A). Interestingly, we observe a close relationship between the amplitude of the protracted response, doublet proportion and comodulation during movement (Figure 7). The presence of both doublets and comodulation during immobility strongly points to biphasic CF responses and CF event sequences being a general feature of the olivocerebellar vermis.

Nature of the IO activity during postural readjustment

Because the protracted response component precedes both movement and muscle contraction, we propose that it represents a motor input received by the inferior olive. In the case of an initial overshoot, we observe that this motor-related component decreases over learning. This evolution could result from a decrease in the motor input, which will be consistent with a reduction in movement velocity, or from an increased inhibition of the IO for the same motor drive. Probing these hypotheses will require cortical recordings to assess the motor and pre-motor activity preceding postural readjustment initiation and optogenetic manipulations of candidate nuclei projecting to the IO such as the red nucleus (Sugihara & Shinoda, 2004).

In contrast, the sharp response follows muscle contraction onset and was therefore labeled as a sensory feedback. However, for the muscles we specifically recorded, the latency between muscle contraction and olivary activity is rather short (10 ms on average), which is in the lower range of previous reports (Henrick Jörntell et al., 2000;Oscarsson, 1969). An explanation could be that the sharp response represents a feedback of either other body parts that engage earlier in movement initiation, or from other sensory modalities. The IO is known to receive cutaneous information (M. Garwicz et al., 1992;H. Jörntell et al., 1996), which could in our experiment arise from the animal paws that are in contact with the frictionless wheel.

Correlated CF activity over learning

We show that the sharp response component is associated with an increased correlated CF activity, which arises from a modulation by the movement itself but also from intrinsic olivary mechanisms (Chorev et al., 2007;Leznik et al., 2002;Leznik & Llinás, 2005). The two corresponding correlation components, synchrony and comodulation, were not identified in previous recordings (Ozden et al., 2009). Surprisingly, we don't observe any specific evolution of synchrony over the course of postural learning. In contrast, the comodulation component decreases, so that overall the CF activity becomes less correlated. This result contradicts the conclusions of a recently published study (Wagner et al., 2021), where the emergence of a largescale synchrony was observed during a skill reaching learning task. However, in this study not only the execution of the movement, but also the intended motor action and its associated motor plan, evolve during learning. In this context, we can hypothesize that, to perform this novel movement, supplementary body parts are progressively recruited in a coordinated manner, resulting in an increased co-activation with movement and an apparent synchrony increase.

Sequences of events and rhythmicity of the inferior olive

In our dataset, we observe sequences of CF events whose proportion is cell-dependent and on average at a rhythm of 17 Hz. Because we observed sequences of more than two events, we can infer that these sequences are supported by subthreshold oscillations in the IO; however, the IO is known to oscillate at most at 12 Hz, at least under anesthesia (Chorev et al., 2007). So far, olivary subthreshold oscillations have not been reported in awake behaving animals (Hakimian et al., 2008;Keating & Thach, 1995), but a recent study points towards their probable transient occurrence over a few hundreds of milliseconds, as well as their resetting by sensori-motor inputs (Negrello et al., 2019). Alternatively, the observed sequences could exclusively result from two successive excitatory inputs to the olive. Future work on olivary oscillations during motor behaviors will be necessary to solve this question.

Plasticity at the PF-PC synapse

One of our key results is that olivary learning parallels motor learning. We show that the depression of the protracted response is graded with the initial overshoot in maximal velocity during early movement repetitions (Figure 6F). Because the protracted response depression is similarly graded by the average CFCT amplitude in the sharp response time window (Figure 7P), we can conclude that this depression likely results from a long term depression at the PF-PC synapse (Coesmans et al., 2004;Konnerth et al., 1992), which directly implies, via a decrease of the SS output, an increased inhibition of the IO through the nucleo-olivary pathway (Bengtsson & Hesslow, 2006;Hesslow & Ivarsson, 1996;Rasmussen & Hesslow, 2014). Thus, the cerebellum would learn to cancel the motor drive received by the IO in a novel sensorimotor task by modulating the cerebellar output.

Modulation of principal DCN cells with learning

A depression of the PC firing before movement implies a potentiation of the nucleo-olivary inhibition, but also an increased motor output from the principal cells of the DCN. Therefore, we could expect an increase in the velocity of the movement. However, we observe the opposite: the velocity decreases upon learning, as well as the propulsion duration, which results in an overall smaller movement, likely requiring smaller muscle contractions. Two hypotheses could resolve this apparent contradiction. First, it is known that the DCN project to motoneurons via several descending tracts (Ruigrok, 2016;Takakusaki, 2017) and that this pathway could include a relay through spinal inhibitory interneurons (Matsuyama & Jankowska, 2004). In this case, a positive output from the DCN would result in a negative modulation of muscle contraction. Second, a DCN cell could still positively modulate muscle contraction but operate on a muscle antagonist to the receptive field of the climbing fiber of its afferent Purkinje cell (Richard Apps & Garwicz, 2005). In cats, electrical micro-stimulations of the interposed nucleus tend to evoke a movement that acts to withdraw the skin area corresponding to the CF receptive field of the afferent microzone (Ekerot et al., 1995(Ekerot et al., , 1997)). A stimulus applied to the skin would thus cause a withdrawal of the receptive field through a contraction of the antagonist muscle evoked by the same cerebellar module. In our learning paradigm, an increased contraction of the antagonist muscle would oppose the movement and account for to the observed reduction in movement velocity.

Implications for cerebellar learning models

Because of the biphasic nature of the CF response to movement, our results are not easily explained by classical cerebellar supervised learning models (Albus, 1971;Ito, 1972;Marr, 1969).

However, the presence of the sharp response after learning stabilization is in line with a more recent theory based on stochastic gradient descend (SGD) in which the occurrence of two successive events around movement execution is a prerequisite for long term depression at the PF-PC synapse (Bouvier et al., 2018). Moreover, our doublet plasticity mechanism resolves the "credit assignment problem" of classical theories, by restraining the plasticity to PCs in which a first event of the sequence has already occurred. The proposed SGD algorithm relied on stochastic perturbations of motor execution, while the protracted response is defined by an excess of event probability compared to baseline levels. The properties of the protracted response, which directly associates motor command unbalance with learning, could considerably accelerate learning in an SGD-like theory of cerebellar learning.

While the error theory has been favored over the years, a theory of the CF encoding motor timing through synchrony has also been put forward (Llinas, 2011;Welsh et al., 1995). In this theory, synchronous CF-related discharge in PCs can promote a rebound activity in the DCN after an initial period of inhibition, thereby manipulating the output motor command. Because CF activity is highly correlated in the sharp response time window (Figure 3), we can reasonably infer that the sharp response event has motor consequences on the execution of the movement. In this case, the CF firing pattern during learning would likely participate in the correction of the initial movement overshoot. After learning, the CF would provide a trace of an online learned correction of the ongoing movement. Dense recordings of PC dendritic activity at high temporal resolution will permit investigating this hypothesis further.

To confirm our interpretations, future experiments such as recording the dynamics of the PC SS firing during postural learning will provide more insights on the occurrence of LTD at PF-PC synapses. In addition, concurrent cortical recordings could assess the descending origin of the protracted component. Ultimately, our conclusions rely on the modulation of the inhibitory nucleoolivary pathway during learning, which has so far never been recorded, most likely due to technical challenges. Finally, it would be of utmost interest to know if our observations apply to other paradigms of self-initiated motor learning. Preliminary onset is then placed at the maximum of slope discontinuity. Sliding slope difference: orange trace. Preliminary onset (point 1). C. We computed the difference between a segment of 15 ms and a baseline of 50 ms. We applied a Gaussian smooth of 1.5 ms. Preliminary pic is then placed at the minimum of slope discontinuity. Sliding slope difference: blue trace. Preliminary peak (point 2). D. To refine the onset placement, we computed linear regression on the 50 ms preceding the onset, and on the first 80% of the rising time. The onset is then placed at the intersection between these two regressions. Linear regression: orange line. Final onset (point 3). E. To refine the peak position, we compute the linear regression between the onset and the initial peak position and the linear regression of a 100 ms fragment of trace 10 ms after the initial peak position. We place the new peak position at the intersection between these two linear regressions. Linear regression: orange line. Final peak (point 3). F. 3 criteria should be met to avoid false positive detection: Mean trace value in photon count during the risetime has to be higher than the mean trace value during a baseline trace. Mean trace value during its decay has to be higher than the mean trace value during a baseline trace by a predefined factor (1.08 ± 0.43) (see Methods). dental cement (Superbond). A custom designed aluminum head-plate was fixed on the skull with layers of dental cement after the coverslip implantation. Mice were allowed to recover for at least a week before handling sessions and housed 1-3 per cage. Meloxicam (10 mg/kg, Centravet) was given daily for 48h after the surgery. Behavioral habituation involved progressive handling by the experimenter close to the setup environment but without head fixation. Experiments were performed during the light cycle.

EMG implantation procedure

Mice (n = 9) were implanted with chronic EMGs following a previously described procedure (Tysseling et al., 2014). The EMG implantation was performed on the same day right after the injection and glass coverslip implantation protocol. Briefly, mice were supplemented in anesthetics with isoflurane (2%) and prepared for aseptic surgery. An incision was made over the neck and the lumbar spine. The skin was separated from underlying fascia and each pair of electrodes was funneled subcutaneously from the incision to the back of the head plate implant, where the connector pins were cemented. Each wire was then passed through a small surgical needle (Kalt suture needles size 3, Fine Science Tools #12050-03). The needle was passed through the targeted muscles perpendicular to the muscle fibers until the proximal knot pressed against one side of the muscle. Two electrodes were placed in each muscle at a distance of approximately 1mm. The two distal ends of the electrodes were then tied together and finally cut approximately 2mm from the muscle. Incisions were closed with nylon sutures. Meloxicam (10 mg/kg, Centravet) was given daily for 48h after the surgery.

Experimental setup

A non-motorized running wheel was used, allowing spontaneous behaviors that have been previously characterized (Villette et al., 2017). An optical quadrature encoder (HEDS-5645#A06, Avago Technology) was aligned and connected to an electronic custom-designed interface. Three channels were connected to a digitizer (DigiData 1440a, Axon Instruments) to provide the wheel displacement directionality with a spatial precision of 0.48 mm and a temporal precision of 0.1 ms. One IR camera (100 Hz-200 Hz, Basler) was placed in order to record body postures and mouse behavior. Custom IR lighting (850nm) was designed to allow homogenous contrast on all visible body parts.

EMG signals were acquired with a 50x custom-amplifier connected to the digitizer at 10 KHz.

To synchronize calcium traces or movies with behavior, a synchronization signal sent from the two-photon microscope was also acquired on the digitizer at 10KHz.

First, we computed the frame-to-frame differential movie of the animal truncated from walking and running periods (Villette et al. 2017) for each session and detected isolated movement episodes based on a threshold applied to the spatial sum of the movie pixels (mean + 3 SD). These video fragments were smoothed with a 3-D gaussian kernel with standard deviation of 1 pixel. Then, all the fragments across all sessions were concatenated in a single movie. This preprocessed movie was vectorized in a 2D matrix where the columns represent time and each row a linearized frame.

We computed the spatial principal components (PCs) of this matrix in order to reduce the dimensionality of the data. In the PCs space, the scores of the PCs represent the contribution of each PC in each frame of the differential movie, while PCs themselves can be reshaped into body maps. However, these body maps generally described the whole body of the animal and were not well suited to movement clusterization. Therefore, we decided to extract independent components (ICs) from these PCs. We kept PCs that cumulatively explained 90 percent of the variance of the movie, considering that subsequent PCs contributed almost exclusively to noise. This criterion gave 252 ± 35 PCs per mouse. The PCA preprocessing simplified the process of extracting independent components.

For each dataset, we kept the maximal number of ICs for which the iterative ICA algorithm applied to the subset of PCs converged. Over the dataset the algorithm converged on average in 325 ± 154 iterations and yielded 226 ± 44 ICs vectors. We displayed these vectors as body maps and verified that they indeed represented discrete parts of the mouse body (Figure 1). Then, we computed the ICs scores by multiplying the ICs with the original differential movie.

Onset detection of postural readjustment episodes

To detect postural readjustment episodes, we relied on the previously computed IC scores rather than the simple absolute spatial sum of the differential movie. We made this choice because the denoising performed by the PCA-ICA algorithm allowed us to detect subtle movements that were impossible to distinguish from the noise in the sum of the differential movie. In fact, applying the same onset detection algorithm on the absolute sum of the IC scores gave either as many or more detected movement episodes than with the raw sum (118 ± 53 vs 111 ± 56 onsets detected respectively). Despite lower temporal resolution in the movie of the animal behavior, the onset accuracy was higher than with the wheel position, as some parts of the body may move before the wheel (Figure 1E).

To compute postural readjustment onsets, we first discarded walking and running periods detected via the wheel signal (Villette et al., 2017). Then, we computed a threshold based on the distribution of the IC sum vector values with a gaussian fit, taking advantage of the low frequency of the postural readjustments. The threshold was taken at mean + 2 SD of the fitted gaussian.

With this threshold, we defined periods of movement in which the postural readjustment onsets were then precisely identified.

To label precisely the temporal onsets of postural readjustments, we computed a linear regression slope over a 50 ms window during movement periods and extracted local maxima. We set the threshold for these maxima to mean + 3 SD of the immobility periods. This gave us a first estimation of movement onsets. Finally, we defined the precise onset of the movement as the time point corresponding to a value exceeding a threshold computed from immobility periods before movements (-1 to -0.5s). This method reliably provided us with ballistic movement onsets (Figure 1D). The movement amplitude or maximum speed was probed as the maximum velocity determined by the value of the first local maximum in a window of 200 ms following movement onset. The propulsion duration of the movement was defined as time interval between the onset of the movement and the corresponding maximum velocity value.

It must be noted that in subsequent analyses relative to CF activity, we decided to exclude some of these onsets. Specifically, we reasoned that for successive movements one movement could influence the olivary discharge during the next movement and therefore excluded onsets for which in the preceding 1s before another onset was detected. In all the analyses throughout the paper, we define movement as periods of ± 200 ms around the detected postural readjustment onsets.

Postural readjustments clustering

For movement clustering, we relied on a recently published method of dimensionality reduction and data visualization, namely Uniform Manifold Approximation (UMAP, McInnes et al., 2018) combined with the first dimensionality reduction through the PCA-ICA algorithm described above.

We extracted ICs scores 200 ms around postural readjustment onsets for all sessions concatenated together and for each mouse. Therefore, each postural readjustment was represented by a matrix of spatial independent components (SICs) scores. We linearized these matrices and fed the resulting vectors to the UMAP algorithm. On the 2D resulting map, each dot represented a movement at a particular time point around movement onset. Each movement was therefore represented as a trajectory in the 2D plane. In order to segregate movements based on their initial kinematics, we chose to interrupt the trajectories at the mean propulsion duration time point (+80 ms). We performed a density-based clustering (The MathWorks, Inc.) on the end points of these trajectories. The clustering parameters were chosen based on the visualization of the whole dataset and fixed at the same value for every mouse, in order to obtain comparable observations.

Every mouse but two displayed at least one class with more than 100 trials. We took this value as a threshold to allow comparisons between the 50 first and 50 last repetitions, which are referred to as early and late repetitions in the article. Overshoot in maximum velocity was defined as the average value of the difference between the maximum velocities of the early and late movement repetitions.

EMG post-processing

The EMG signals were processed with a custom MATLAB routine. EMGs were band-pass filtered with a 4 th order Butterworth filter between 50 and 1000 Hz and the envelope of the signal was computed using a sliding RMS window over 30 ms.

To compute muscle contraction onset during postural readjustments, we considered the baseline of the EMG envelope between -1 s and -250 ms before the video-detected onset and set as a threshold a value of mean + 2 SD from this baseline. EMG onset was then computed as the earliest period of at least 25 ms during which the envelope exceeded the threshold value.

Analysis of Calcium signals

Large-field imaging analysis

A custom-made algorithm based on PCA-ICA adapted from published studies (Mukamel et al., 2009;[START_REF] Villette | Internally Recurring Hippocampal Sequences as a Population Template of Spatiotemporal Information[END_REF] was used to segment Purkinje cell dendrites. We based event detection on local maxima from linear regression slope computation with a cut-off of 4 × 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 where: To determine clusters of CFs based on their pairwise correlation level, we used k-mean clustering on the matrix of pairwise correlation level between cells.

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

Trace correction

Photobleaching was minimal but the residual was removed by subtracting a double exponential fit on each calcium trace.

Spike extraction from kilohertz calcium recordings

Our goal was to detect CFCTs with a signal-to-noise ratio (SNR) above 3. In our case, the signal consists in the excess of positive deviation due to the occurrence of the CFCT compared to the flat baseline and the noise (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 defined above) is the shot noise of the detector which is given as the square root of the baseline photon flux. To compute a change of slope in the baseline signal and find those deviations, we had to search for local maxima from differential linear regression slope computation performed on a relevant temporal window. This window was obtained in two steps. First, to get a reference rise slope, we used a preliminary dataset where we found a value of 3.8 ± 1.3 % ΔF/F/ms. We reasoned that slower events can occur and thus we lower the bound by 10 (rise slope = 0.3% ΔF/F/ms) knowing that a second step to refine onset placement will be applied and temporally more restricted.

For a SNR threshold above 3, we calculate the duration parameter as: 3 × 𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑟𝑟𝑎𝑎𝑛𝑛𝑎𝑎 𝑛𝑛𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎

Durations distribute along the dataset with a mean 41 ± 12 ms (n = 440 cells, 88 cells over 5 days). We computed the linear regression slope using this window on the trace and extracted local maxima time points. In order to set the threshold on these maxima, we used a two steps process. First, we generated a synthetic trace with a normal distribution of photon number with a standard deviation corresponding to its calculated noise amplitude. We performed the same linear regression and detected local maxima. As we fix a maximum of 1% of false positives, we set the threshold as the 99th percentile of local maxima values extracted from the noisy distribution.

(Figure S2.1.A).
Next, we aimed at refining calcium transients' onset in 4 steps.

First, we computed the slope difference between a segment of 15 ms (mode of the average rise duration of calcium transients) and a baseline of 50 ms. The onset was then placed at the maximum of slope discontinuity (Figure S2.1.B).

We then focused on finding the CT peak. We compute the slope difference between a trace segment of 15 ms, and a trace segment of 50 ms. We then applied a Gaussian smooth of 1.5 ms to this slope difference and located the maximum of slope discontinuity (Figure S2.1.C).

We refined the onset placement. We computed a linear regression on the 50 ms preceding the onset, and on the first 80% of the rise time. The onset was then placed at the intersection between these two regressions (Figure S2.1.D).

Finally, we refined the peak position. We computed a linear regression between the onset and the initial peak position and the linear regression of a 100 ms fragment of trace 10 ms after the initial peak position. We placed the new peak position at the intersection between these two linear regressions (Figure S2.1.E).

After that, we determine the CT amplitude from the raw trace using 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 100 × 𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 𝑛𝑛𝑛𝑛_𝑎𝑎ℎ𝑜𝑜𝑎𝑎𝑜𝑜𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎 𝑛𝑛𝑛𝑛_𝑎𝑎ℎ𝑜𝑜𝑎𝑎𝑜𝑜𝑛𝑛

We first determine the number of photons at the CT onset (onsetnb_photon). To denoise the measure, we estimate it with a linear regression of baseline preceding the onset (duration of 20-50 ms, depending of ISI). We then compute the photon number around the peak (𝐴𝐴𝑒𝑒𝑝𝑝𝑘𝑘 𝑛𝑛𝑛𝑛_𝑎𝑎ℎ𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛 ): we selectionned the highest value of the smoothed trace (Gaussian kernel, 2 ms SD) in a window of ± 5 ms around the peak.

To assess average decay time constant, we fitted equation ( 1 ) on CTs with amplitudes over to 20% ΔF/F and at least 400 ms apart from the next CT.

𝐹𝐹�𝑡𝑡, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑜𝑜𝑜𝑜 � = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × 𝑒𝑒𝑒𝑒𝐴𝐴 -𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜𝑜𝑜

( 1 )

where: 𝐹𝐹 : Fluorescence (ΔF/F), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴: calcium transient amplitude (ΔF/F), 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑜𝑜𝑜𝑜 : decay time constant (ms).

Next, we focused on removing false positives. To do that, we applied, for each event, three criteria on three different metrics (Figure S2.1.F-G):

1/ The average of the trace during the rising phase of the CFCT (duration defined from the onset to the peak) needs to be higher than the average of the trace computed over the same duration.

2/ The second metric is the average of the trace during the decay time (duration defined from the peak to twice the average decay time). Note that this duration is shortened in case of a second CT in this interval and its final duration varies between 20 ms and 200 ms. This metric needs to be above the average of the trace during a baseline preceding the onset over a duration corresponding to the decay time constant.

3/ The decay time trace average was normalized by the previous CT tail minus baseline trace average, that we called charge. We set a limit on this charge value in 2 steps. First, we wanted to express the limit as average + X SD of charges distribution computed on a noisy distribution. We generate a Gaussian distribution with a standard deviation of noise amplitude, on which we computed the charge for arbitrary onsets. We extracted the standard deviation of noisy charges distribution.

Since fragments length varies, we predicted the standard deviation of noisy charge distribution depending on the length of the fragment used with an exponential fit. Then, we manually set the limit at 1.1 ± 0.5 z-score.

In some cases, due to the low slope discontinuity, the second CT onset during a rise time was difficult to detect but these errors easily probed since these CTs had longer rising times and larger amplitudes (over 25%ΔF/F). We then applied an extreme studentized deviate test (Thompson 1935) to these CT rise times, in order to detect abnormally long rise times. We then computed the slope difference on fragments of 5 ms along the rise time fragment. A local maximum over 6000 photons/ms was considered as CT onset.

Assessment of detection and calcium transients timing accuracy

To assess the accuracy of the event detection independently from our recordings, we created artificial traces using equation ( 2 To determine time constant parameters, we fitted calcium transients on a high-resolution experimental trace (5 kHz, flux: 2.825 MHz) and averaged the results. We found a 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑛𝑛 of 20 ± 6 ms and a 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑜𝑜𝑜𝑜 of 125 ± 31 ms (n = 384 events).

In order to add shot noise to the emulated calcium transients, we first estimated our experimental photon flux to be in the range of 0.2-2 MHz, and target this range as 𝑑𝑑𝑒𝑒𝑛𝑛𝑛𝑛𝑑𝑑𝑒𝑒𝑑𝑑 𝐴𝐴ℎ𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛 𝑓𝑓𝐴𝐴𝑢𝑢𝑒𝑒. We then added to the simulated trace shot noise randomly generated from a normal distribution with a zero mean and a standard deviation of �𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎 𝑎𝑎ℎ𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛 𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓 𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎 𝑎𝑎ℎ𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛 𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓 . To assess calcium transients' detection based on the trace photon rate, we used constant inter spike interval of 400 ms. After that, detected calcium transients are compared to the emulated transient onset. The error rate was calculated as in [START_REF] Deneux | Accurate spike estimation from noisy calcium signals for ultrafast three-dimensional imaging of large neuronal populations in vivo[END_REF]. We saw that a 1 MHz basal photon rate is sufficient to detect more than 90% of calcium transient superior to 5.5 ΔF/F. We thus use CFCT amplitude distribution similar to the one found in cells of flux superior to 1 MHz. We then inferred that a 0.15 MHz basal photon rate is sufficient to reliably detect 97.6% of the CFCT with an error rate of 3.9 % and an error on the onset of 2.6 ms. We then measured the photon rate for each Purkinje cell dendrite of our dataset and found a photon rate distribution of 0.77 ± 0.34 MHz (mean ± SD), well above the detection threshold defined above.

Next, to measure the reliability of short ISI detection, we generated traces corresponding to the average flux of our dataset (0.7 MHz), and varied the ISI between calcium transient from 1 to 300 ms (Figure S2. The power factor corresponds to the power law value fitted on our dataset (-0.23) obtained by fitting a linear regression on a loglog representation of the amplitudes as a function of ISI.

Fluorescence contamination estimation

To control the absence of contamination from signals coming from the activity of neighboring cells in ULoVE RAMP acquisition mode, three parameters needed to be taken into account: distance with neighboring cell (Figure S2. 

Cell response to movement

To assess if cells have an increase of firing rate around movement onset, we compute the number of CFCTs per trials within a sliding window of 50 ms from 500 ms before movement to 300 ms after movement. We then compare this value with a rank sum test with the number of CFCTs 1000 independent periods of immobility within a window of 50 ms.

Pairwise synchrony

Cross-correlations were performed on the calcium transient occurrence traces. To get the pairwise correlation level, we computed the integral of the cross-correlation trace over the bootstrap average + 3 SD in a short window in order to limit the contamination by putative larger comodulation and close to the window defined in literature (Zhang et al., 2019), thus we chose a window of [-10;10] ms. The bootstrap is performed after CFCT structural temporal shift for one cell of the pair and cross-correlation similarly to the real data and this procedure is repeated 1000 times.

We saw several components in the cross-correlation profile, including a synchrony component, a comodulation component and in some cases, additional side peaks of correlation in a window of ms. Those side peaks were always lower than the sharper peak and may indicate a particular temporal structure (i.e., spike sequence) in the olive activity. To better characterize these components, we performed 3 types of mixed Gaussian fits. The first one is a simple Gaussian fit, the second one is a double Gaussian fit (to take into account synchrony component and comodulation component), and the third one is a quadruple Gaussian fit (to take into account synchrony, comodulation and additional side peaks). For each trace, we then selected the fit with the highest adjusted R 2 . We found that 272, 160 and 341 pairs were best fitted by single, double and quadruple Gaussian fits respectively. As we aimed at focusing at the main co-activation, we focused on synchrony and co-modulation in a first approach, putative spike sequences will be evaluated later). A summary of the number of synchrony and comodulation components found by fit is given in Table 1.

Events occurring in a window of full width at half maximum of the average synchrony component fit ([-15.6: 15.6] ms) were considered as correlated.

Calcium transient amplitude supralinearity correction and mode assignment

In order to account for the supralinear relationship between the amplitude and the interspike- 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑛𝑛𝑟𝑟𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 (𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴, 𝑛𝑛𝑛𝑛𝑛𝑛, 𝐴𝐴𝑛𝑛𝑝𝑝𝑒𝑒𝑑𝑑 𝑓𝑓𝑝𝑝𝑓𝑓𝑡𝑡𝑛𝑛𝑑𝑑) = 𝑒𝑒𝑒𝑒𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎-(𝑎𝑎𝑛𝑛𝑙𝑙 (𝑎𝑎𝑛𝑛𝑎𝑎) * 𝑎𝑎𝑛𝑛𝑝𝑝𝑎𝑎𝑟𝑟 𝑜𝑜𝑎𝑎𝑓𝑓𝑎𝑎𝑛𝑛𝑟𝑟) ( 4 ) A Gaussian model mixture was then applied and the number of components was chosen by selecting the lowest AIC value (H. [START_REF] Akaike | A New Look at the Statistical Model Identification[END_REF]. To select cells with correct multimodal clustering, we used a conservative threshold using the Davies-Bouldin Criterion [START_REF] Davies | A Cluster Separation Measure[END_REF] value set at 0.45 and found 47 % of cells with distinct modes (41/88).

To determine the average amplitude of a given mode, we fitted a bi-exponential curve on the CT amplitudes plotted as a function of their ISI, and selected the asymptotic value at 1.5 s to prevent any supralinear effect.

ISI distribution fit

To fit ISI distribution, we postulated that CT generation follows a Poisson law. However, subthreshold oscillations in the olivary network could impact the probability of CFCT discharge at shorter timescales. In order to take into account these oscillations, we chose to fit the ISI distribution with a gamma distribution, which mimic a Poisson process where some of the shorter events are subsequently eliminated [START_REF] Neubauer | Spontaneous activity of auditory nerve fibers in the barn owl (Tyto alba): Analyses of interspike interval distributions[END_REF]. To account for the overrepresentation of short ISI values, we added a second gamma component to the equation which we coined the fast gamma component. Therefore, we fitted ISI distribution with a mixed double gamma shifted distribution (equation ( 5)), using minimization of the log-likelihood function with simulated annealing MATLAB function followed by an interior point algorithm.

𝑃𝑃𝑑𝑑𝑓𝑓𝑃𝑃𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑃𝑃𝑛𝑛𝑒𝑒𝑡𝑡𝑢𝑢𝑑𝑑𝑒𝑒(𝑒𝑒, 𝜆𝜆, 𝛼𝛼 1 , 𝛽𝛽 1 , 𝛼𝛼 2 , 𝛽𝛽 2 , ∆) = 𝜆𝜆 × 𝑆𝑆ℎ𝑛𝑛𝑓𝑓𝑡𝑡𝑃𝑃𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑃𝑃𝑑𝑑𝑓𝑓(𝑒𝑒, 𝛼𝛼 1 , 𝛽𝛽 1 , ∆) + (1 -𝜆𝜆) × 𝑆𝑆ℎ𝑛𝑛𝑓𝑓𝑡𝑡𝑃𝑃𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑃𝑃𝑑𝑑𝑓𝑓(𝑒𝑒, 𝛼𝛼 2 , 𝛽𝛽 2 , ∆) In order to facilitate the fit, and based on data observation, we fixed the gamma shape parameter at 2.

Mode of gamma distribution was computed as 𝐴𝐴𝑛𝑛𝑑𝑑𝑒𝑒 = ∆ + 𝛽𝛽(𝛼𝛼 -1)

To assess the presence of triplets, a double gamma shifted distribution was fitted on the ISI distribution following consecutive events (ISI<150 ms). We then extracted the fraction of triplets with the resulting 𝜆𝜆 parameter. To determine the chance level of triplet percentage, we reasoned that there is a probability p to find two consecutive events with an ISI below 150 ms. Therefore, there is a probability p×(1-p) to find a doublet (two consecutive events with ISI below 150 ms, and a third consecutive event with an ISI over 150 ms). Similarly, there is a probability p×p to find a triplet. We then computed these probabilities for p values comprise between 0 and 1.

Intra-dendrite amplitude comparison

We took advantage of recording in several branches of the same dendrites to compare the CFCT amplitude between these two points (Figure SM.2.A-B). We computed the local amplitude using the same equation as before: 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 100 × 𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 𝑛𝑛𝑛𝑛_𝑎𝑎ℎ𝑜𝑜𝑎𝑎𝑜𝑜𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎 𝑛𝑛𝑛𝑛_𝑎𝑎ℎ𝑜𝑜𝑎𝑎𝑜𝑜𝑛𝑛

To quantify the average ratio between the two parts of the same dendrite, we plotted the amplitude values for the dendrite region with the smallest average amplitude in ordinate and the highest in abscissa (Figure SM.2.C). We found that those measures are correlated (R = 0.8 ± 0.1, p<<0.001 for all cells, slope 0.79 ± 0.15, n = 88 cells). Reasons for those variabilities can come from a differential anatomical sampling inside the ULoVE (i.e., a different ratio of spiny branchlets/secondary dendritic trunk).

Sigmoid fit of cell response to movement

Prior to the analysis, we computed the average firing rate in a sliding window of 50 ms. We centered the analysis on a timing window of [-1: 1] s around movement onset, and this window can be seen as a trial. Then, we computed the cumulative sum of CFCT peri-event-triggerhistogram (PETH) for all trials, and made a linear regression on this PETH [-1: 0.5] s before movement onset. The slope of this regression corresponds to the baseline firing rate. To obtain only the cumulative excess of cells' response around movement, we subtracted the linear regression to the whole cumulative sum of CFCT. After that, we identified the sharp and protracted responses in two steps.

First, for each trial, we selected the nearest events to the peak of cell's firing rate and computed their cumulative sum normalized by the number of trials, and subtracted the previously calculated baseline firing rate. We fitted the resulting curve with a double sigmoid fit (equation ( 6)) in order to extract the sharp response.

𝑓𝑓(𝑦𝑦) =

(𝐴𝐴𝑝𝑝𝑒𝑒(𝑦𝑦) -𝐴𝐴)

1 + 𝑒𝑒 -𝑏𝑏1. * (𝑒𝑒-∆ 1 ) + 𝐴𝐴 1 + 𝑒𝑒 -𝑏𝑏2. * (𝑒𝑒-∆ 1 ) ( 6 ) 
Where: max(y) = maximum of trace to fit, A = amplitude of the timed sigmoid, b1 = inflection point slope parameter of 1 st sigmoid, ∆1 = timing of 1 st sigmoid, b2 = inflection point slope parameter of timed sigmoid, ∆2 = timing of timed sigmoid. We kept the narrowest sigmoid as the sharp response component.

Secondly, we subtracted from the cumulative excess of cell response the sharp sigmoid fit to obtain the protracted response component. The resulting curve was then fitted with a simple sigmoid fit (equation ( 7) ).

𝑓𝑓(𝑦𝑦) = 𝐴𝐴 1 + 𝑒𝑒 -𝑏𝑏. * (𝑒𝑒-∆) ( 7 ) 
Where: A = amplitude of the protracted response component, b = inflection point slope parameter, ∆ = timing of the protracted response component.

To justify this fitting method for the protracted and sharp responses, we compared the adjusted R 2 of a simple sigmoid fit on the cumulative sum of excess CFCT with the adjusted R 2 of a double sigmoid fit where we kept the timed sigmoid parameter. Adjusted R 2 is higher for the double sigmoid fit in 80/86 cells, so we generalized the use of two components, and did not consider the data when double sigmoid fitting was not applicable (48 of 419 investigated cases throughout the 5 sessions).

To assess the width of the sigmoid, we computed the duration from 10th to 90th sigmoid percentiles, yielding 𝑝𝑝𝑛𝑛𝑑𝑑𝑡𝑡ℎ = 2 × 𝑎𝑎𝑛𝑛 ( 9)

𝑛𝑛

.

In order to compare the response amplitude standard deviation intra and inter mice, we performed standard deviation computation from bootstrap draw, and compare its distribution to the standard deviation of response amplitude for each mouse. A value was considered as significantly different if it was inferior to the 5 th percentile or superior to the 95 th percentile of the bootstrap distribution.

To compute the negative inflection after the sharp component, we computed the difference between the slope regression on a window of 80 ms before the 10e percentile of the sharp response and the slope regression on the 200 ms after the 95e percentile of the sharp response.

Movement-specific cells' responses

In Figure 5F-G, the uncertainty of each cell response was assessed with bootstrapping (random draw with replacement of the cells' responses 1000 times and quantification the resulting responses) and the sphere limit was placed at the 99 th percentile on the resulting responses distribution.

Determination of cluster-specific cell assemblies

In order to classify the cells in assemblies for each behavioral cluster, we computed the cumulative excess of response for each cell during the 50 first repetitions of each cluster of movements in a period of ± 200 ms around movement onset. Then, we performed a hierarchical clustering of the cells based on the pairwise distance between their responses taken from -200 to +125 ms after movement onset. We observed that over the whole dataset, the pairwise distances between cells were multimodal (Figure 5H). We fitted the first peak of the distribution and set the threshold for cells' clustering at mean + 3 SD of the gaussian.

Statistics

All analyses and statistics test were done using the MATLAB software (Mathworks). Unless otherwise noted, paired-test significativity was assessed with a two-sided Wilcoxon rank sum test and unpaired test significativity with a Wilcoxon signed rank test. 

Addendum to Article I -Receptive fields in the inferior olive

Receptive fields during posturomotor behavior

In Article I, we show, based of movement-specific cellular and populational responses (Figure 5D-G), that cells' response at the level of the population differ across clusters. Performing the same analysis as in Figure 5F but for each cell independently yielded a that 26% of the recording cells displayed movement-specific sharps responses (23/88 cells), indicating that each CF could have its own sensory receptive field. Interestingly, we found in our EMG dataset two cells (in two different mice) for which the muscle contraction timing was correlated with the sharp response's timing on a trial basis specifically for the longissimus thoracis muscle (Figure A1A-B). For one of these two cells, the correlation was particularly strong (R = 0.58, p = 4.1e-4) and the latency between muscle contraction onset and the sharp response was 31 ± 10 ms, consistent with the delay of a sensory feedback (Ekerot & Larson, 1979b, 1979a). In contrast, in the other cell the correlation was weaker (R = 0.28, p = 1.3e-3) and the latency longer and less precise (64 ± 20 ms), indicating that the cell could code for a sensory modality indirectly related to muscle contraction onset, e.g. contraction offset. Together, these results argue that a given IO cell could receive sensory information from a very specific part of the animal's body, i.e., a muscle or a small set of muscles. The variability in the sharp response would then result from the differential involvement of the corresponding muscle depending on the movement performed. To further test this hypothesis, we directly investigated IO receptive fields by using optogenetics in an anesthetized preparation. 

Optogenetic mapping of muscle spindle olivary inputs

To investigate IO muscle-related receptive fields, we performed monophoton cerebellar cortical calcium recordings (Figure A2A) in transgenic anesthetized mice expressing the optogenetic actuator ChR2 in intrafusal muscle fibers (Figure A2B, Fernandes & Tourtellotte, 2015). Because intrafusal fibers are specific to muscle spindles, this allows in theory to stimulate Ia and Ib sensory afferents, thereby sending an "artificial" sensory signal to the CNS with muscle as well as sensory modality specificity. We imaged Purkinje cells densely expressing the red calcium reporter sRGECO (Fenno et al., 2020), in large fields of the vermal lobule IV/V encompassing at least half of the lobule (Figure A2A), while stimulating single muscles through an optic fiber (see Methods).

We segmented Pc dendrites (Figure A2A, Pachitariu et al., 2016) and extracted the corresponding fluorescence traces around optogenetic stimulations (Figure A2C). For mild stimulation powers, we couldn't find any significant cellular response (data not shown); however, at higher powers (800 µW at the fiber tip) we observed that a significant proportion of the cells in the field of view reliably responded to the stimulation (Figure A2D). For a stimulation of the biceps femoris, 61 ± 32% of the segmented cells responded significantly with probabilities ranging from 36 to 86% of the trials (n = 3 mice, 50 trials per mouse). Interestingly, the most responsive cells displayed the shortest delays relative to stimulation onset (Figure A2D), and the probability of response decreased linearly as the delay increased². Moreover, the short-latency cells were found in a region roughly corresponding to a microzone (Figure A2D-E). When another muscle was stimulated, similar extended patterns of response could be observed; however, the most responsive cells, i.e., with a high probability of early response, were not at the same mediolateral location (Figure A2E), indicating a zonal specificity. Moreover, the latency of the first responsive cells was variable depending on the muscle (47 ± 7 ms for the longissimus lumborum vs 41 ± 6 ms for the biceps femoris, p = 0.016, Figure A2D-G). These data are consistent with cells in a microzone being directly targeted by sensory-drive synaptic inputs from a muscle and with a passive electrotonic propagation to nearby zones in the inferior olive (Figure A2D).

During these recordings, we observed that the stimulation elicited a movement of the animal (Figure A2H), which was caused by a contraction of the targeted muscle (Figure A2I). Because such contractions are a confounding factor in receptive field investigations (Andersson & Oscarsson, 1978;Michikawa et al., 2021), we decided to perform the same experiment on a paralyzed animal. Surprisingly, under paralysis the stimulation still elicited a muscular contraction (Figure A2J). We looked at the ChR2 expression pattern inside muscle tissue and observed that in addition to intrafusal fibers, ChR2 aggregates were present around extrafusal muscle fibers, likely at the neuromuscular plaque (Figure A2K, dotted white arrows). We concluded that the observed contraction was likely the result of direct muscle stimulation caused by a leaky ChR2 expression. Interestingly, in non-paralyzed animals the initial contraction was followed by a protracted contraction (Figure A2I, black arrow), which was absent under paralysis (Figure A2J). We interpreted this additional contraction as the signature of the well-known Ia reflex triggered by the activation of spindle afferents. The stimulation power at which the protracted contraction appeared coincided with the emergence of the IO response. Therefore, for a sufficient power the stimulation elicited a stretch-like reflex likely mediated by spindles, whose activation evoked an olivary response.

Addendum to Article I -METHODS

Mice

Male and female Ai32 homozygous mice (B6;129S-Gt(ROSA)26Sor tm32(CAG-COP4*H134R/EYFP)Hze ), The Jackson Laboratory) were crossed with animals heterozygous for Egr3-Cre (Fernandes & Tourtellotte, 2015). The resulting double transgenic mice expressed a channelrhodopsin-2/EYFP 

Surgical procedures

Mice received preoperative analgesic (buprenorphine, 0.1 mg/kg) and were anesthetized with intraperitoneal injection of Zoletil (100 mg/kg) and xylazine (20 mg/kg) (Centravet). Mice were fixed on a stereotaxic frame and a ~6*4mm craniotomy was performed over the vermal region of the cerebellar lobule IV/V, followed by virus injection. We then injected a mix of L7-dependent FLPo virus (AAV2/1 L7(3.0kb)-nls.FLPo, titer: 2e12) and FLPo-dependent sRGECO virus (AAV8.eF1.Coff/Fon.sRGECO, titer: 5e11) at four to six locations spanning the vermal lobule IV/V.

At each location, 200 nL of virus solution was delivered at a rate of 75 nL/min. Following insertion, the quartz capillary was left in place for one minute before and 3 min after viral injection to prevent backwash of the solution. In total, 1 to 1.4 μL of diluted virus was injected per mouse. Following the injection procedure, a custom designed aluminum head-plate was secured on the skull with layers of dental cement (Superbond). A custom designed laser cut coverslip was then lowered on top of the vermal lobules IV/V and secured with dental cement (Superbond). Mice were housed 1-3 per cage. Meloxicam (10 mg/kg, Centravet) was given daily for 48h after the surgery.

Experiments were performed during the light cycle.

Experimental setup

A custom-designed setup was developed to record the activity of the vermal lobule IV/V while stimulating individual muscles (Figure 1). The apparatus consists of a removable platform positioned under a monophoton microscope (BX51WI, Olympus). A 590 nm LED (M590L4-C1)

was used for illumination with a narrow set of filters (emission filter FF01-572/15-25, acquisition filter FF01-618/50-25, Semrock). This allowed to collect fluorescence signals without stimulating the ChR2 present in blood vessels and astrocytes. A 200 µm core optic fiber (NA = 0.57, Doric

Lenses) maintained inside a guide on a micro-manipulator was used to target individual muscles.

This fiber was coupled to a 461 nm laser (473 nm, LRS-0473, Laserglow Technologies). The stimulations were controlled by an acousto-optic tunable filter (AOTFnC-400.650-TN, AAOptoelectronic) positioned on the laser path. During the experiments, mice were filmed using a highspeed camera at 100 Hz (Basler acA1300-3200um). Illumination consisted of a matrix of infrared LEDs that was carefully positioned to maximize contrast and reduce reflection.

Muscle optogenetic stimulations

10 minutes before the experiment, mice were injected with dexmedetomidine (0.75 g/kg, Asthenodex, Osalia). Anesthesia was then induced under 3% isoflurane and the mice were introduced under the microscope over a heating pad (Thermolux). Anesthesia was maintained under 0.25-0.5% isoflurane with a mask (TemSega). An incision was made over the muscle intended for optogenetic stimulation. The skin was separated from underlying fascia and was stretched to ensure a reliable access to the muscle. The muscle was regularly rehydrated using a physiological solution during the procedure. The optic fiber was then positioned at the muscle surface and the data was collected. After data collection, the wound was sutured. During mapping experiments, this procedure was repeated for every muscle.

Data collection

A typical experiment consisted of 50 optogenetic 25 ms stimulations delivered at a fixed interval every 10 s. To minimize bleaching and tissue overheating, fluorescence was acquired 1 s around each stimulation. The irradiance at the tip of the fiber was 15 mW/mm2 in a typical experiment.

Fluorescence movies were collected at 100 frames per second with a spatial resolution of 1200*500 using a CCD camera (C11440, Hamamatsu) and a 10x objective, which allows to cover the entire vermal lobule IV/V. Movies of the animal were recorded at 100 Hz. The acquisition software was written in LabVIEW and uses one National Instruments board (NI-PCIe-6353) and a connection block (BNC-2090A, National Instruments) to trigger the optogenetic stimulations while simultaneously recording the fluorescence of the brain and the movie of the animal.

EMG acute recordings

During EMG recordings, the same procedure as the one described in the Methods section of the article was followed, except that the recordings were done acutely after muscle implantation.

Signals were acquired using the same LabVIEW acquisition software and NI board. EMG were then processed according to the article corresponding Methods section.

ARTICLE II

In this second article, I set out to study the cerebellar cortical circuit at the level of its output. I 

INTRODUCTION

Posture is defined by the arrangement of body parts in space resulting from muscle contraction (Horak, 2006). While postural control operates during movement, it also involves maintenance of static posture, in particular to provide anti-gravityl support to the body (Horak & MacPherson, 2015;Massion & Dufosse, 1988). Calculation of the motor commands required to achieve the appropriate tone of effector muscles for postural maintenance is a subconscious process in which the cerebellar anterior vermis plays a crucial role, as lesions of this region cause atonia of the axial muscles as well as stance and gait deficits (Chambers & Sprague, 1955b, 1955a;Joyal et al., 1996). Despite subtle regional specificities, the cerebellar circuit displays a strikingly uniform threelayered cytoarchitecture across its lobular and medio-lateral subdivisions (Cerminara et al., 2015).

In the cerebellar cortex, incoming sensorimotor information relayed by the granular layer is integrated by an overlying monolayer of Purkinje cells (PCs) through their parasagittal dendritic tree extending into the molecular layer. The PCs constitute the sole output of the cerebellar cortex, sending convergent inhibitory signals to the deep cerebellar nuclei (DCNs) (Person & Raman, 2012a), which transmit motor commands to downstream pre-motor centers (Teune et al., 2000).
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The PC-DCN projections are organized in modules encompassing a translobular parasagittal band of PCs, a DCN subnucleus and a subregion of the inferior olive (IO), which projects to the cerebellum via the climbing fibers (CFs) (Ruigrok, 2011;Sugihara, 2008). Genetically-grounded subdivisions of the medial nucleus have been shown to project to specific regions of the brain related to several generic posturomotor functions, and to be innervated by PCs arising from regions of the vermis, but also of the hemispheres (Fujita et al., 2020). In this study, the anterior vermis is subdivided in several broad modules, which may correspond to the ones identified by axonal morphology (Voogd & Glickstein, 1998), immunolabeling (Hawkes et al., 1985;Sugihara, 2011) and genetic markers (Cerminara et al., 2015;Fujita et al., 2020) in both PCs and DCN.

Depending on the cortical region targeted, in vivo PC optogenetic manipulation can induce either discrete movements (Heiney et al., 2014), whole limb motions (Lee et al., 2015), locomotor perturbations (De Gruijl et al., 2014;Sarnaik & Raman, 2018), or even whole-body twitches (Witter et al., 2013). However, the organization of the cerebellar cortical output remains insufficiently characterized. Cutaneous and nerve stimulations have suggested that cerebellar modules could be further divided into microzones of 100-200 µm based on their CF receptive field (Andersson & Oscarsson, 1978;Henrick Jörntell et al., 2000). Functional microzones have also been identified by large-scale imaging of the cerebellar dorsal vermis, based on the correlation of their CF discharge (Mukamel et al., 2009;Ozden et al., 2009). Based on retrograde tracings, it was recently proposed that thin bands of PCs could control single or small groups of muscles (Ruigrok et al., 2008).

Therefore, we aimed in this study at investigating the functional micro-organization of the output from the vermal lobules IV/V/VI of mice using spatially confined optogenetic manipulations in freely-moving animals expressing the actuator ChR2 specifically in the Purkinje cells of the cerebellar cortex. We show that the vermis is indeed involved in postural maintenance, and more specifically in anti-gravity support. Optogenetic stimulations elicit an initial perturbation of postural maintenance, which is followed by a sequential postural reflex involving several parts and muscles of the animal body, while stimulation offset is followed by a rebound contraction in the affected muscles. Using a custom fiber array to map the output of the vermis, we reveal that the identified postural function is encoded at the scale of the previously identified A zone, encompassing a large part of the vermal region. Moreover, we report an antero-posterior functional segregation in lobules. Together, our results indicate that the computation performed by the PCs in the anterior vermis likely involve a multisegmental control of the body to ensure postural anti-gravity maintenance, which has functional implications for cerebellar information processing in this region.

RESULTS

Optogenetic stimulations of the anterior vermal output elicit an heterogenous movement sequence

To investigate the role of the cerebellar vermis in postural control, we used a transgenic mouse model expressing channelrhodopsin-2(H134R) uniformingly and specifically in PCs (Chaumont et al., 2013). We implanted these mice with a small-core optic fiber (200 µm), which allowed for confined stimulation of Purkinje cells in the freely moving animal. The mice were introduced in a transparent glass arena where they could behave naturally (Figure 1A), thus preventing potential confounding factors encountered in constrained animals. The animal behavior was monitored from the side and the bottom at high frame rate (100 Hz) to allow for a precise 3D spatio-temporal description of its movements.

Optogenetic stimulations were delivered at the midline of the lobule IV/V at random intervals while the animal was freely behaving. We first observed that a 400 ms stimulation at 30 mW/mm² always elicited a movement (Movie S1). In order to investigate its dynamics, we computed the frame-toframe difference of the movie, which is a good proxy for the total quantity of movement of the animal (Figure 1B). The resulting graph displayed two peaks (Figure 1C), which were present across behavioral states, one following the stimulation onset by 163 ± 17 ms and one that appeared to follow stimulation offset. When the animal was standing, the first movement peak was caused by the animal falling to the floor, while in the animal at rest or walking the first movement peak corresponded to a forward acceleration or forward step (Movie S2). Unless otherwise noted, we will from now on restrain our analyses to stimulations for which the animal was "at rest" (see Methods) to prevent confounding factors linked to an ongoing movement.

Varying the duration of the optogenetic stimulation confirmed that the second peak of movement was time-locked to the stimulation offset (Figure 1D-E), As expected, the first peak always occurred at the same latency after stimulation onset (Figure 1D and Figure S1A), except for stimulations under 200 ms, for which the two movements appeared to collide. Furthermore, for 50 ms duration stimulations which are under the first movement peak latency, the offset movement was produced before the fixed latency computed for longer durations (Figure 1D andS1A). Thus, the offset movement is not a correction of the postural defect caused by the stimulation, but is directly caused by stimulation cessation. The amplitude of the offset movement increased with stimulation power (Figure S1B-C), but decreased with stimulation duration (Figure S1D), consistent with the idea of a movement provoked by a rebound firing in the DCN when Purkinje cell inhibition resumes to its normal level (Lee et al., 2015;Witter et al., 2013). To further dissect the effect of the optogenetic Purkinje cells stimulation, we thence therefore focused on long stimulations (200-166 1600 ms), for which the onset movement was fully developed, did not overlap with the offset movement and had a constant amplitude (Figure 1D andS1E).

According to expectations, the onset movement seemed to increase and saturate with stimulation power (Figure 1D and S1F). However, closer examination of the response at subsaturating stimulations power (7,5 and 15 mW/mm²) revealed that the onset movement was graded not only in amplitude but also in its probability of occurrence, which resulted in a bimodal distribution of its amplitude with some trials displaying a modest response and the others a full-blown response similar to that observed at high stimulation power (Figure 1F). The failure probability of the movement gradually decreased and converged towards zero for high stimulation powers (Figure 1G). When we corrected for this factor, the non-failure amplitude was independent from stimulation power (Figure 1H, p = 0.75 between 15 mW/mm² and 120 mW/mm², Wilcoxon rank sum test), thus qualifying for a reflex movement. Movie inspection revealed that the onset movement generally corresponded to a forward step (Movie S2).

In a previous head-fixed study, optogenetic stimulation of the vermal PCs evoked a movement exclusively at stimulation offset (Witter et al., 2013). While we also observe this offset effect in a freely moving animal, we additionally report the occurrence of a first movement after stimulation onset. The reflexive nature of this movement raises the possibility that it does not represent the direct effect of the optogenetic stimulation but a secondary consequence of the postural defect caused by the stimulation. This led us to analyze more finely the kinematics of the animal movement at stimulation onset. 

The direct effect of the stimulation is a postural collapse

In order to quantify the animal movement kinematics, we segmented the mouse body on side and bottom cameras and extracted the coordinates of the body barycenter, which approximates its center of gravity (Figure 2A, see Methods). During the stimulation, we observed a striking decrease of the altitude of the barycenter (Zb) of the segmented mouse body which was accompanied by a forward movement (Figure 2B). The decrease preceded both the forward movement and the onset reflexive movement initiation (Figure 2C, 61 ± 35 ms for Zb decrease versus 116 ± 43 and 117 ± 46 ms for Xb and onset movement initiation, p = 2.0e-15 and 2.2e-12 respectively). We therefore interpreted the barycenter decrease as a postural anti-gravity collapse experienced by the animal, which was likely to be the direct effect of our stimulation. To strengthen this interpretation, we varied the stimulation duration at fixed power and confirmed that the collapse developed with stimulation duration, saturated and kept constant during long stimulations and always recovered immediately after stimulation offset (Figures 2D andE). Varying the power for a fixed short-duration stimulation (400 ms) led to a graded postural collapse which saturated at maximal intensities (Figures 2G and2H).

At all stimulations powers the loss of barycenter altitude was correlated with the initial altitude of the mouse body (Figure S2A-E). However, as the power increased the slope of the linear regression increased and converged towards unity for high powers (Figure S2F), so that the final altitude of animal was independent of its initial posture. Thus, we interpreted the saturation of the effect as the body of the mouse reaching the ground. In contrast, when we computed the barycenter vertical speed at the stimulation onset, we recovered a linear relationship between stimulation intensity and postural collapse (Figure 2G (insert) and 2I), as expected in if the deficit in anti-gravity muscle tone was proportional to the optogenetic stimulation These results show that the direct effect of the stimulation is a loss of anti-gravity maintenance until direct support of the animal body by the ground. This anti-gravity effect on the mouse barycenter was observed in all initial postural conditions (Figure S2G-H). Overall, the stimulation outcome can be decomposed in four phases. First, a postural collapse starts about 40 ms (38 ± 15 ms for a 30 mW/mm² 400 ms stimulation) after the stimulation onset. Second, the animal performs a compensatory reflex, generally a step forward, aiming at restoring balance. Third, the animal undergoes a prolonged loss of anti-gravity tone. Finally, the mouse retrieves its posture after the end of the optogenetic stimulation, superimposed on an offset motor response. The postural collapse most likely results from a loss of tone in anti-gravity muscles, which we sought to investigate next. 

Body parts are differentially involved during optogenetic PC activation

To directly investigate the involvement of different mouse body parts in the vermal postural function during our optogenetic stimulations, we performed an independent set of experiments in which we implanted EMG electrodes in two axial muscles involved in upward head movement (trapezius and splenius) and two muscles implicated in body sustentation by the forelimbs (triceps and pectoris) of the animal body and extracted muscle tone from the recorded signal by computing the EMG envelope (Figure 3A, see Methods). During the optogenetic stimulation, we observed that the movement of the mouse was reliably associated with contractions of all recorded muscles (Figure 3B andS3A). Muscles started to contract at least 100 ms after the stimulation onset (105 ± 41ms for the trapezius muscle, mean ± SD). Therefore, we interpreted these muscle contractions as the signature of the mouse postural reflex. As expected, contractions could also be observed at posture retrieval (Figure 3B andE).

Interestingly, we could identify two muscle groups based on their timing of contraction after the stimulation onset (Figure 3C): the trapezius started to contract shortly before the splenius (121 ± 44 ms for the splenius, p = 0.006, Wilcoxon rank sum test). Moreover, both muscles contracted significantly before the triceps and the pectoris (180 ± 57 ms for the triceps, 178 ± 55 ms for the pectoris, p = 6.21e-38 between the two muscle pairs). The trapezius and triceps muscle contractions were highly correlated with the fixed-latency onset movement amplitude on a trialto-trial basis (Figure S3B, R = 0.86 and 0,76, p = 2.18e-19 and 1.21e-15 respectively), confirming their involvement in this phase of the movement. Correlations with the two other muscles were weaker albeit significant (R = 0.48 and 0.44, p = 1.3e-3 and 1.6e-3 for the pectoris and splenius respectively), most likely because contraction of these muscles does not impart global consequences on the body position, which would be quantified by the cameras. Moreover, we observed that, similarly to the fixed-latency movement amplitude, the amplitude of the fixed latency contraction was independent from both the stimulation power (Figure 3D, triceps muscle, 400 ms stimulations, n = 3 mice) and duration (Figure 3E, triceps muscle, 30 mW/mm² stimulations). Therefore, we concluded that the stimulation evokes a compound sequential reflex aimed at stabilizing the head and the trunk of the animal. Moreover, in all the recorded muscles, in particular the splenius, the contraction appeared to be sustained during the stimulation (Figure 3B). This indicates that after the postural reflex the mouse tried to compensate for the still ongoing loss of tone but despite prolonged contractions could not overcome the effect of the perturbation.

Surprisingly, stimulation-induced muscle relaxation could not be recorded in any of the four muscle we implanted. However, we observed for the pectoris and the triceps a response at stimulation offset, which was not present in the other muscles (Figure 3F). For the triceps, the offset response was graded by the stimulation power and duration (Figures 3D-E). We therefore attributed these offset contractions to the rebound activity in the DCN participating in the offset movement. Thus, these two muscles are likely to be the ones directly affected by the optogenetic PC stimulation. 

Optogenetic mapping of the anterior cerebellar vermal output

In order to map the output of the anterior vermis, we used a 3D-printed implant, a custom optic fiber array and a cranial window, whose combination allowed to stimulate sequentially narrow bands of PCs (14 cores of 50 µm aligned on a linear array, Figure 4A) over the whole medio-lateral extent of the anterior vermal area in the same animal (see Methods). Optical stimulation of mild intensity (10 mW/mm², 400 ms stimulation) were delivered at different medio-lateral locations of the lobule IV/V. We observed that the postural collapse amplitude progressively decayed as we gradually moved the fiber from a medial to a lateral position and disappeared once outside of the vermis (Figure 4B-C, n = 4 mice). Therefore, the anterior vermis appears to be involved in postural maintenance at the scale of a broad module with a width similar to previous descriptions of cerebellar modules based on genetic DCN cells profiles, axonal morphology or immunolabeling (Fujita et al., 2020;Hawkes et al., 1985;[START_REF] Voogd | Cerebellar zones: A personal history[END_REF], in contrast with the narrower extent of cortical microzones.

In order to assess the existence of functional subregions, we sought to refine our analysis of the evoked movement. We used machine learning to tracks points of interest on the animal body (Mathis et al., 2018). We first tracked the base of the mouse tail, which allowed us to realign its body around the body axis (Figure S4B, see Methods). We then computed the average cumulative differential movie of the animal before the occurrence of the postural reflex (0 to 100 ms after stimulation onset), which produces a body map of the mouse movement over this period (Figure 4D and Figure S4A, 400 ms stimulations, n = 3 mice). By comparing the body map for different stimulation locations, we observed that the mouse movement was lateralized, which could also be observed with the realigned Y coordinate of the mouse centroid (Figure S4B). We concluded that the mouse body was falling ipsilateral to the side of the stimulation. In contrast, midline stimulations elicited a symmetrical movement of the animal body (Figure S4A-B). Repeating the experiment in the lobule VI yielded the same observations (Figure S4A-B).

In a second time, we tracked the snout of the mouse, whose trajectory is a good proxy for the movement of the animal head (Figure 4E, see Methods). We observed that the head of the animal also moved towards the ipsilateral side of the stimulation (Figure 4F, top panels). In lobule IV/V, the snout altitude decreased similarly to the centroid altitude (Figure 4F stimulations have been shown to induce a depolarizing block in the PC activity, which could result in a net DCN disinhibition (Chaumont et al., 2013). The light power we report was measured directly at the fiber tip. Because a glass coverslip was positioned between the fiber and brain , we can infer based on our fiber NA (0.22) and the coverslip thickness (200 μm) that there is a 2-fold increase in the illuminated surface when the light reaches the brain, so that the irradiance is divided by 2, which yields a range of 3.25-60 mW/mm² at the brain surface, similar to the one used in the study that characterized the mouse line we used (Chaumont et al., 2013). Moreover, even if for high power stimulations PCs directly below the fiber tip may undergo a depolarizing block, because of diffusion in living tissue, increasing stimulation leads to recruit more PCs around the stimulation site, which similarly results in a DCN inhibition (Chaumont et al., 2013). Finally, the postural collapse we observed was consistent over the whole duration and power ranges we used in our experiments. It is therefore unlikely that, even at high intensities, we effectively activate the cerebellar output from the DCN instead of inhibiting it.

Spatial specificity of the stimulation

Our optogenetic mapping of the vermis relies on the spatial specificity of the Purkinje cell excitation. In order to minimize the extent of the stimulated area, we used a custom optic fiber linear array composed of small-core 50 microns optic fibers, aligned in a parasagittal orientation (Figure 4a). It must however be noted that beam divergence through the cranial window as well as diffusion inside brain tissue likely increase the extent of the stimulated area. Given the numerical aperture of the optic fiber (NA = 0.22), the glass index (1.5) and the glass window thickness (150 µm), we can expect a divergence through the thickness of the cranial window of:

𝑑𝑑𝑛𝑛𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑛𝑛𝑓𝑓𝑒𝑒 = 2 * 150 * tan (asin � 0.22 1.5 �)
Which gives a beam expansion of ~45 µm in diameter through the glass window, which results in a ~100 µm width of illuminated area at the cortical surface. Previous studies investigating light diffusion in cerebellar tissues have shown that the diffusion process is predominantly axial (Chaumont et al., 2013;Gysbrechts et al., 2016;Yona et al., 2016), with a 1% isoline located laterally at ~75 µm from the origin for a 50 µm core optic fiber and at 400 µm in depth. Therefore, we can make the conservative assumption that our stimulation covers a surface of ~1000*150 µm of cerebellar cortical tissue, which is in the range of the known microzonal extent (Kostadinov et al., 2019) and would correspond to roughly 250 PCs. Thus, our custom optic fiber array allows us to specifically stimulate the vermal PC output at the microzonal scale.

Organization of the vermal output

Because of the known PC-DCN convergence pattern (R. Apps & Garwicz, 2000;[START_REF] Voogd | Cerebellar zones: A personal history[END_REF], we used a custom longitudinal small-cores optic fiber array to map the cerebellar output with an optimal resolution. However, the postural function we identified was found to be encoded at the scale of a large vermal zone, which roughly corresponds to the A zone of the cerebellar cortex (Richard Apps et al., 2018). While a functional segmentation that can't be picked by video analysis could still exist, our results strongly suggest that there is no microzonal organization of the postural function in the anterior vermis. The progressive decay we observe could be due in part to the spatial resolution of our stimulation. Based on previous experiments, we can affirm that PCs more than 200 µm from the stimulation site are very unlikely to be affected (Chaumont et al., 2013).

Moreover, the observed lateralization of the postural collapse argues for a degree of spatial specificity in our stimulations, and the ipsilateral effect on the animal body is consistent with the known cerebellar projections to spinal cord motoneurons (Ruigrok, 2016).

Interestingly, we found a functional segmentation between lobules, which was unexpected because in theory the PCs at a same medio-lateral location should converge in the DCN.

However, classic somatotopy studies have proposed an antero-posterior functional organization (Snider, 1950), which could rely on synchronized PCs along parallel fiber beams (Heck et al., 2007; W. T. Thach et al., 1992). The difference in the stimulation outcome for lobule V and VI suggests, based the head movement, that the lobule IV/V is more related to the anterior part of the animal body, while more posterior parts would be represented in lobule VI.

Functional implications

In large part because the PC olivary input is organized in parasagittal bands of CF projections with specific receptive fields (Andersson & Oscarsson, 1978), but their other input, the parallel fibers, distributes sensori-motor information in the medio-lateral direction (Heck et al., 2007), the functional organization of the cerebellar cortical so far remains insufficiently characterized (Heffley et al., 2018;Ruigrok, 2016;Ruigrok et al., 2008). Our results imply that a large band of PCs in a lobule could control the anti-gravity tone of several body muscles, so that the output PC signal may reflect the global body tone required during a specific task. Based on our observations, we propose that vermal mediolateral regions control global functions, while an antero-posterior body map provides a coarse segregation of body parts.

The resolution of the PC output organization may however depend on the cerebellar region. A functional microzone has been identified for eyelid closure (Heiney et al., 2014) and other regions can be specific to ballistic limbs (Heffley et al., 2018;Lee et al., 2015) or eye movements (Bonnan et al., 2021). Therefore, our results should not be generalized to the entire cerebellar cortex. An interesting hypothesis would be that the output specificity increases with the complexity of the associated function. The recent development of optogenetics combined with the refinement of behavioral analysis will allow future studies to further dissect the cerebellar functional output in other paradigms.

would be no space between the coverslip and the cerebellum, which could enhance bone regrowth and brain movement. The coverslip was then secured with dental cement (Superbond).

Finally, the upper part of the implant was screwed on the bottom part using two M1 screws (DIN 84 M1, Micro-Modèle). Mice were allowed to recover for at least 3 days before handling sessions and housed 1-3 per cage. Meloxicam (10 mg/kg, Centravet) was given daily for 48h after the surgery.

EMG surgeries

For EMG recordings, mice were additionally implanted with chronic electromyographic electrodes (EMGs). For the animals in which we performed EMGs implantation, the surgery was performed on the same day following the above-described implantation protocol. Mice were supplemented in anesthetics with isoflurane (2%) and prepared for aseptic surgery. An incision was made over the muscle intended for implantation. The skin was separated from underlying fascia. For splenius muscle implantation, the overlying trapezius muscle was gently dilacerated with soft tip tweezers to allow for muscle access. Each pair of electrodes was funneled through subcutaneously from the incision to the back of the head plate implant, where the connector pins were cemented. Each wire was then passed through a small surgical needle (Kalt suture needles size 3, Fine Science Tools #12050-03). The needle was passed through the intended muscles perpendicular to the muscle fibers until the proximal knot pressed against one side of the muscle. Two electrodes were placed in each muscle at a distance of approximately 1mm. Individual knots were made with the distal ends of the electrodes against the other side of the muscle. The excess of wire was finally cut approximately 2 mm from the muscle surface. After ensuring that the electrodes were in place, the incisions were closed with nylon sutures. Mice received postoperative analgesic (buprenorphine, 0.1 mg/kg) and meloxicam (10 mg/kg, Centravet) was given daily for 48h after the surgery.

Construction of EMG electrodes

We built EMG electrodes based on a previously described procedure (Tysseling et al., 2014). A section of electrode wire (A/M systems, multi stranded stainless steel, Teflon insulated, #793200)

was cut whose length depended on the distance between the head plate implant and the targeted muscle (3.5-7.5 cm range). At the proximal end of the wire, a small amount of wire was stripped and soldered to a 1 mm gold pin (19003-00, Fine Science Tools). At the distal end, five overlapping knots were made on each wire, leaving 2-3 cm of wire excess. Then, approximately 0.5 mm of insulated material was stripped on the distal side of the knot. Electrodes were stored in pairs until muscle implantation.

Experimental setup

A custom-designed setup was developed to assess postural behavior during optogenetic stimulations in freely moving mice (Figure 1A). The apparatus consists of a clear glass corridor, 45 cm long, 4.5 cm wide and 20 cm high. The corridor is closed on both sides. Mice were filmed while freely behaving with two high-resolution, highspeed cameras (Basler acA1300-3200um). A mirror (45 cm × 15 cm) was placed below the corridor at an angle of ∼45° to allow simultaneous collection of side and bottom views in order to allow for 3-D analysis of the data (Machado et al., 2015). Lighting consisted of six matrices of 860 nm infrared LEDs (SFH 4557, Osram) which were carefully positioned to maximize contrast and reduce reflection.

A custom optical setup was placed on top of the arena. It consists of a standard optical breadboard on which a laser (473 nm, LRS-0473, Laserglow Technologies) was aligned with the optic fiber core using a custom-made optical block (Doric Lenses). An acousto-optic tunable filter (AOTFnC-400.650-TN, AAOpto-electronic) was placed on the optical path to allow to trigger optogenetic stimulations. A 5 cm diameter hole was drilled in the breadboard below the optical block which was placed just above the arena. During the experiments, the optic fiber passed directly through the hole and was therefore vertical. This minimized the mechanical constraints on the fiber as well as on the mouse body. To allow for optic fiber rotations, a frictionless rotary joint (Doric Lenses) was used.

Optic fiber design

For Figures 1 to 3, regular optic fibers with a 200 µm core diameter (NA = 0.22, MFP _200/220/900-0.22_1m_FCM-MF1.25(F), Doric Lenses) were used. For mapping experiments, a custom patch cord was designed. The distal end of the patch cord, away of the animal, consists of 14 50 µm core optic fibers (NA = 0.22) arranged in a disk (Figure 4A). This end of the patch cord is coupled to a 400 µm optic fiber (NA = 0.22) which serves as a relay for laser illumination. At the proximal end of the patch cord, the optic fibers are arranged in a linear array that covers a surface of 50*960 µm, which allows the stimulation of a specific band of Purkinje cells.

Data collection and acquisition

Mice were handled by the experimenter and allowed to acclimate the setup environment without being introduced into the arena on multiple occasions prior to data collection. Before each experiment, the mouse was head-fixed on top of a non-motorized running wheel. This allowed to unscrew the upper part of the implant and carefully clean the glass coverslip. The upper part of the implant was then positioned to the desired medio-lateral location and screwed back in place.

Finally, the optic fiber was placed inside the implant in contact with the coverslip and maintained with a M1 screw.

During data collection, mice could freely behave in the glass corridor. No food or water restriction or reward was used. A typical experiment consisted of 50 optogenetic stimulations delivered at random intervals on average every 10 seconds. In corresponding experiments, the irradiance at the tip of the fiber and the duration of the stimulation also randomly varied between trials in the 7.5-120 mW/mm² and 50-1600 ms ranges respectively. Between each experiment the mouse was kept in its home cage in order to minimize stress.

Movies were collected at 100 frames per second with a spatial resolution of 1200x220 (bottom view camera) and 1200x800 pixels (side view camera). The acquisition software was written in LabVIEW and uses one National Instruments board (NI-PCIe-6353) and a connection block (BNC-2090A, National Instruments) to trigger the optogenetic stimulations while simultaneously recording the movie of the animal.

During EMG recording experiments, EMG signals were acquired at 10 KHz with a 50x custommade amplifier connected to the National Instruments system. Two small diameter (0.5 mm) wires were used to connect the amplifier to the pins cemented on the implant. The wires were passed through a ring above the arena and ran along the optic fiber in order to minimize mechanical constraints on the animal movement.

Behavior analysis

All analyses were done using the MATLAB software (Mathworks) and performed offline. Both camera views of the animals were processed by the same algorithm.

Animal movement quantification

To quantify the movement of the mouse, we computed the frame-to-frame differential movie of the animal. We then applied a threshold on the resulting movie and defined the global movement of the animal as the sum of each frame, i.e., the number of pixels whose values had significantly changed. The threshold was set at mean + 5 SD of the movie noise. The resulting traces were smoothed with a gaussian filter (30 ms width). The different peaks values and timings were defined as local maxima in a specific temporal window (between 0 and 200 ms for the fixedlatency onset movement peak, from 0 to 200 ms after the stimulation offset for the offset movement peak). In Figure S1E, the distributions were split in two based on gaussian fits for low (7.5 and 15 mW/mm²) stimulation powers. "Non-failure" of the onset movement was defined as an onset peak value exceeding mean + 3 SD of the gaussian functions.

Animal centroid extraction

In order to extract the centroid of the mouse body, each frame of the movie was saturated and binarized using a fixed threshold (100 for a 8-bit grayscale image). Because the tail and paws of the mouse would perturb the measurement, the resulting shape was then eroded using a disk (30 pixels radius) to extract the trunk of the animal. The centroid of the mouse was defined as the barycenter of the resulting binary shape (Figure 26A). Barycenter trajectories were smoothed using a gaussian filter (30 ms width). In Figure 2E, the posture retrieval was defined as the timing at which Zb returned to baseline levels (mean ± 3SD of the Zb values before stimulation onset).

ΔZbmax was defined as the mean value of ΔZb 30 ms around stimulation offset.

In Figure 2C, rearing was defined with a threshold on the mouse barycenter altitude in the 100ms preceding stimulation onset (2.5 cm from the ground). Walking was defined with a threshold on the animal speed in the 100 ms preceding stimulation onset (>5cm/s). The sate "at rest" was defined by excluding the rearing and walking trials.

Dot tracking and realignment in the mouse referential

Specific landmarks on the animal body were tracked using the DeepLabCut software (Mathis et al., 2018). We tracked both the snout and the base of the tail of the mouse for different purposes.

The tail position was used to realign the movie in the mouse referential. First, a movie centered on the centroid of the animal was extracted from the original bottom view recording. This movie was processed by the DeepLabCut software for tail tracking. Then, the bottom view video was rotated to be aligned with the body axis of the animal, so that on the resulting movie the mouse had a constant orientation. The tail position was also used to mirror the lateral view movie of the mouse in order to keep its body in the same orientation for all trials. Finally, the resulting movies were again processed through DeepLabCut for snout tracking. The resulting trajectories were smoothed using a gaussian filter (30 ms width). When computing the snout trajectory, we only kept the trials for which its detection was reliable based on the confidence on the detection returned by the Deeplabcut algorithm (>0.8).

EMG post-processing

The EMG signals were then processed with a custom MATLAB routine. EMGs were band-pass filtered with a 4 th order Butterworth filter (cut-off frequencies, 50 and 1000 Hz) and the envelope of the signal was computed using a sliding RMS window over 30 ms. The envelope amplitude in Figure S3 was defined as the maximum of the envelope in the fixed-latency onset movement window (0-250 ms after stimulation onset). Muscle contraction was considered significant when it exceeded mean + 3 SD of the baseline levels (-100 to 0 ms before stimulation onset). Contraction onset was defined as the earliest timing corresponding to a significant contraction after stimulation onset. 

GENERAL DISCUSSION

In the following paragraphs, I first provide additional information about the experimental and analytical strategies implemented in the two articles, before discussing their results in the global context of the cerebellar postural function.

Temporal resolution trade-offs

Calcium recordings

In This choice was motivated by the known features of the olivocerebellar circuit (Ebner & Bloedel, 1981;Lang et al., 1999;Zhang et al., 2019), as well as by our experiments at lower temporal resolution (Article I Figure 1). However, this kind of experimental strategy requires a trade-off between the achieved temporal resolution, signal-to-noise ratio (SNR), and ROI number, i.e., in our study the number of PC dendrites (Gurnani & Silver, 2021;[START_REF] Lanore | Cerebellar granule cell axons support high-dimensional representations[END_REF]T. Zhang et al., 2019). While numerous studies favor the ROI number and record large populations of cells (Kostadinov et al., 2019;Wagner et al., 2021), we chose to optimize the temporal resolution and SNR in order to precisely extract climbing fiber-induced calcium transients (CFCT) features, at the expense of the number of cells recorded per animal (5.1 ± 1.3 cells). While this choice draws a limit to population analyses, pairwise correlations between cells have provided us numerous insights on the climbing fiber (CF) population dynamics. Moreover, the cells we recorded from were spatially distant due to our sparse expression strategy (a few cells over a 300 µm field of view, while a PC dendritic tree is only 10 µm wide). Thus, we likely obtained a greater diversity of cellular behavior than with neighbor cells whose CFs would likely be strongly coupled. Finally, the high temporal resolution and SNR have allowed us to uncover several previously unidentified features of the CF-evoked PC dendritic signaling.

In contrast, for IO muscle receptive mapping we used standard monophoton wide-field imaging.

This allowed us to simultaneously record the activity of hundreds of PC dendrites with a relatively fast acquisition rate (100 Hz), to the detriment of SNR and optical sectioning. Moreover, monophoton causes more cytotoxicity and photobleaching [START_REF] Helmchen | Deep tissue two-photon microscopy[END_REF]. Therefore, we could only perform a limited number of recordings in each animal. Because we now have identified cortical regions preferentially responding to a specific muscle stimulation, we could overcome these limitations in future experiments by using two-photon scanning microscopy to image different smaller ROIs depending of the investigated muscle.

different movements performed by the mouse. To take into account the remaining dimensions, we used the recently developed UMAP algorithm (McInnes et al., 2018), which managed to give an accurate representation in a 2-D plane of the distances in the high-dimensional IC space.

Strikingly, the movement clusters defined in the UMAP plane corresponded to subsets of neighboring points on the initial manifold projection that could belong to the same plane (Figure D1), indicating not only that the movements could be clustered, but also that the supplementary dimensions were correctly taken into account. Interestingly, the shapes of the manifold and the associated UMAP clustering were highly variable between mice, which highlights that each animal adopted a variable number of different motor strategies depending on how it adapted to the wheel environment over the course of the experiment. 

Experimental tasks

The results reported in this thesis manuscript are based on two different behavioral paradigms, one used to investigate olivocerebellar learning, the other to probe the cerebellar postural function.

Postural learning task

Compared to most behavioral paradigms used in olivocerebellar investigations (Blazquez et al., 2004;[START_REF] Dash | Cerebellum-Dependent Motor Learning. Lessons from Adaptation of Eye Movements in Primates[END_REF]Ekerot et al., 1995;[START_REF] Yeo | Cerebellum and conditioned reflexes[END_REF], the postural task on the wheel proposes an original approach. The animal is in the dark and the movement is not cued, so that we can ensure that the IO signal does not result from exteroceptive stimuli. Thus, our task exclusively relies on the proprioceptive and cutaneous senses described in Section 1.03, preventing confounding signals encountered in conditioned or rewarded paradigms (Heffley et al., 2018;Ohmae & Medina, 2015;ten Brinke et al., 2015;Tsutsumi et al., 2020;Wagner et al., 2021).

In other head-fixed studies the head fixation is in itself a confounding factor and does not directly

In our paradigm, the mouse learns how to globally adjust its posture on the wheel and sometimes, but not always, explores specific motor strategies. Within the behavioral clusters we identified, the initial and final positions are highly stereotyped within a cluster -otherwise clustering would be impossible-; learning is rather characterized by decreases in the excess and variability of movement execution. Therefore, the mouse does not learn which movement to perform but rather how to perform it, which differs from the acquisition of completely novel movements reported in other studies (Heffley et al., 2018;Wagner et al., 2021).

Freely moving recordings in mice

Head-fixation implies unnatural limitations on animal motor behavior. In contrast, during our optogenetic PC stimulations, the implant weight (1.2 g), the optic fiber flexibility and its coupling to a frictionless rotary joint ensured that the mice movement was minimally restrained. No specific cue or reward were introduced in the arena. Thus, the freely-moving paradigm ensured that the mouse was adopting well-learned postures, so that we could probe the anterior vermal function while the animal was behaving naturally. This strategy permitted us to bring out the anti-gravity component in the function of the investigated region, which was masked in previous reports because of an ill-suited head-fixed paradigm (Hoogland et al., 2015;Witter et al., 2013).

Nature of the performed movements

While we could assess that the mouse compensatory postural adjustment following vermal PC stimulation is a reflex, the nature of the postural readjustments observed when the animal is on the wheel requires more careful consideration, especially because the interpretation of our results could change depending on whether it is a reflex or a self-generated movement.

Reflexive movement

The postural readjustments could be postural reflexes triggered by an unbalance experienced by the animal on the wheel. In this case, the movement would consist in a compensatory postural adjustment (Horak & MacPherson, 2015;[START_REF] Sousa | Biomechanical and neurophysiological mechanisms related to postural control and efficiency of movement: A review[END_REF]. However, a reflex requires that an appropriate sensory input, likely proprioceptive, is received by the CNS before movement occurrence, which is unlikely given that we defined postural readjustment as a movement following an immobility period. It must however be noted that, for a fraction of movements, a slow drift on the wheel trace, which could occur over hundreds of milliseconds, was observed before movement onset (Figure D3A). This drift could correspond to a growing postural imbalance which would likely lead to a sensory-evoked reflex. However, the probability of occurrence of these drifts did not change over sessions (Figure D3B). Moreover, the proportion of the protracted CF response was not related to the presence or absence of drift (Figure D3C), so that the hypothesis of an exclusively reflexive movement appears unlikely. However, we show in Article II that a PC optogenetic perturbation is sufficient to elicit a compound postural reflex of the animal body, which likely involves other cerebellar as well as extracerebellar regions [START_REF] Ito | The Cerebellum: Brain for an Implicit Self[END_REF]. Therefore, a part of the mouse postural readjustments on the wheel could consist of postural reflexes following movement initiation. 

Self-generated movement

The alternative hypothesis would be that the animal performs a voluntary self-generated postural readjustment in order to reach a new posture on the wheel. In this case, the postural adjustment must take into account the wheel physics [START_REF] Timmann | Perturbed step initiation in cerebellar subjects: 2. Modification of anticipatory postural adjustments[END_REF]. Over repetitions, the cerebellum would learn to predict the sensorimotor consequences of the movement to improve its execution [START_REF] Fujita | Associative anticipatory learning and control of the cerebellar cortex based on the spiketiming-dependent plasticity of the parallel fiber-Purkinje cell synapses[END_REF][START_REF] Wolpert | Internal models in the cerebellum[END_REF]. Because the wheel is frictionless, this could explain why we preferentially observed overshoots in movement execution: the reduced inertia would likely mechanically lead to an overshoot if the motor command is initially scaled to the natural mouse environment.

We generally observed a backward relaxation on the wheel following the initial forward acceleration (Article 1 Figure 1E), which implies a second phase in the animal postural readjustment. Thus, the decrease in maximal velocity over movement repetitions could aim at minimizing the postural imbalance provoked by the initial movement, before a fine adjustment of the posture. However, because the timing of the sharp response is centered around the initial movement onset, it is unlikely that the recorded cells participate in this backward relaxation, which started on average 134 ± 71 ms after the initial wheel movement.

If the movement arises from a self-generated motor command, then we would expect that supraspinal motor centers, including motor areas and the cerebellum itself, are involved [START_REF] Gao | A cortico-cerebellar loop for motor planning[END_REF][START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF]. Recording the neuronal activity in the primary motor cortex or in the anterior lateral motor cortex, a pre-motor region identified in mice [START_REF] Chen | A Map of Anticipatory Activity in Mouse Motor Cortex[END_REF][START_REF] Gao | A cortico-cerebellar loop for motor planning[END_REF][START_REF] Li | Robust neuronal dynamics in premotor cortex during motor planning[END_REF], during our postural task could confirm this hypothesis.

Role of the CF signal in a learned state

We have shown in Article I that the CF response at the cellular scale displays a sharp component timed around movement onset, which is characterized by a high excess of CFCT probability in a narrow temporal window (28 ± 12 ms at the cellular level). Moreover, this sharp component was still present after postural learning, consistent with recent reports (Kostadinov et al., 2019;Wagner et al., 2021). Therefore, the sharp response likely encodes one or several aspects of movement execution.

Sensory feedback hypothesis

Because muscular contraction either preceded or coincided with the sharp response, we proposed that this component of the CF response represents a sensory feedback (Gaffield et al., 2019;[START_REF] Ju | Neurons of the inferior olive respond to broad classes of sensory input while subject to homeostatic control[END_REF]Ohmae & Medina, 2015). This hypothesis was further supported by correlations between muscle contraction onset and the timing of the sharp response, which in both cases followed the contraction by tens of milliseconds (31 ± 10 ms and 64 ± 20 ms), in two cells of our dataset (Figure A1), as well as a close relationship between the sharp response preferential timing and the movement execution in the late stages of learning (Article I Figure 6I).

However, the preferential timing of the sharp response component is highly variable compared to its mean width (-29 to +45 ms, 10 th -90 th percentiles), and in several cell assemblies the sharp response occurs before any detectable movement (Article I Figure S6E). Previous works in cats identified latencies in the range of 10-40 ms from nerve stimulation to a CF-evoked response in the cerebellar cortex (Ekerot & Larson, 1979a;Jörntell et al., 1996), which is in the lower range of what we report during direct muscle optogenetic stimulation (Figure A2D-G). In the awake behaving animal, we could expect a similar delay between muscle contraction and CF sharp response timing [START_REF] Cullen | Proprioception and the predictive sensing of active self-motion[END_REF][START_REF] Mackrous | Cerebellar Prediction of the Dynamic Sensory Consequences of Gravity[END_REF]. In our axial muscle recordings, muscle contraction started 11 ± 5 ms and 20 ± 8 ms before movement onset for the trapezius and longissimus respectively, so that on average the longissimus preceded the trapezius contraction.

We can hypothesize, based on these observations, that the mouse movement is characterized by a sequence of muscle contractions that can vary but is globally conserved across motor strategies.

Because movements are described by independent components encompassing a large part of the animal body (Figure D3), it is likely that tens of muscles are involved in coordination during each postural readjustment episode, including distal muscles of the limb. We observed that a limb muscle stimulation triggers a response in the IO with a shorter latency than for an axial muscle (41 ± 8 ms vs 52 ± 7 ms, Figure A2D-G). This long latency accounts for the time necessary to trigger contraction in the contractile part of the spindles and to generate spikes in the sensory afferents, which may take 20 ms or more. Moreover, IO cells are also known to receive several sensory modalities, e.g. cutaneous inputs, which have a distinctly shorter latency than deep inputs from the corresponding part of the limb (Ekerot & Larson, 1979a, 1979b). Therefore, cutaneous and muscle proprioceptive feedback from the limbs could arrive in the IO tens of milliseconds earlier than axial muscle feedback and precede the muscle contraction we recorded on the wheel.

Thus, the sharp response preferential timing would reflect the variability in the cells receptive fields. While we observe that axial and lateral vermal CFs are preferentially targeted by axial and distal muscles respectively (Figure A2D-G), we only mapped a small subset of muscles, so that we cannot extrapolate the detailed organization of the deep muscle inputs to the IO. Moreover, in Article I, Purkinje cell dendrites were recorded at various medio-lateral locations depending on the sparse GCaMP6f expression pattern, so that their putative receptive fields are hard to infer.

To further support the sensory feedback hypothesis, we could record distal limb muscles or the pressure of the animal paws on the wheel, which would give further insight about when the earliest movement-related sensory signals are generated.

Interestingly, the distribution of the sharp response timings at the cellular scale appears to be bimodal, with peaks at -15 and +30 ms (Article I Figure 2K). In Figure A1, we observe that the mean latency between muscle contraction and the CF response is 31 ± 10 ms, which is consistent with a direct sensory feedback (Ekerot & Larson, 1979a, 1979b). However, the other correlated cell exhibits a longer and less precise latency of 64 ± 20 ms. This late sharp response could encode either the offset of muscle contraction, or alternatively the feedback from the contraction of the antagonist muscle in an agonist-antagonist sequence during the movement. Therefore, the two modes of the sharp response timings could correspond to cells encoding different parts of the mouse movement (Tsutsumi et al., 2019).

Motor timing hypothesis

An alternative hypothesis would be that the sharp response encodes a motor-related signal (Section 4.01). We have seen that CFCT cross-correlation is enhanced during postural readjustment, through both electrical coupling in the IO, i.e., synchrony, and cells comodulation during movement (Article I Figure 3). Although we recorded sparse PC dendrites, we can thus expect correlated events in tens of neighboring PCs during movement, as observed in our low temporal resolution recordings. We have seen that PC CS synchrony can effectively inhibit the DCN output and putatively induce a rebound discharge, providing a fast control on ongoing movement execution (Section 2.01). Alternatively, the CS synchrony associated with the sharp response could transiently inhibit the DCN and open a window for a fine temporal modulation of the cerebellar motor output through PC SS synchrony (Sedaghat-Nejad et al., 2022), which could, as previously reported, finely tune the DCN output and set the endpoint of the movement, thus acting to prevent an overshoot in movement execution [START_REF] Becker | Cerebellar Control of Reach Kinematics for Endpoint Precision[END_REF]. The direct control over muscle tone by vermal Purkinje cells (Article II) is consistent with this interpretation. DCN recordings could help us evaluate the effect of CS correlated events on the cerebellar output.

However, the sharp response amplitude slightly decreases over learning, while the synchrony between cells does not evolve significantly (Article I Figure 4E). In the motor hypothesis, we could in contrast expect an apparent increase of the sharp response and of the synchrony because of a better coordinated movement (Wagner et al., 2021), reflecting a precise motor CS sequence as predicted by the motor timing theory [START_REF] Lang | The Roles of the Olivocerebellar Pathway in Motor Learning and Motor Control. A Consensus Paper[END_REF][START_REF] Welsh | Functional significance of climbing-fiber synchrony: A population coding and behavioral analysis[END_REF]. Moreover, a motor output signal provoked by the sharp response would likely induce a modulation of the executed movement following the sharp response timing, which was not apparent in our recordings. Finally, the strong correlation between the sharp response timing and movement execution in late (learned) movement repetitions (Article I Figure 6I) could reflect either a sensory feedback or a motor influence on the movement. Investigating this CF motor timing hypothesis will require denser recordings of numerous PC dendrites during posturomotor learning at high temporal resolution.

Kinematics prediction hypothesis

It was previously shown that the CF discharge can predict the kinematics of the upcoming movement [START_REF] Fu | Movemena kinematics encoded in complex spike discharge of primate cerebellar Purkinje cells[END_REF][START_REF] Ojakangas | Purkinje cell complex spike activity during voluntary motor learning: Relationship to kinematics[END_REF]Streng et al., 2017b). We found that after learning the CF sharp response strongly encodes movement propulsion duration and systematically precedes the peak movement velocity (mean latency 89 ± 36 ms). Therefore, the sharp response could represent a prediction of movement execution rather than a sensory feedback, which will fall in line with previous observations of CF maximum discharge probability at -rather than after-movement onset (Heffley et al., 2018;Wagner et al., 2021).The correlation between the sharp response and movement execution would only be visible after learning because during initial training the movement overshoot will result in an erroneous prediction.

However, this last hypothesis would complicate the interpretation of cerebellar learning, because the CF would not carry any feedback about the movement outcome.

plasticity could also occur in the DCN, a long term depression (LTD) at the PF-PC synapse would directly result in a decrease of the SS output before movement onset, and thus in a disinhibition of the nucleo-olivary pathway in the protracted response time window, leading, all things equal otherwise, to the reported depression of the protracted response (Rasmussen & Hesslow, 2014).

This framework also provides an explanation for the sharp response mild decrease, which would likely result from a prolonged nucleo-olivary inhibition through the slow GABAergic DCN cells kinetics [START_REF] Anchisi | Postsynaptic currents in deep cerebellar nuclei[END_REF][START_REF] Bazzigaluppi | Properties of the Nucleo-Olivary Pathway: An In Vivo Whole-Cell Patch Clamp Study[END_REF][START_REF] Najac | Integration of Purkinje cell inhibition by cerebellar Nucleo-Olivary neurons[END_REF][START_REF] Özcan | Differential coding strategies in glutamatergic and GABAergic neurons in the medial cerebellar nucleus[END_REF].

To test the nucleo-olivary inhibition hypothesis, we could optogenetically or pharmacologically block the nucleo-olivary pathway in an expert animal and observe whether the protracted response is potentiated. At the cerebellar cortical level, we could record PC simple spikes (SS) during postural learning. Voltage indicators, which are an area of expertise of the hosting laboratory, now allow to optically record voltage dynamics in multiple identified cells [START_REF] Liu | Sustained deep-tissue voltage recording using a fast indicator evolved for two-photon microscopy[END_REF]Villette et al., 2019). Recording at PCs somas would inform us about the evolution of the PC SS output and CS occurrence during learning, during which we would expect a decrease of the SS output in a time window preceding movement onset.

Learning mechanism

What could be the learning mechanism supported by the CF protracted component? The protracted response precedes the movement, so that it can't convey an execution error signal.

Therefore, we can to some extent say that in our task the "error", or at least the "instructive" signal, knows in advance what or how to learn, which is very counter-intuitive. A plausible explanation would be that the protracted response represents an error, or at least a mismatch, in the motor command. If the cerebellum, as proposed by many theories, implements an inverse model, then it continuously computes and predicts future motor commands [START_REF] Porrill | Adaptive filters and internal models: Multilevel description of cerebellar function[END_REF]. To perform this function would require that a whole repertoire of known sensorimotor states and their corresponding motor command predictions are stored within the cerebellar cortex. When a new sensorimotor state is encountered, as on the frictionless wheel, then the cerebellar cortical response would be inappropriate. If the LTD is indeed the main modality of cerebellar cortical learning, one could imagine that a novel context leads to an excess of PC inhibition compared to the DCN mossy fiber excitatory drive during movement preparation, which would result in a net IO disinhibition and an increased discharge probability of the PC afferent CF (Chaumont et al., 2013). Therefore, the protracted response could occur with -but also without-a motor input to the IO because of a lack of nucleo-olivary inhibition, which would in the latter case explain its limited temporal precision. When learning the novel sensorimotor state through movement repetition, the PC SS inhibition would progressively decrease, and the IO discharge probability would return to basal levels through the resulting gradual increase in nucleo-olivary inhibition.
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Testing this hypothesis would require concurrent recordings of the PC and DCN output during our task, which can currently be performed with electrophysiological probes (Tang et al., 2019). We would expect a ramping activity before movement initiation, which would fall in line with recurrent motor commands relayed to the cerebellar cortex by precerebellar nuclei such as the lateral reticular nucleus to the anterior vermis (Section 1.05). We could then evaluate how the balance between mossy fiber excitation and PC inhibition evolves during postural learning.

If the motor drive received by the IO is predicted and cancelled by the cerebellum, then motor information must arrive to the cerebellum before reaching the IO, especially since the computation of the cerebellar cortical output and the DCN-IO inhibition slow kinetics [START_REF] Najac | Integration of Purkinje cell inhibition by cerebellar Nucleo-Olivary neurons[END_REF][START_REF] Özcan | Differential coding strategies in glutamatergic and GABAergic neurons in the medial cerebellar nucleus[END_REF] imply a supplementary delay of tens of milliseconds compared to a direct recurrent descending input to the IO. This would be the case if the cerebellum and the IO receive motor information from different sources. Two distinct descending motor cortex pathways that are differentially involved in movement were recently identified [START_REF] Economo | Distinct descending motor cortex pathways and their roles in movement[END_REF][START_REF] Li | A motor cortex circuit for motor planning and movement[END_REF].

One pathway goes through the thalamus and the pons, and is involved in early phases of motor planning, while the other preferentially targets medullary nuclei and produces late preparatory activity and motor commands. If the cerebellum and the IO receive segregated inputs from these two pathways, then the nucleo-olivary inhibition could indeed be set before the arrival of the motor command efferent copy. The slow ramping of activity in the DCN reported recently during motor planning [START_REF] Gao | A cortico-cerebellar loop for motor planning[END_REF] is consistent with the cerebellum receiving pre-motor information.

Is the protracted response sufficient to trigger cerebellar learning? Several of our findings suggest that learning at the cellular scale relies on interactions between the protracted and the sharp responses. First, the two types of responses are highly correlated at the initial stage of learning (R = 0.62, Article I Figure 2J). Second, the two components can be characterized as two successive olivary events (doublets) that lead to an increased CFCT amplitude around the sharp response timing and whose proportion strongly correlates with posturomotor learning (R = 0.48, Article I Figure S7D). Finally, we found a correlation between the mean amplitude of the sharp response CFCTs and the evolution of the protracted response (R = 0.48, Article I Figure 7P). These results strongly point to a gating of cerebellar learning by the CF protracted response, which is nonetheless implemented using the sharp response feedback. This interpretation is consistent with in vitro studies showing that two successive events are required for LTD to occur at the PF-PC synapse (Bouvier et al., 2018;Titley et al., 2019).

Evolution of the cerebellar motor output during postural learning

A LTD at the PF-PC synapse generally results in a potentiation of the cerebellar motor output through DCN disinhibition [START_REF] Ten Brinke | Dynamic modulation of activity in cerebellar nuclei neurons during pavlovian eyeblink conditioning in mice[END_REF]. Moreover, we show that the sharp response to the postural readjustments is associated with an increased synchrony (Article I Figure 3) and is positively modulated by the overshoot in movement execution (R = 0.34, p = 1.09e-4). This last relation was not apparent in our multiparametric correlations because the protracted and sharp responses are also highly correlated (Table 1A). Nevertheless, we can speculate that an overshoot in movement execution is associated with an increased synchronous CF activity, which could not be quantified because of the low cell number in each assembly. Resulting CS synchronies around movement onset would likely lead to a long-term potentiation at the DCN stage (Section 2.01). Therefore, we would expect an overall increased motor output for the same cerebellar input, and thus an increase in muscle contraction with movement repetitions [START_REF] Mori | Stimulation of a restricted region in the midline cerebellar white matter evokes coordinated quadrupedal locomotion in the decerebrate cat[END_REF], which would also be consistent with the observed loss of tone when the cerebellar output in the vermal region is inhibited by PC stimulation (Article II).

Yet, we observe in our data a reduction of the maximal velocity, which can be intuitively associated with a reduced muscle contraction, contradicting this hypothesis. As mentioned in the Article I Discussion, a control over the muscle antagonist to the CF afferent receptive field would resolve this contradiction: an increased motor output to the antagonist muscle will shorten the movement, and motor learning would consist in adjusting the contractions patterns of agonist-antagonist muscle groups (Richard Apps & Garwicz, 2005) to correct an initially incorrect agonist-antagonist contraction sequence causing a movement overshoot, i.e., an hypermetria (Section 1.05). This agonist-antagonist hypothesis has been proposed in the literature and is depicted in Figure 25 of the Introduction (Richard Apps & Garwicz, 2005). If the protracted response at the initial stage of learning results from an excess of motor command to the agonist muscle, the concomitant nucleoolivary pathway potentiation would reduce the excitability of the CF agonist receptive field, cancelling the motor drive.

To assess this framework, we could record the DCN and observe if the cerebellar output increases over movement repetitions during our postural task. Additionally, we could record an agonistantagonist muscle pair and look at the evolution of muscle contractions over the course of learning. If the targeted muscle pair is involved in the postural learning process, we would likely see an opposite evolution of the contraction amplitudes at movement initiation.

microzonal studies, only one or a few PCs could be recorded at once. Calcium imaging now allows to record hundreds on cells simultaneously, thus giving a far more complete picture of a sensory stimulation outcome. Finally, sensory modalities are likely to be mixed before reaching the IO (either inside the spinal cord or in relay nuclei), which would explain why the same CFs can respond to cutaneous and muscle stimulations (H. Jörntell et al., 1996).

Functional organization of the cerebellar vermis

During PC optogenetic activation in freely-moving animals, we found that at least two muscles were affected by the stimulation of a small PC band. While this shows a degree of specificity, it is likely that other muscles that we did not record were also affected. Since the triceps and the pectoris are two extensor muscles, we can speculate that other extensors might undergo a loss of tone as well.

According to Voogd nomenclature (Figure 15), the vermal lobule IV/V is mainly composed of the A and the B zones, with two broad Zebrin negative (1-and 2-) regions (~400 µm) separated by a two thin Zebrin positive (1+ and 2+) bands. Because these Zebrin bands project to different subregions of the fastigial nucleus (Fujita et al., 2020), we could expect that they fulfill qualitatively different functions. The lateralization of the stimulation effect goes in this direction and can be related to the preferential response of the lateral vermis to limb muscle stimulation (Figure A2D).

If the input and output maps are congruent, the lateral vermis could be preferentially involved in limb muscle control, as reported in previous studies (Andersson & Oscarsson, 1978;Heffley et al., 2018). In contrast, CFs responding to axial muscle stimulation were preferentially located more medially, so that the 1-band would control muscles of the trunk.

Additionally, we report a functional segmentation in lobules in the vermis. Because of the olivary axon collateralization in bands of CFs [START_REF] Sugihara | Morphology of single olivocerebellar axons labeled with biotinylated dextran amine in the rat[END_REF], it appears unlikely that the IO is the source of this functional diversity. Instead, the mossy fiber (MF) input to the PCs via the parallel fibers represents a better candidate. MF projections are generally distributed across less lobules (Y. [START_REF] Shinoda | The entire trajectory of single climbing and mossy fibers in the cerebellar nuclei and cortex[END_REF] and their receptive fields differs depending on the antero-posterior cortical subdivision (Figure 20). Moreover, a loose medio-lateral organization of the PC output is consistent with the large MF input divergence in the granular and molecular layers.

On the output side, the lobule VI displays in mice an antero-posterior subdivision between a PC cell population (lobule VIa) similar to the one of lobule V, and another that projects to the caudal fastigial nucleus (lobule VIb-c) and has been related to eye and head movements (H. Fujita et al., 2020). This subdivision could also explain why we observed a different snout trajectory in lobule VI compared to lobule IV/V (Article II Figure 4F). Nevertheless, the rest of the body was similarly affected in both lobules (Article II Figure S4C). It would be interesting to investigate if our postural learning task and muscle spindle afferent inputs are similarly encoded in the vermal lobule VI than in lobule IV/V.

Together, our results strongly suggest that a CF-PC-DCN microcomplex sets the tone gain of several muscles, as was initially proposed based on retrograde tracings from single muscles (Ruigrok et al., 2008). The holistic nature of the functions fulfilled by the vermis could prevent any clear functional segmentation; instead, each cell likely participates in a highly non-linear manner to the control of multiple movements across several sensorimotor states. In contrast, the Purkinje cell output in cerebellar regions that are associated with more specific motor behaviors, such as skilled reaching (Ekerot et al., 1997), could be more finely organized, either by somatotopical or ethological maps [START_REF] Cerminara | Neuronal activity patterns in microcircuits of the cerebellar cortical C3 zone during reaching[END_REF][START_REF] Graziano | Ethological Action Maps: A Paradigm Shift for the Motor Cortex[END_REF]. 
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Figure 1 :

 1 Figure 1: Overall organization of the posturomotor system. A. The main ascending pathways are represented by green arrows and the descending pathways as black arrows. The sensory information is integrated at the level of the spinal cord before being processed in the brain. For clarity purposes, the beta motor neurons are not represented, as well as the visual and auditory pathways and the basal ganglia. See text for more details. B. Muscle spindles from the middle region of the medial gastrocnemius muscles of a rat. ef, extrafusal contractile muscle fibers; c, capsule; if, intrafusal muscle fibers (Panels A and B adapted from Gartych et al., 2021). C. Left: GFP expression in group Ia and group II afferents innervating an intrafusal muscle fiber (magenta autofluorescence) in a mouse plantaris muscle spindle. Right: GFP expression in a group Ib afferent innervating a mouse gluteus Golgi tendon organ (Adapted from Tuthill and Azim 2018). D. Example of a two-step nesting inside the central nervous motor system. See text for details (Adapted from Ito, 2011).

  and F), which is crucial for normal cerebellar function and cerebellar learning (see Part 2).

Figure 2 :

 2 Figure 2: Anatomy of the olivocerebellar system. A. View of a mouse brain with the cerebellum highlighted in purple. B. Top view of a mouse cerebellum. The vermis is highlighted in shaded purple and the different lobules are indicated (Adapted from Kim & Scott, 2014). S: lobule simplex; cI: CrusI; cII: crusII; PML: paramedian lobule. C. Sagittal view of a mouse brain (Nissl staining) with the numbered lobules. The IO and the fastigial nucleus are delineated (data from the Allen brain atlas). D. Cartoon of a top view of the cerebellum. The cerebellar nuclei are indicated. FN: fastigial nucleus; AIN: Anterior interposed nucleus; PIN: posterior interposed nucleus; LN: Lateral nucleus E. Three-dimensional reconstruction of the DCN (Adapted from Sugihara, 2008). MN: medial (fastigial) nucleus; DLP: Dorsolateral protuberance; LN: Lateral nucleus. F. The inferior olivary nuclei in a C57BL/6J mouse, coronal view. DO, dorsal olive; PO, principal olive; MAO, medial accessory olive; VLO: ventrolateral olive (Adapted from Sillitoe et al., 2012).

Figure 3 :

 3 Figure 3: Posturomotor deficits in cerebellar diseases. A. Kinematic and electromyographic (EMG) features of fast wrist flexion movements made by a healthy subject (Left) and by a cerebellar patient (Right). Each top panel corresponds to the superimposition of the individual records of position for 12 flexion movements (target distance 15 degrees). The middle and bottom panels correspond to the averages of the fill-rectified EMG activities. Note the triphasic muscle contraction in the healthy subject. MVT: movement. AGO: agonist muscle. ANTA: antagonist muscle. FRC: Flexor carpi radialis. ECR: Extensor carpi radialis (Adapted from Manto, 2009). (B-C) Locomotor deficits in transgenic ataxic pcd mice. B. Average vertical (z) position of the forelimb right paw relative to ground during locomotion in WT and pcd mice. Note the increased excursion of the paw in pcd animals. C. x-y position of the four mouse paws relative to the body center during swing. Note that the overall increased extension of the limbs is also observed during stance (Panels B and C are adapted from Machado et al., 2015).

Figure 4 :

 4 Figure 4: Cerebellar mossy fiber input. A. Main mossy fiber afferent sources to the cerebellum. The climbing fiber projections from the inferior olive are not indicated. See text for more details about the different nuclei. VN: vestibular nuclei; TN: trigeminal nucleus; DCNu: dorsal column nucleus; PN: pontine nuclei; LRN: lateral reticular nucleus; IO: inferior olive. B: Frontal view of a completely reconstructed single axon originating from the left lateral reticular nucleus (LRN). Axon terminals are distributed in lobules II, III, IV, and V bilaterally. Note the collaterals to the DCN and vestibular nuclei[START_REF] Wu | Projection patterns of single mossy fibers originating from the lateral reticular nucleus in the rat cerebellar cortex and nuclei[END_REF].

Figure 5 :

 5 Figure 5: Theory of cerebellar motor control. A. The basic structure of a control system, consisting of a controller that manipulates a controlled object, an instructor that gives an instruction to the controller, and a sensory system that mediates feedback to the controller. B. Forward and inverse model architecture. (Top) A forward model mimics the dynamic properties of the controlled object. Error signals are derived by comparing the sensory system to the output of the model and are sent into the forward model to modify it. (Bottom) An inverse model mimics the reciprocal of the dynamic properties of the controlled object. C. Systems diagram of the adaptive filter embedded in the architecture of a classical perceptron. Inputs are analyzed by a bank of filters to produce a basis of signals; these signals are recombined with appropriate weights to produce the desired output. The weights wi are changed at each iteration based on a given learning rule (Panels A and B are adapted from Ito 2008).

Figure 6 :

 6 Figure 6: The olivocerebellar microcircuit as an adaptive processor. A. The architecture of the cerebellar cortex and its key structural elements. The cerebellar cortex is anisotropic with three layers and two distinct axes, the left-right axis defined by parallel fibers aligned with the coronal plane and the flat dendritic trees of Purkinje cells, which are perpendicular to the parallel fiber axis and aligned with the sagittal plane. See text for more details (Adapted from Thier & Markanday, 2019). The top left schematics shows the divergence-convergence pattern occurring in the cerebellar cortex (Adapted from Nguyen et al., 2022). B. Parallels between an artificial adaptive processor and the cerebellar network. A preprocessing stage (the granular layer) transforms the input signals to create representations that are a suitable substrate for supervised learning. Those representations are sent to an adaptive processor (the PC-DCN ensemble) that generates responses. Errors are computed by a comparator (the inferior olive) using the desired response and the processor response, and are sent back to the adaptive processor to modify its synaptic weights. Color code refers to the one of Figure 5C (Adapted from Raymond & Medina, 2018).

Figure 7 :

 7 Figure 7: Oscillation and synchronies in the IO microcircuit. A. Confocal image of two electrically coupled olivary cells filled with biocytin and processed with streptavidin-Alexa Fluor 488 (Adapted from Mathy, Clark, and Ha 2014). B. Simultaneous somatic and axonal recording (130 µm from the soma) of an olivary neuron. The small wavelets on the somatic ADP are reflected as full spikes in the axon[START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF]. C. Intracellular recording of an IO neuron in vivo in the anesthetized rat. Insert, corresponding power spectrum (Adapted fromChorev et al., 2007). D. Spontaneous oscillatory electrical activity was acquired simultaneously using optical voltage imaging and intracellular recording in vitro in IO slices. The upper panel superimposes the optical signal in red and intracellular voltage recording in black and demonstrates temporal waveform coherence. The lower panels illustrate the spatial distribution of voltage imaging at five different time points. Note that ensemble oscillations emanated from several fluorescent clusters of coherent activity, and that the spatial and temporal structure of the IO cluster activity is discernable directly from cluster distribution and size(Leznik and Llinás 2005). E. Average number of spikes evoked in an IO neuron in vitro as a function of the phase of synaptic stimulation[START_REF] Mathy | Encoding of Oscillations by Axonal Bursts in Inferior Olive Neurons[END_REF].

Figure 8 :

 8 Figure 8: Olivary discharge and its integration by the Purkinje cell. A. Reconstruction of the entire trajectory of an IO axon originating from the medial accessory olive (MAO). CF terminals are distributed through lobules VI and VII, but in a limited mediolateral width of 0.3 mm. Note that thin axon collaterals terminate in the fastigial nucleus (Adapted from Sugihara & Shinoda, 2001). B. CF innervation of the PC proximal dendritic tree (a whole tree is represented on the right for comparison, adapted from Mathy et al., 2009). C. Quasisimultaneous recordings of fluorescence transients in response to CF stimuli in a PC loaded with 200 µM Fluo-4 (Adapted from Otsu et al., 2014). D. Simultaneous dendritic voltage and calcium imaging from a PC in an awake mouse using voltage sensitive dye ANNINE-6plus (red) and calcium indicator GCaMP6f (green) (Adapted from Roome & Kuhn, 2018). E. Dual recordings of Ca2+ indicator jRGECO1a and GCaMP6f in a Purkinje cell and its corresponding climbing fiber. F. A representative nonlinear regression analysis of Ca2+ amplitudes of the CF-PC pair shown in F. R² = 0.658 (Adapted from Roh et al., 2020). G. Example dendritic (recorded 85 mm from the soma) and somatic Purkinje cell responses

Figure 9 :

 9 Figure 9: Plasticity mechanisms at the PF-PC synapse. A. PF-PC LTD can be induced after paired PF-CF stimulation in vitro (black dots). In contrast, PF stimulation alone induces LTP (blue dots). B. Bidirectional PF plasticity is governed by a calcium threshold mechanism which favors LTD for high concentrations (Panels A and B are adapted from Coesmans et al., 2004). C. Average time course of Ca2+ signals from 14 PC dendritic spines. The responses to separate activation of PF and CF inputs, and their linear sum, are also shown (Adapted from[START_REF] Wang | Coincidence detection in single dendritic spines mediated by calcium release[END_REF]. Note that the total response exceeds the sum of the two individual responses. D. Average PC dendritic voltage (red) and calcium (green) in response to weak electrical stimulation (10 negative current pulses, 30 mA, 1 ms duration, at 100 Hz) in the granule cell layer (Adapted fromRoome & Kuhn, 2020). E. Averages calcium signals following non-evoked (gray, left) and evoked (green, right) dendritic complex spike signals, under control (top dark traces) and mGluR1 antagonist conditions blocking the PF inputs (dashed traces). Black trace is mean and colored trace is SD (Adapted fromRoome & Kuhn, 2020).

Figure 10 :

 10 Figure 10: IO influence on the DCN discharge and plasticity. A. (Top) Schematic of MF-rebound induction protocol showing mossy fiber stimulation (133 Hz train) and hyperpolarizing current injection. (Bottom) Representative response of a cerebellar nuclear cell to the MF-rebound induction protocol. B. EPSC amplitudes before and after MF-rebound stimulation. Open circles, individual EPSCs; closed squares, mean of every 10 measurements. Induction protocol was given at time zero. (Inset) EPSCs before and after induction (Panels A and B are adapted from Pugh & Raman, 2006). C. Sample raw trace of a DCN neuron showing a rebound response evoked by maximal IO stimulation recorded at resting potential. D. Spike responses evoked by subthreshold, submaximal, maximal and supramaximal IO stimulation. Note the complete silencing of the cell and the rebound firing for strong stimulations (Panels C and D are reproduced from Bengtsson, Ekerot, and Jörntell 2011). E. Schematics showing a recording array of a PC population. Circles indicate positions of recorded PCs; filled circles indicate positions of PCs identified as presynaptic to the recorded DCN cell in D. F. CS-triggered histograms of DCN activity for different synchrony levels. Note the progressive increase in inhibitory effect and duration with synchrony. G. Comparison of the effect of synchrony across all experiments (each experiment is denoted by a symbol). Solid line is the least squares regression line. Note that for zero synchrony there is virtually no DCN inhibition (Adapted from Tang, Blenkinsop, and Lang 2019). H. (Left) Confocal image of a coronal DCN section showing dextran-conjugated Alexa 488-filled pontine nuclei axons (thin green lines) that originate from the same site as the optic fiber placement during paired optogenetic learning. (Middle) Confocal images of mossy fiber synaptic terminals labeled with the vesicular glutamate transporter 2 (VGluT2, red) in the DCN of paired (right) and unpaired (left) mice. (Right) Ratio of the number of VGluT2+ puncta in the anterior and posterior interposed nucleus of paired versus unpaired controls. *p < 0.05, **p < 0.01 (Panels adapted from Lee et al., 2015).
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  Figure 23A, p.83).

Figure 11 :

 11 Figure 11: Evolution of the cerebellar activity during motor learning in eyeblink conditioning. A. Rasters illustrating training induced changes in simple and complex spike activity over trials. Top, simple spike frequency. Bottom, complex spike events (Adapted from Rasmussen et al., 2014). CSt: conditioned stimulus. B. Example eyelid and Purkinje cell traces for eyelid-related cells in naive and trained animals. Middle, spike density functions of simple spikes for individual cells (n = 17 and n = 28 respectively). Color relates to the depth of modulation. Black line is the average. Bottom, same but for complex spikes (Adapted from ten Brinke et al., 2015). US: unconditioned stimulus. C. Daily CSt-US interval averages of facilitatory DCN cells (top traces, orange), suppressive DCN cells (bottom traces, blue), and eyelid behavior (middle traces, teal) (Adapted from ten Brinke et al., 2017). D. Averaged eyelid movement traces during the 'laser' extinction phase for ChR2 mice (left) and during the extinction phase for WT mice (right, adapted from Kim et al., 2020). Nucleo-olivary excitation during the conditioned stimulus is sufficient to elicit an extinction of the conditioned response.

Figure 12 :

 12 Figure 12: Experimental observations contradicting the classical supervised learning theory. A. Short-term saccadic adaptation is achieved by consistently introducing intrasaccadic target shifts (dashed gray lines) of the same size backward in the direction of the fixation point (gain decrease adaptation), thereby inducing retinal errors which are gradually reduced over many trials of a typical adaptation experiment. B. Upmodulation in CS activity is observed in the population response during gain-decrease adaptation. Data are aligned to saccade offset (vertical dashed line). Panel on the right shows the percentage change (mean ± SEM) of saccadic gain (Adapted from Catz et al., 2005). C. Schematic of configuration of behavioral task. Head-fixed mice were trained to release a lever in response to a visual cue after a delay, with reward delivered following correctly timed movement. D. Summary of reaction times for all cue prediction sessions with a 0.5-s visual cue. E. Average calcium responses measured from a representative PC dendrite. Dotted line represents time of lever press (blue) or lever release (correct, black; early, red). Shaded area represents ± SEM (Panels C-D-E are adapted from Heffley et al. 2018).

Figure 13 :

 13 Figure 13: Stochastic gradient descent and physiological plasticity mechanisms at the PF-PC synapse. A. Predicted plasticity rules. Synchronous activation of granule cell synapses and a perturbation complex spike (pCS) leads to LTP (increased synaptic weight w), while the addition of a succeeding error complex spike (eCS) leads to a long term depression (LTD) . When the perturbation complex spike is absent, no plasticity occurs (Adapted from Bouvier et al., 2018). B. Sketch depicting the timings of parallel and climbing fibre stimulation under the four conditions used. Parallel fibres were stimulated eight times at 100 Hz, with a climbing fibre being stimulated at either 0, 70, 100, or 150 ms from the start of the parallel fibre stimulation. Bottom: example traces showing EPSCs before (black) and after LTD tetanization using different PF-CS intervals (color coded). C. percentage change in EPSC (from baseline) in individual cells (n = 6). With a single CF stimulation, only a high calcium concentration (2 mM) permitted LTD. D. Same protocol as in B, but a second CF stimulation occurred with an inter CS interval of either 50, 100, 150 or 200 ms. Bottom: example traces showing EPSCs before (black) and after LTD tetanization (color coded). LTD occurred preferentially for 50 to 150 ms intervals (Panels B to D adapted from Titley et al., 2019).

Figure 14 :

 14 Figure 14: Micro-organization of the olivocerebellar connectivity. A. Relationship between topographic olivocerebellar projection and Zebrin compartments (shaded gray) in the mouse cerebellar cortex. The number given to each injection site in the IO indicates the position of the section as a fraction of the distance within the rostrocaudal extent of the IO. In the mapping of the CFs in the cerebellar cortex, one dot means one labeled climbing fiber (Adapted from Sugihara and Quy 2007). B. Olivo-nuclear projection pattern. Three-dimensional mapping of nuclear termination areas of collaterals of olivocerebellar axons labeled by BDA injections in lateral subnucleus b of the c-MAO (n = 14; specific colors). Black arrows show the orientation axis to indicate topographic correspondence between the IO and CN (Adapted from Sugihara and Shinoda 2007).

Figure 15 :

 15 Figure 15: Olivocerebellar modules in mammals. The three-elements modules of the olivocerebellar system are formed by a sagittal strip of Purkinje cells in the cerebellar cortex, which converge onto a particular set of deep cerebellar and/or vestibular nuclei, which, in turn, innervate the subnucleus in the inferior olive that provides the climbing fibers to the corresponding strip of Purkinje cells, forming a closed triangular loop. The left part of the cerebellar cortex indicates the original zones described by Voogd (1964), whereas the right part indicates the Zebrin related groups described by Sugihara (2011). The different modules are color coded based on the right half color code of the cerebellar cortex. Zebrin-positive stripes are indicated with dark shading in Voogd's zones on the left. AICG, anterior interstitial cell group; AIN, anterior interposed nucleus; DLH, dorsolateral hump; DLP, dorsolateral protuberance; DMC, dorsomedial crest; LN, lateral nucleus; FN, fastigial nucleus; ICG, interstitial cell group; PIN, posterior interposed nucleus. DVN, descending vestibular nucleus; dY, dorsal group Y; MVN, medial vestibular nucleus; PrH, prepositus hypoglossal nucleus; SVN, superior vestibular nucleus. DAO, dorsal accessory olive; dc, dorsal cap; DM, dorsomedial group; DMCC, dorsomedial cell column; MAO, medial accessory olive; (d/v)PO, (dorsal/ventral) principal olive; VLO, ventrolateral outgrowth. The subnuclei a, b and c in the cMAO are indicated (Adapted from De Zeeuw and Ten Brinke 2015).

Figure 16 :

 16 Figure 16: Microzonal CF-related activity in vivo. A. (Left) A fluorescence image of the cerebellar cortex in vivo in a mouse expressing a calcium reporter specifically in PCs. (Right) 196 segments of correlated PC activities colored in blue, light blue, orange, and red for discrimination (Adapted from Michikawa et al. 2021). B. (Left) Matrices of correlation coefficients of the CF-related events in a population of 41 Purkinje cell dendritic trees. Cells are arranged by location in the mediolateral dimension. Red and blue outlines indicate microzones identified by a clustering analysis of the correlation coefficients during locomotion. (Right) Schematics of microzone structure for the same mouse, comparing periods of active locomotion (top) to when the animal was awake but resting (bottom). The microzones are stable across the two behavioral states (Adapted from Mukamel, Nimmerjahn, and Schnitzer 2009). C: For another similar dataset, correlation matrices, color-coded microzones identified using k-means clustering, and correlations plotted as a function of mediolateral separation distance, analyzed from spontaneous activity before (black) and 30 min after (gray) infusion of mefloquine into the IO (Adapted from Ozden et al. 2009).

Figure 17 :

 17 Figure 17: Main afferent projections to the and the caudal dorsal accessory olive (cDAO) and caudal medial accessory olive (cMAO). A. Essentially two main spino-olivocerebellar paths (SOCPs) are projecting to the A and B zones of the cerebellar cortex. A direct route from spinal cells to the IO goes through the contralateral ventral funiculus (VF-SOCP). A second route courses the ipsilateral dorsal funiculus (DF-SOCP), synapses at the dorsal column nuclei from where the contralateral inferior olive is targeted. A third SOCP exists but is not represented here for clarity because it projects to cerebellar hemispheres (Adapted from Ruigrok 2016). B. Topography of the projections from the spinal cord and the brainstem to the cMAO and the cDAO. Direct and indirect (through the dorsal column nuclei (DCNu) projections from the spinal cord are common to both nuclei. Dashed lines indicate projections that must yet be confirmed (Adapted from Sugihara and Shinoda 2004). TN: Trigeminal Nuclei. VN: Vestibular Nuclei. RN: Red Nucleus. SCo: Superior Colliculus. LRN: Lateral Reticular Nucleus. APP: Area parafascicularis prerubralis.

Figure 18 :

 18 Figure 18: Somatotopy in the olivocerebellar system. A: Somatotopic organization of the termination zones of spino-olivocerebellar pathways. The parts of lobules IV and V in the left half of the cerebellar cortex are shown. Surface potentials evoked by electrical stimuli of peripheral nerves were recorded in anesthetized cats with the spinal cord transected at the C3 level with examined funiculus maintained: dorsal (DF) or ventral (VF) funiculus (Adapted from Michikawa and Miyawaki 2021, based on the data from Ekerot and Larson 1979a). B. The zonal distribution and intrazonal somatotopic organization in the lobules IV/V are indicated on an unfolded view of the Purkinje cell layer. The somatotopy is based on CF responses to electrical skin stimulations. The letter i refers to the ipsilateral corresponding part of the body. F, front limb. H, hind limb (Adapted from Jörntell et al. 2000).

Figure 19 :

 19 Figure 19: Somatotopical micro-organization of the CF input. A. The organization of microzones in the cat cerebellar cortex. Microzones were defined by single-unit recordings in the B zone within lobule V on the basis of CS responses elicited with direct stimuli of ipsilateral or contralateral ulnar (forelimb) or sciatic (hindlimb) nerves. The track of a microelectrode used for recording is shown in a red line in a parasagittal section. Single PC activities were recorded extracellularly in anesthetized cats. The spinal cord was transected at the C3 level except for the ventral funiculus (VF)(Andersson & Oscarsson, 1978). B. Diagram of an unfolded vermal cortex of the lobule V of the cat. In an animal with an intact neuraxis, the major body areas whose cutaneous stimulation elicited CF responses emerged in a patchy pattern[START_REF] Robertson | Organization of climbing fiber input from mechanoreceptors to lobule V vermal cortex of the cat[END_REF]. C. (Left) Current pulses of 1.43 mA were delivered for 0.2 ms through an electrode inserted into the muscle while the CF-related calcium signals were recorded over the whole cortical surface (right panels). (Right) Heatmaps representing peak amplitude of the averaged CS responses (n = 30) with stimulation of biceps brachii of the left forelimb and biceps femoris of the left hindlimb(Michikawa et al., 2021). All panels are adapted fromMichikawa et al. 2021 and Michikawa and Miyawaki 2021. 

  Figure 19: Somatotopical micro-organization of the CF input. A. The organization of microzones in the cat cerebellar cortex. Microzones were defined by single-unit recordings in the B zone within lobule V on the basis of CS responses elicited with direct stimuli of ipsilateral or contralateral ulnar (forelimb) or sciatic (hindlimb) nerves. The track of a microelectrode used for recording is shown in a red line in a parasagittal section. Single PC activities were recorded extracellularly in anesthetized cats. The spinal cord was transected at the C3 level except for the ventral funiculus (VF)(Andersson & Oscarsson, 1978). B. Diagram of an unfolded vermal cortex of the lobule V of the cat. In an animal with an intact neuraxis, the major body areas whose cutaneous stimulation elicited CF responses emerged in a patchy pattern[START_REF] Robertson | Organization of climbing fiber input from mechanoreceptors to lobule V vermal cortex of the cat[END_REF]. C. (Left) Current pulses of 1.43 mA were delivered for 0.2 ms through an electrode inserted into the muscle while the CF-related calcium signals were recorded over the whole cortical surface (right panels). (Right) Heatmaps representing peak amplitude of the averaged CS responses (n = 30) with stimulation of biceps brachii of the left forelimb and biceps femoris of the left hindlimb(Michikawa et al., 2021). All panels are adapted fromMichikawa et al. 2021 and Michikawa and Miyawaki 2021. 

Figure 20 :

 20 Figure 20: Mossy fiber input organization. A. View of the left side of the rat cerebellum showing the spatial distribution of receptive fields recorded in the granular layer in response to mechanical stimulations of different body parts. Note the multiple representations of the same body parts which produces a 'fractured somatotopical' mosaic pattern of variable sized patches (Adapted from Apps and Hawkes 2009). B. In this experiment, GC-PC functional synaptic maps were built for single PCs. The PC was recorded while patches of GCs were stimulated over a 2D array in the granular layer. Top: Post-hoc reconstruction of an acute slice. green, endogenous aldolase-C-Venus (Zebrin positive bands) fluorescence; magenta, recorded PC; scale bar = 50 μm. Bottom: resulting synaptic maps are translated into z-score maps. The white patches denote regions of significant connectivity between the GCs and the PC. Several patches can be observed, some hundreds of µm from the PC location (Adapted from Spaeth et al. 2022).
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 21 Figure 21: Effect of SS temporal properties on DCN firing. A. Graded PC stimulation (blue bar) evokes a graded inhibitory response during in vivo recordings of DCN neurons. Black lines indicate raw data, red lines Gaussian convolved traces (Adapted from Witter et al. 2013). B. In vitro DCN responses to dynIPSPs from 40 asynchronous or partially synchronized inputs at 50 Hz. Note that as synchrony increases, the cell is entrained progressively at the SS frequency (Person & Raman, 2012a). C. Mean input-output relationship in the 200 ms test intervals for DCN cell firing rates vs. dEPSP (dynamic excitatory post-synaptic potentials) rate mimicking mossy fiber inputs. Note that there is a preferential frequency which entrains the cell firing (Wu and Raman 2017).

Figure 22 :

 22 Figure 22: Influence of the cerebellar output on motor behavior. A-C. Modulation of the PC SS activity during saccades in monkeys. A. Population response aligned to saccade deceleration onset for CS+180 direction (SS preferential direction) saccades. The burst grows with saccade velocity, but the pause remains invariant. B. Magnitude of the burst as a function of saccade peak velocity. Note a preferential modulation for the CS+180 direction, while the modulation along the CS-on direction is weaker. C. Synchronization index (green) and firing rates (population response, brown) for targeted saccade. The synchrony increases during the deceleration phase, despite the decrease in SS firing (Adapted from Sedaghat-Nejad et al. 2022). D-E. DCN modulation during a grasping task in mice. D. Mice performed a limb movement in order to grasp a pellet, while their paw trajectory was tracked. E. Population average of outward velocity profiles across animals for an anterior interposed nucleus optogenetic stimulation (left) and inhibition (right). Note the bidirectional effect of the optogenetic manipulation, corresponding to hypometric and hypermetric reaches respectively. The Z-score (color bar) shows the time course of statistical divergence between the unstimulated and stimulated reach velocities (Adapted from Becker and Person 2019). F-G. Limb movement evoked by PC optogenetic stimulation. F. Single frame taken from the end of a video in which a 100 ms laser pulse was delivered in the forelimb region of the cortex. An example resulting trajectory for PC inhibition is traced in red. G. Mean forelimb speed versus time relative to the onset of laser pulses of the indicated durations. Note that in ChR2 mice (left) movement onset is time-locked to the end of illumination, while in Arch mice (right) movement occurs independently of pulse duration with a fixed delay following light onset (Adapted from Lee et al. 2015).

Figure 23 :

 23 Figure 23: Acquisition of CF coordinated activity while learning a skilled limb movement. A. In this task, mice directed a robotic manipulandum towards a target zone. B. Gray curves: paw trajectories on 25 trials on training days 1 and 8. The movement became more stereotyped. C. With motor training, cells developed similar activity patterns. For an example mouse, day 1 and 8 are displayed; each row shows one cell activity relative to reach onset, averaged across trials. Cells are sorted by time of peak activity. D. Left panels show the trajectories that were most dissimilar to the mean trajectory in the last session of the experiment and associated CF-related activity. Each row shows the time-varying synchronized complex spiking on one trial. Right panels show the same for the most similar trajectories. Stereotyped reaching trials were more likely to have synchronized spiking around motion onset (Adapted from Wagner et al. 2021).

Figure 24 :

 24 Figure 24: Cerebellar and fastigial nucleus output targets. A. Main extracerebellar output targets. B. Descending pathways influenced by cerebellar output. The corticospinal tract (CST) is influenced by all cerebellar nuclei as these all reach the motor thalamus. Idem for the tectospinal tract (TST), which descends mostly contralateral to cervical levels. The rubrospinal tract (RST) is activated by the anterior interposed (AIN) nucleus. It descends in the lateral funiculus throughout the cord. The vestibulospinal tracts can be divided into the lateral vestibulospinal tract (LVST), originating from the lateral vestibular nucleus (LVN), whose cells are directly controlled by Purkinje cells of the lateral vermis, and the medial vestibulospinal tract (MVST) who is specifically controlled by the fastigial nucleus. The reticulospinal tracts (RST) can be divided into a medial tract, which originates from the pontine reticular formation and a more lateral tract, which predominantly originates from the medullar reticular formation. While the MVN projections stop at the C6 level, the other tracts have terminals throughout the remaining length of the spinal cord, which is not represented here. For more details see text (Adapted from Ruigrok 2016). C. Schema summarizing the cerebellar modular circuit connections that link two distinct types of fastigial nucleus neurons with specific neurons in the inferior olive, cerebellar cortex, and downstream brain regions. Specific functions associated with each collection of projection targets are indicated at the right; proposed broad organismal functions of each module are encircled above. Zebrin stripes are represented on the flattened cerebellar cortex in gray (Adapted from Fujita, Kodama, and Du Lac 2020).

Figure 25 :

 25 Figure 25: Microzonal organization of the cerebellar output. A-B. Involvement of cerebellar parasagittal PC stripes in the control of single muscles. A. (Left) Pattern of PC labeling in the lateral vermis 5 days after rabies injection in the ipsilateral gastrocnemius muscle. (Middle) 3-D reconstruction of the anterior lobe of this case indicating rabies labeled PCs (red) together with Zebrin II labeled PCs (yellow). The position of the rabies labeled PCs between p2 and p3 (left arrowhead) is identical to that of the B zone. In addition, a contralateral strip of labeled PCs is noted just medial to the p2 Zebrin II band (right arrowhead). (Right) Pattern of infection 6 days after injection of the gastrocnemius muscle. Several additional zones can be recognized (arrowheads). B. Similar to A but for an injection of the anterior tibial muscle (Adapted from Ruigrok 2011). C. Functional interrelationship between cerebellar microcomplexes and spinal reflex modules. Skin input from a receptive field on the ventral side of the left forearm and paw (light green) and muscle input from a palmar flexor (orange) converge in the spinal grey matter and send output to the muscle of the module (palmar flexor, agonist; green). Ascending pathways: skin and muscle afferent information are relayed through climbing fibers (dark green line; inferior olive relay not shown). Cerebellar cortex (upper panel): input-output characteristics of one example microcomplex composed of multiple PC microzones. The output of the DCN is mediated through descending tracts to influence a group of muscles that act on several joints of the limb (lower left panel, shown in red, including antagonist). Arrows show the direction of information flow. D. The results of opsin-mediated PC inhibition over a grid of sites in lobule simplex (Sim) and Crus I are overlaid for two mice (Adapted from Heffley et al. 2018). E. Map from one mouse of stimulation-driven movements evoked from anterior interposed nucleus sites. Schematic shows dorsal view in a horizontal section of right cerebellar nucleus with overlaid box indicating the location of the mapping grid. Each square box in the grid is 200 x 200 µm (Adapted from Heiney, Wojaczynski, and Medina 2021).

Figure 26 :

 26 Figure 26: Animal pose tracking and dimensionality reduction methods. A. Body segmentation and tracking. After background subtraction, the raw recording image (Top) is thresholded (Middle). The resulting mask in eroded to get the trunk of the mouse (Bottom), along with its barycenter (red dot). Data from Article I. B. Continuous tracking of mouse locomotion can be obtained by training a machine learning algorithm (Machado et al., 2015). C. (Left) Labeled body parts with connecting edges giving rise to a 'skeleton' of the mouse hand. (Right) Example analysis of trajectories after automated labeling with the DeepLabCut software(Mathis et al., 2018). D. An illustration of the ICA relevance over PCA in a synthetic example dataset. The data in this figure was generated by two functions (sources) that covary in the same direction. The first principal component, i.e., the direction of maximum variance, would be horizontal, providing no separation between the two sources. In contrast, the ICA provides optimal separation and recovers the original sources (Inspired from[START_REF] Hyvärinen | Independent Component Analysis: Algorithms and Applications[END_REF]. E. Uniform manifold approximation and projection (UMAP) resolves 34,336 nuclei from whole cerebellum into five clusters based on gene expression[START_REF] Chen | Transcriptomic mapping uncovers Purkinje neuron plasticity driving learning[END_REF].

Figure 1 :

 1 Figure 1: A cerebellar motor learning paradigm based on spontaneous postural readjustment is supported by CF responses structured in microzones. A. Experimental schema where the mouse is head-fixed on a frictionless wheel under a two-photon microscope. B. The behavior of the mouse is monitored at high speed (100 Hz) with a side view infrared camera. Color coded body displacement during spontaneous postural readjustment is overlapped and the plot below corresponds to the postural event wheel trace. C. Spatial independent components (SICs) are computed from the frame-to-frame differential movie of the animal (left panels). Six representative example SICs are displayed (right panels). D. The rectified sum of the temporal SIC scores is used to extract periods of postural readjustment of the animal. The six score traces correspond to the SICs displayed in C. Bottom trace represents the wheel signal. E. SIC scores and their rectified sum around the postural readjustment onsets for three episodes detected in D. The evolution of the contour of the mouse back over time is represented by colored traces (Top). Bottom trace represents the wheel signal. F. Mean traces of the rectified SIC sum around postural readjustment onset for five consecutive days (n = 18 mice). Data are mean ± SD. G. Evolution of the maximal velocity as illustrated in F for five consecutive days. Data are mean ± SD. H. Same as in G but for the propulsion duration of the movement. I. (Top) Segmented masks of Purkinje dendrites expressing GCaMP6f. (Middle) Calcium dendritic activity traces recorded simultaneously at 34 Hz from the above region. Black circles represent detected calcium transient onsets. Dashed red line represents movement onset. Bottom: heatmap represents IC sum from the mouse video recording. Box represents a zoom of calcium traces around movement onset. J. (Top) Assigned microzone for each cell is color-coded in the strip. Bottom: Event times cross-covariance level matrix. Cells are sorted according to their relative medio-lateral location. K. Event times cross-covariance lag matrix. L. Covariance level as a function of medio-lateral distance. Black line is the exponential fit (tau = 33.4 µm, R = -0.53, p = 2e-136, Spearman correlation. N = 1711). M. Covariance level as a function of pairwise antero-posterior distance. Black line is the exponential fit (tau = 239.9 µm, R = -0.18, p = 1e-15, Spearman correlation. N = 1711). N. PETH of cells CFCT probability regarding lag to movement onset. Bold lines represent the average response of the 3 clusters determined by k-means algorithm (n = 59 cells). O. The 2nd principal component of the cell's response profile is plotted as a function of the 1st principal component. Each point represents one cell and is color-coded by its assigned cluster. P. clusters' fractions that belong to the microzones defined in J (n = 20, 3 mice).

Figure 2 :

 2 Figure 2: High temporal resolution reveals sharp and protracted components of the CF response to ballistic postural readjustment. A. Sparse labelling of Purkinje dendrites expressing GCaMP6f using limit dilution of a L7-Cre AAV in the vermal lobule IV/V. B. ULoVE excitation patterns were used to record concomitant signals from two locations on multiple Purkinje cell dendrites thanks to AOD based Random Access Multiphon (RAMP). C. Top: ULoVE-RAMP calcium dendritic activity traces concomitantly recorded at 1 KHz from the 5 cells represented in a. Black ticks represent detected calcium transient onsets. Bottom:

Figure 3 :

 3 Figure 3: Kilohertz PC dendrites recordings reveal two types of temporal pairwise correlations which are both upregulated during movement but reflect independent phenomena. A. Pairwise crosscovariance of climbing fiber evoked calcium transient (CFCT) event vectors (black line). Grey line indicates 3 SD of the bootstrap. B. Double gaussian fit (blue) is plotted in a zoomed part from panel A where synchrony (orange) and co-modulation (yellow) components are isolated. C. Pairwise synchrony level as a function of the medio-lateral distance separating the dendritic pair. Black line represents exponential fit (tau = 126.1 µm, Spearman correlation, R = -0.61, p<<0.001, n = 175 pairs). D. Same as C for co-modulation (Spearman correlation, R = -0.02, p = 0.76, n = 164 pairs). E. Pairwise synchrony level as a function of comodulation level. (Pearson correlation, R = -0.033 p = 0.672, n = 183 pairs). F. Violin plots represent the distribution of synchrony level during immobility and movement period. White points represent the median, grey rectangles represent the 25h and 75th percentile (n = 183 pairs, p = 1.3e-14). G. Two illustrative simulations of expected cross-covariance depending on cells cumulative response profile. H. Lag of synchrony during movement as a function of pairwise timing difference (δt) of timed response (Pearson correlation, R = 0.141, p = 0.159, n = 101169 pairs). Note the expected relationship (red line) between δt and cross covariance level if synchrony results from the sharp response. I. Synchrony level during movement as a function of the pairwise product of the sharp responses (Pearson correlation, R = 0.233, P = 0.0107, n = 169 pairs). J. Violin plots represent the distribution of co-modulation level during immobility and movement periods. White points represent the median, grey rectangles represent the 25h and 75th percentile (n = 154 pairs, p = 2.4e-20). K. Co-modulation level during movement as a function of pairwise product of movement response. Black line represents the first principal component (Pearson correlation, R = 0.687, p = 8.66e-18, n = 154 pairs).

Figure 4 :

 4 Figure 4: Divergent evolution for cells responses components or pairwise components along days. A. Top: baseline subtracted cumulative event probability from two representative cells during session 1 (black trace) and session 5 (yellow trace). Bottom: Difference of baseline subtracted cumulative event probability between session 5 and session 1. B. Violin plots represent the distribution of the protracted response amplitude (event/trial) along sessions. Black points represent the median, grey rectangles represent the 25h and 75th percentile (n = 88 cells). C. Same as B for the distribution of the sharp response amplitude (event/trial) along sessions (n = 88 cells). D. Same display as B for distribution of the synchrony level from the pairwise cross-correlation analysis along sessions (n = 183 pairs). E. Same as D for comodulation level along sessions (n = 183 pairs).

Figure 5 :

 5 Figure 5: Movement segregation unveils cells and movement specific CF responses. A. SIC scores matrixes of individual postural readjustments. Scale bar represents 5 SICs. B. 2D projection map of individual trajectories obtained with UMAP. Grey dots represent the time of maximal velocity, which is taken as the endpoint of each trajectory. Dashed lines represent level lines for density-based clustering. C. Color coded endpoints according to their clusters. D. Mean postural readjustments corresponding to the four example clusters described in C. The mean differential image between the onset and the time of maximum velocity (propulsion duration) is overlaid over the initial posture of the animal. E. Cumulative excess of responses for the five cells in the four clusters depicted in D. Cells were gathered in assemblies based on a hierarchical clustering corresponding to the dendrograms displayed on the right of each panel (red dashed line represents the threshold value used to segregate assemblies). F. 3D representation of the cells 3-5 population response for the clusters of movement identified in C. Each axis represents the sharp response of a specific cell. Each dot represents the population response. The spheres around each dot represent the uncertainty on the response amplitude (3 SD of a bootstrapped response distribution). The dashed line represents the line x=y=z. G. Same as F but for the protracted response. H. Inter cell response distances for the whole dataset. The left part of the distribution was fitted with a gaussian (black curve). The dashed line indicates the threshold for cluster separation (2.15). I. Mean assembly CF responses within clusters of movement, color-coded as in panel C. Individual cells were considered as an assembly.

Figure 6 :

 6 Figure 6: Differential encoding of movement parameters by the CF responses. A. The movement traces of the animal were averaged over early and late repetitions and characterized with their maximal velocity, their propulsion duration and their relative overshoot. Representative example for one cluster of movement. B. Distribution of the maximal velocity overshoot values within the clustered movements (n = 47). C. Evolution of the maximal velocity overshoot as a function of the mean session of the early movement repetitions. D. Protracted response during early and late movement repetitions. Each dot corresponds to a cell assembly inside within a cluster (n = 112). The plain line represents the first principal component. E. Evolution of the protracted response as a function of the mean session of the early movement repetitions. F. Relationship between the amount of overshoot and the evolution of the protracted response (Pearson coefficient -0.69, p = 1.8e-12). The plain line represents the first principal component. G. Sharp response amplitude for early and late movement repetitions. The plain line represents the first principal component (y = 1.01x-0.10). H. Relationship between the movement propulsion duration and the sharp response timing in early movement repetitions (Pearson coefficient 0.66, p = 3.8-17). I. Relationship between the movement propulsion duration and the sharp response timing in late movement repetitions (Pearson coefficient 0.66, p = 3.8-17).

Figure 7 :

 7 Figure 7: Sequences of CF events during posturomotor learning are instrumental for graded calcium mediated signaling. A. Representative calcium trace showing several climbing fibers evoked calcium transients. Black ticks represent CFCT detected events. B. Left: ISI distributions from one Purkinje cell with an excess of doublets. The distribution was fitted with a mixed gamma model (black line) comprising a slow gamma component (grey line) and a fast component (red line). Right: ISI distributions from one Purkinje cell with a deficit of doublets. Insets: zoom of ISI distributions between 0 and 400 ms. C. Representative calcium trace showing a triplet of climbing fiber evoked calcium transients. Black ticks represent CFCT detected events. D. Doublets ISI distributions from the same Purkinje cells as in b. E. Triplet percentage as a function of doublet percentage. Each dot corresponds to a cell. Black line indicates the chance level (n = 88 cells). F. Doublet proportion during movement as a function of doublet proportion during immobility. Each dot corresponds to a cell. Black dashed line corresponds to y = x. Black cross corresponds to mean ± SD (n = 88 cells). G. PETH of CFCT regarding movement onsets. Trials have been sorted depending on their nature: doublet or singlet, and movement onset nearest cells response preferred timing. Black dot represents singlet CFCT, light violet dot represents early CFCT and dark violet dot represents last CFCT of the doublet. H. Violin plot representing distribution of early doublets timing relative to timed component timing (light violet), and late doublets timing relative to timed component timing (dark violet) (n = 38). I. Early doublet (light violet) and late doublet (dark violet) timing variability. Lines correspond to individual pairwise values. Cross represents point average ± SD. (p = 3.4e-6 Wilcoxon signed rank test, n = 38). J. Representative calcium trace of two climbing fiber evoked calcium transients. K. Average trace amplitude (normalized by average amplitude of singlets during immobility) as a function of the interspike interval. Shaded area represents average mode ± SD (n = 88 cells). L. CFCT amplitude distributions for an example Purkinje cell (n = 1510 calcium transients). M. Calcium transient amplitudes distribution as a function of its interspike interval from cell in L. Colors indicate identified modes. Black lines correspond to power fits. N. Average rise duration of calcium transient depending on the mode, as a function of the calcium transient amplitude. Dots represent individual cells. Crosses represent point average ± SD. Black line represents the first principal component regression, with a slope of 0.1 ms/%ΔF/F (n = 41 cells). Inset: Rise duration difference between modes n and the color-coded n+1 mean ± SD. O. Average mode normalized by average mode of singlet during immobility as a function of the interval inter spike. Shaded area represents average mode ± SD. Significant differences were assessed with a Wilcoxon signed rank test (p<0.01) (n = 41 cells). P. Normalized average CFCT mode during timed response as a function of timed response amplitude (event/trial). Black line represents the 1 st principal component (R = 0.48, p = 4e-6, Pearson correlation, n = 85 cells in movement clusters). Dots represent cells inside a movement cluster. Q. Normalized average CFCTs amplitude as a function of the protracted response evolution (excess of Hz/trials). Black line represents the 1 st principal component (R = -0.62, p = 6.7e-8, Pearson correlation, n = 85 cells in movement clusters). Dots represent cells inside a movement cluster. R. Normalized average singlet mode during the sharp response as a function of protracted response evolution (excess of Hz/trials) (R = -0.16, p = 0.2, Pearson correlation, n = 85 cells in movement clusters). Dots represent cells inside a movement cluster.

Figure S1 :

 S1 Figure S1: Clusters of CFCT response during a postural task. A-C. PETH of cells calcium level regarding lag to movement onset respectively for clusters 1, 2 and 3 in Figure 1N-O. Bold lines represent the average response of the traces.

Figure S2. 1 :

 1 Figure S2.1: Onset detection algorithm. A. Linear regression computed from a noise-dependentsegment length is performed on each trace point. We extract slope values and detect events as a local maximum. Slope of linear regression performed along trace (yellow trace). A-F: Representative calcium transient (black). B. We computed the difference between a segment of 15 ms and a baseline of 50 ms.Preliminary onset is then placed at the maximum of slope discontinuity. Sliding slope difference: orange trace. Preliminary onset (point 1). C. We computed the difference between a segment of 15 ms and a baseline of 50 ms. We applied a Gaussian smooth of 1.5 ms. Preliminary pic is then placed at the minimum of slope discontinuity. Sliding slope difference: blue trace. Preliminary peak (point 2). D. To refine the onset placement, we computed linear regression on the 50 ms preceding the onset, and on the first 80% of the rising time. The onset is then placed at the intersection between these two regressions. Linear regression: orange line. Final onset (point 3). E. To refine the peak position, we compute the linear regression between the onset and the initial peak position and the linear regression of a 100 ms fragment of trace 10 ms after the initial peak position. We place the new peak position at the intersection between these two linear regressions. Linear regression: orange line. Final peak (point 3). F. 3 criteria should be met to avoid false positive detection: Mean trace value in photon count during the risetime has to be higher than the mean trace value during a baseline trace. Mean trace value during its decay has to be higher than the mean trace value during a baseline trace by a predefined factor (1.08 ± 0.43) (see Methods). Trace integral during risetime has to be inferior to the trace integral after the peak. Blue window indicates the baseline window integral. Light green window indicates the rising time window integral. Green window indicates decay time windows integral. Dashed window indicates windows with the same length as rising time. G. Charge of risetime and decay time as a function of baseline charge from CFCT coming from the same trace as A. green line indicates the threshold to separate false positives. Red points indicate false positives, black points indicate kept CFCT.

  Figure S2.1: Onset detection algorithm. A. Linear regression computed from a noise-dependentsegment length is performed on each trace point. We extract slope values and detect events as a local maximum. Slope of linear regression performed along trace (yellow trace). A-F: Representative calcium transient (black). B. We computed the difference between a segment of 15 ms and a baseline of 50 ms.Preliminary onset is then placed at the maximum of slope discontinuity. Sliding slope difference: orange trace. Preliminary onset (point 1). C. We computed the difference between a segment of 15 ms and a baseline of 50 ms. We applied a Gaussian smooth of 1.5 ms. Preliminary pic is then placed at the minimum of slope discontinuity. Sliding slope difference: blue trace. Preliminary peak (point 2). D. To refine the onset placement, we computed linear regression on the 50 ms preceding the onset, and on the first 80% of the rising time. The onset is then placed at the intersection between these two regressions. Linear regression: orange line. Final onset (point 3). E. To refine the peak position, we compute the linear regression between the onset and the initial peak position and the linear regression of a 100 ms fragment of trace 10 ms after the initial peak position. We place the new peak position at the intersection between these two linear regressions. Linear regression: orange line. Final peak (point 3). F. 3 criteria should be met to avoid false positive detection: Mean trace value in photon count during the risetime has to be higher than the mean trace value during a baseline trace. Mean trace value during its decay has to be higher than the mean trace value during a baseline trace by a predefined factor (1.08 ± 0.43) (see Methods). Trace integral during risetime has to be inferior to the trace integral after the peak. Blue window indicates the baseline window integral. Light green window indicates the rising time window integral. Green window indicates decay time windows integral. Dashed window indicates windows with the same length as rising time. G. Charge of risetime and decay time as a function of baseline charge from CFCT coming from the same trace as A. green line indicates the threshold to separate false positives. Red points indicate false positives, black points indicate kept CFCT.

Figure S2. 2 :

 2 Figure S2.2: Onset detection precision and cell contamination. A. Two simulated calcium traces on which was run our onset detection algorithm; black dots and orange dots represent respectively detected calcium transient onsets and emulated calcium transient onsets. We added shot noise on the same trace corresponding to a photon rate of 1 MHz and 0.3 MHz. B. Calcium transient onsets detectability performances depending on their amplitude for various photon fluxes from simulated data (n = 400 CT/amplitudes). C. Detectable minimal amplitude as a function of photon rate for 50% (orange), 90% (blue) and 95% (brown) detection level. Grey rectangle: distribution of dataset flux. ma: detectable minimal amplitude (8 %ΔF/F) for a 10% false negative rate. D. Probability distribution of the onset placement error as a function of photon rate. E. Variability of temporal detection error as a function of photon flux. Grey rectangle: distribution of dataset flux. F. Error rate and false positive rate as a function of photon flux. Insert shows line zoomed between 0 to 5%. Grey rectangle: distribution of dataset flux. G. Representative example of a Purkinje dendrites illustrating the inter-dendrites distance value. H. Design of the control experiment for measuring spatial extent of CFCT signals measured with ULoVE. Locations of recording ULoVE volume are in red. I. Inter dendrites distance as a function of contaminant cells relative fluorescence. Photon rate per recorded point (Prpp, flux per point) is color coded. Pie chart shows the proportion of interdendrite distances lower than 20µm. J. Top: Example of normalized fluorescence attenuation as a function of distance to the contaminant dendrite for individual CFCT events (n = 34 CFCT). Red line corresponds to the Gaussian fit. Photon rate per point (Prpp) is 0.56 MHz. Bottom: Fit of normalized fluorescence attenuation as a function of distance to the contaminant dendrite for various photon rates (10 dendrites, 5 mice). K. Amplitude of calcium transient observed on the recorded cell as a function to its distance to contaminant cell. For this example, we take the average values of our dataset to set the contaminant cell flux (144 Prpp), the recorded cell flux (685 Prpp), and the average value of the amplitude 99 th percentile + one std for the contaminant CFCT amplitude (180 %ΔF/F). L. Inter-dendrites distance as function of the minimal distance to respect avoiding contaminant calcium transient detection. Photon rate per point (Prpp) is color coded. M. Two simulated calcium traces on which was run our onset detection algorithm to evaluate accuracy detection of doublet CFCT. black dots and orange dots represent respectively detected calcium transient onsets and emulated calcium transient onsets. Different combinations of amplitude and ISI were present (25 amplitude combinations, 75 ISI, 461 CFCTs/combination). N. Calcium transients onsets detectability performances depending on their inter spike interval for various amplitude combinations. O. SD of onset placement error as a function of doublet amplitude combinations. Blue line: temporal error for 1 st of doublet. Brown line: temporal error for 2 nd of doublet.
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 S3 Figure S3: Synchrony and comodulation antero-posterior dependence. A. Pairwise synchrony level as a function of the antero-posterior distance separating the dendritic pair. (Spearman correlation, R = -0.09, p = 0.239, n = 175 pairs). B. Pairwise comodulation level as a function of the antero-posterior distance separating the dendritic pair. (Spearman correlation, R = -0.05, p = 0.527, n = 175 pairs).

Figure S6 :

 S6 Figure S6: A. Maximum velocity evolution between early and late repetitions within clusters of movements (n = 47). B. Propulsion duration evolution between early and the late repetitions within clusters of movement. C. Sliding SD of the overshoot as a function of sessions (bins of 1 session). Red line represents exponential fit (y = 0.5 exp (-(x-0.71)/0.7) + 0.2). D. Sharp response timing for early vs the repetitions of each movement. Each dot corresponds to a cell assembly inside a cluster (n = 112).
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 S7 Figure S7: A. Doublet proportion as a function of protracted response amplitude (event/trial, n = 108). The plain line represents the first principal component. B. Doublet proportion evolution as a function of the protracted response amplitude evolution (event/trial, n = 108). The plain line represents equation y = x. C. Doublet proportion during the 50 last trials as a function of doublet proportion during the 50 first trials (n = 108). The plain line represents equation y = x. D. Doublet proportion evolution as a function of initial velocity overshoot (a.u). The plain line represents the first principal component. E. Left: Plot recapitulates mode amplitude for each cell, sorted by mean mode amplitude. Right: average mode amplitude (%ΔF/F) for each mode (mean ± SD).

  the mode of trace fluorescence distribution and 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒 = �𝐹𝐹 0 To determine clusters of CFs based on the time course of firing modulation, we used k-mean clustering on the firing rate probability of cell's response in a 200 ms window around movement onset.

  ) to generate calcium transients (Figure S2.2.A and Figure S2.2.M). 𝐹𝐹�𝑡𝑡, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑛𝑛 , 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑜𝑜𝑜𝑜 � = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × (ΔF/F), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴: calcium transient amplitude (ΔF/F), 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑛𝑛 : rise time constant (ms), 𝑡𝑡𝑝𝑝𝑢𝑢 𝑛𝑛𝑜𝑜𝑜𝑜 : decay time constant (ms)

  2.M). 25 different combinations of amplitude inside each doublet sequence of short ISI events were represented (10-25-40-55-70 %ΔF/F) (Figure S2.2.N-O). To take into account supralinearity effects, we applied equation ( 3 ), obtained from (Method. mode assignment). 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑛𝑛𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 (𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴, 𝑛𝑛𝑛𝑛𝑛𝑛, 𝑛𝑛𝐴𝐴𝑛𝑛𝐴𝐴𝑒𝑒) = 𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴 × 𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑛𝑛𝑝𝑝𝑎𝑎𝑟𝑟 𝑜𝑜𝑎𝑎𝑓𝑓𝑎𝑎𝑛𝑛𝑟𝑟( 3 )

  2.G), basal fluorescence intensity of the neighboring cell and its activity distribution. To measure the fluorescence intensity decrease along distance, we recorded several points regularly spaced (3 µm spacing) from -20µm to 20µm around well isolated dendrites (Figure S2.2.H). Recordings were made on 13 dendrites to obtain a dataset of cells with various fluxes per ULoVE. We fitted the fluorescence intensity decrease as a function of the dendrite center with a Gaussian function to obtain a general law (Figure S2.2.J) yielding a sigma of 5.6 µm. In our dataset, we measure the intensity of neighboring cells (Figure S2.2.I), and applying the general law to the measured calcium transients' amplitude, we could compute the level of fluorescence contamination depending on inter-dendritic distance (Figure S2.2.K). To secure our contamination risk evaluation, we considered the extreme case, where calcium transient amplitudes from the putative contaminant cell correspond to the average 99th percentile of our dataset CT amplitude plus one standard deviation (180 %ΔF/F). We asset the minimal distance to avoid any contamination based on the minimal amplitude our algorithm can reliably detect (Figure S2.2.C). Finally, we concluded that the distance between the dendrites included in our dataset is sufficient to avoid contamination (Figure S2.2.L).

  interval of successive CFCTs (Figure SM1.A), we computed and plotted the logarithm of these two variables (Figure SM1.B). Then, to correct the supralinearity, we subtracted the first principal component (PCA), which gave us corrected amplitude values. A first clustering with a Gaussian mixture model helped to select data points belonging to the main mode, on which we extract the principal component of the PCA. To correct and limit the remaining slope, several corrections with 3 Gaussian mixture model-PCA iterations were made (Figure SM1.C). Finally, to obtain the corrected value without any contamination by the inter-spike-interval, we computed the exponential of the amplitude (Figure SM1.D, equation ( 4 )).

  (𝑒𝑒, 𝛼𝛼, 𝛽𝛽, ∆) = 𝐴𝐴𝑝𝑝𝑒𝑒(𝑑𝑑𝑒𝑒𝑝𝑝𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛, 𝑃𝑃𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑃𝑃𝑑𝑑𝑓𝑓(𝑒𝑒 -∆, 𝛼𝛼, 𝛽𝛽)), and 𝑃𝑃𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑃𝑃𝑑𝑑𝑓𝑓(𝑒𝑒, 𝛼𝛼, 𝛽𝛽) λ = proportion parameter, 𝛼𝛼 1 = gamma1 shape parameter, 𝛽𝛽 1 = gamma1 scale parameter, 𝛼𝛼 2 = gamma2 shape parameter, 𝛽𝛽 2 = gamma2 scale parameter, ∆ =shifted parameter, 𝑑𝑑𝑒𝑒𝑝𝑝𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛 = 2.2251e-308 (i.e., closest value to 0 in our MATLAB version).

Figure SM1 :

 SM1 Figure SM1: Clusterization of amplitude in modes. A. Climbing fiber evoked calcium transient amplitudes distribution for one cell, regarding its interspike interval (n = 1510 calcium transients). B. Same as A, but scale is in log. Black line represents the first principal component on a subgroup of points. C. Same as B, but amplitude was corrected by the slope of the first principal component after several iterations. D. Same as A, but amplitude values correspond to corrected amplitude. E. Distribution of corrected amplitude for one cell. Black line shows the gaussian mixture model and the dashed line shows the limit between each cluster.

Figure SM2 :

 SM2 Figure SM2: Intra-dendrite amplitude variation. A. Representative example of one Purkinje dendrite illustrating the locations of recording volume (red boxes). Arrowhead indicates dendritic trunk and arrow indicates spiny branchlets. B. Example of calcium traces recorded simultaneously from the dendrites two points shown in a. C. CFCT amplitudes (from traces in b.) extracted from point 2 as a function of CFCT amplitudes extracted from point 1. Color bar indicates probability density.

Figure A1 :

 A1 Figure A1: Evidence for sensory receptive fields during posturomotor behavior. A. Left: PETH of CFCT onset relative to movement onset where trials are sorted according to the onset of muscle contraction (longissimus thoracis). Right: EMG envelope around movement onset where trials (lines) are also sorted according to the onset of muscle contraction. White plain line represents 5 trials. B. Same as A but for another cell in a different mouse. Note the increased delay and the reduced temporal precision of the response.

Figure A2 :

 A2 Figure A2: Optogenetic mapping of muscle spindle olivary inputs. A. Optogenetic stimulations were delivered through an optic fiber positioned near the targeted muscle, while CF-evoked calcium signals were recorded in the cerebellar lobule IV/V. Box represents the average image of the vermal lobule IV/V left half during a recording with segmented masks of Purkinje dendrites overlaid. The midline corresponds to the right border of the image. B. ChR2 expression in muscle extrafusal fibers in a Egr3Cre/Ai32 mouse biceps femoris muscle, counterstained with an anti-Vglut1 antibody. Left: ChR2-YFP expression in an extrafusal muscle fiber. Middle: anti-Vglut1 staining unveils the spiral-shaped structure of the Ia afferent inside the spindle. Right: Overlay of the two channels. C. Calcium dendritic activity traces recorded at 100 Hz from representative Purkinje dendrites in A. Dashed red line represent stimulation onset (800 µW 25 ms stimulation over the biceps femoris). Black plain lines represent interruptions of the recording between trials. D. Probability of response as a function on the mean response latency for the significantly modulated cells following a biceps femoris stimulation (25 ms 800 µW stimulations). The dashed line delimits the cells participating in the initial response which are highlighted in E with their masks superimposed on the mean movie frame and color-coded according to their response latency. F-G. Same as D-E but for the longissimus muscle. H. Movement around stimulation onset quantified from the mouse video recording, for different stimulation powers (25 ms stimulation). Note that the first peak recapitulates muscle contraction, while the second coincides with muscle relaxation. Data are mean ± SEM. I. EMG envelope around stimulation onset for the biceps femoris for different stimulation powers. Black arrows denote the protracted contraction likely resulting from a stretch reflex (n = 2 mice). J. Same as G but in a paralyzed animal (n = 2 mice). K. Same as b (right panel), but with a lower magnification. The white plain arrow denotes a regular extrafusal fiber. White dashed arrows indicate ChR2-YFP aggregates around extrafusal muscle fibers.

  conducted a project aimed at clarifying our current knowledge of the organization of Purkinje cell output in the anterior vermis of the cerebellum. To this end, I performed confined optogenetic stimulation of Purkinje cell ensembles in the IV/V/VI vermal lobules of freely moving mice. By quantifying the stimulation outcome through video recordings of the animal's behavior as well as electromyographic recordings in several axial and proximal muscles, I provide the first experimental confirmation in intact animals of the involvement of the vermis in the maintenance of postural antigravity tone. During the stimulation, the mouse body undergoes a loss of tone that evokes a compensatory postural reflex. The end of stimulation is characterized by a rebound contraction in the antigravity extensor muscles, most likely mediated by rebound activity in the deep cerebellar nuclei. I then use a fiber-optic array to map the mediolateral extent of vermal lobules IV/V/VI and show that the postural function identified is encoded at the scale of a large vermal region corresponding to a previously identified cerebellar cortical area. While I identify a non-specific ipsilateral collapse of the mouse body, I also observe a functional anteroposterior segmentation between lobules. The results I obtained during this project confirm the central role of the anterior dorsal vermis in the regulation of muscle tone and posture, and suggest a divergence of motor output from each cerebellar module to several parts of the body.During this project, I developed an experimental device to perform optogenetic manipulations on freely moving mice, as well as a 3D-printed implant and customized fiber optic bundle to map Purkinje cell output from the vermis within the same animal. I performed all the surgical procedures and experiments whose results are presented in this article. I also performed the behavioral analyses and wrote the manuscript with the help of my thesis supervisor.As in the case of Article I, this manuscript has not yet been submitted and therefore represents the current state of progress of the project.

Figure 1 :

 1 Figure 1: Timed heterogenous movements in freely-moving mice during optogenetic PC activation. A. The implanted mice were introduced in a transparent rectangular glass arena with a mirror below at 45° angle. Two high-speed cameras captured side and bottom views at 100 Hz. B. Two consecutive frames of the animal side view. Movement was defined as the number of pixels whose values significantly changed between the two frames (light blue areas). C. Normalized pixel difference around the optogenetic stimulation for three different behavioral states (see Methods). Curves represent mean ± SEM (n = 8 mice, 30 mW/mm² 400 ms stimulations). D. Evolution of the mouse movement with the stimulation duration (n = 8 mice, 50 trials for each mouse and each condition). Curves represent mean ± SEM. E. Offset movement peak timing plotted against stimulation duration (30 mW/mm² stimulations, R = 0.991, y = 1.02x + 126 ms). Bars represent mean ± SD. F. Histograms of onset movement peak amplitudes for two stimulation powers (duration = 400 ms). G. Onset movement probability plotted against stimulation power (computed for stimulations longer than 200 ms). H. Non-failure (see Methods) onset movement peak amplitude against stimulation power (computed for stimulations longer than 200 ms).

Figure 2 :

 2 Figure 2: Optogenetic PC activation elicits a postural collapse. A. The barycenter of the mouse body was computed on both camera views. B. Individual and mean barycenter trajectories (gray and black traces respectively) following a 30 mW/mm² 400 ms optogenetic PC stimulation at the lobule IV/V midline (n = 63 trials). C. Timings of the significant Zb decrease, Xb increase and onset reflexive movement initiation. Bars represent mean ± SD. D. Time course of ΔZb for different stimulation durations (n = 8 mice). Curves represent mean ± SEM. E. Start of posture retrieval plotted against stimulation duration (R = 0.998, y = 1.01x + 168 ms). Data are mean ± SD. F. ΔZbmax plotted against stimulation duration. G. Time course of ΔZb for different stimulation powers (n = 8 mice). Curves represent mean ± SEM. H. ΔZbmax plotted against stimulation power. I. Zb speed at stimulation onset (from 0 to 100 ms following stimulation onset) plotted against stimulation power (R = 0.972, y = -6.62e-3x -0.160).

Figure 3 :

 3 Figure 3: Body muscles involvement during PC optogenetic activation. A. (Top) Mice were implanted with EMG electrodes in several axial body muscles (see Methods for details). (Bottom) Raw EMG traces were temporally filtered and processed to compute the envelope of the signal (see Methods). B. Timecourse of the EMG envelope for different axial and proximal body muscles (30 mW/mm², 400 ms stimulations, n = 3 mice for the trapezius, 4 mice for the splenius, 3 mice for the triceps and 2 mice for the pectoris). Curves represent mean ± SEM. C. Muscle contraction onset timing for the muscles recorded in B. Bars represent mean ± SD. D. Evolution of the EMG envelope with stimulation power (triceps muscle, 400 ms stimulations, n = 3 mice). E. Evolution of the EMG envelope with stimulation duration (Triceps muscle, 30mW/mm² stimulation, n = 3 mice). F. Relative offset contraction for the muscles recorded in B. Bars represent mean ± SD (400 ms 30 mW/mm² stimulations).

  and S4C, bottom left panels). However, in lobule VI the snout altitude did not decrease but increased during the stimulation (Figure4F, bottom right panel), despite the mouse still experiencing a postural collapse (FigureS4C, bottom right panel). These observations indicate that a lateralized lobular functional organization exists in the anterior vermal PC output.

Figure 4 :

 4 Figure 4: Optogenetic mapping of the anterior vermal output. A. (Left) Custom implant used to map the cerebellar vermis. The implant is composed of a top part which can slide on a bottom fixed part. (Middle) The implant is designed to position a custom fiber linear array over the cerebellar cortex. Moving the array allows to sequentially stimulate bands of Purkinje cells with high spatial specificity. B. Time course of ΔZb for different medio-lateral positions over the vermal lobule IV/V. The coordinate 0 refers to the midline. The fiber was moved in the right direction. Curves are mean ± SEM (n = 4 mice, 50 trials per mouse, 30 mW/mm² 400 ms stimulations). C. ΔZbmax plotted against the medio-lateral position of the optic fiber array. Data are mean ± SEM. D. (Left) The cumulative differential movie was computed between 0 and 100 ms after stimulation onset. (Right) Average differential movie for stimulation on the left (-400 µm) and right (+400 µm) sides of the vermal lobule IV/V. E. The snout of the animal was tracked on both camera views using the Deeplabcut software. F. Time course of the snout ΔZ and ΔY differential coordinates for different mediolateral locations in the lobules IV/V (Left) and VI (Right).

Figure

  Figure S2: A-E. ΔZbmax plotted against Zb0 (before stimulation onset) for individual trials and different stimulation powers (400 ms stimulations). Lines represent the first principal component. F. Slope of the first principal component plotted against stimulation power. G. Tile course of the Z coordinate of the body barycenter around the optogenetic stimulation for three different behavioral states (see Methods). Curves represent mean ± SEM (n = 8 animals, 30 mW/mm² 400 ms stimulations). H. Same as G but for the X coordinate of the body barycenter.

Figure S3 :

 S3 Figure S3: A. Example rasters of the EMG envelope around optogenetic PC activation for two of the recorded muscles (30 mW/mm² 400 ms stimulations). White bars represent 5 trials. B. Fixed-latency peak amplitude of the envelope plotted against the fixed-latency onset movement peak amplitude (see Figure 1, 30mW/mm² 400 ms stimulations) for the four recorded muscles. Lines represent the first principal component.

Figure S4 :

 S4 Figure S4: A. (Top) Average differential movie for a stimulation on the left (-400 µm), at the midline and on the right (+400 µm) sides of the vermal lobule IV/V. (Bottom) Same plots but for the lobule VI. B. The base of the mouse tail was tracked using the Deeplabcut software, which allowed to realign the mouse movie along the animal body axis. C. Time course of the centroid Z and Y (realigned) coordinates for different medio-lateral locations in the lobules IV/V (Left) and VI (Right).

  Article I, we took advantage of optical and viral techniques to record multiple Purkinje cell (PC) dendrites at the millisecond scale with virtually no cross-contamination (Article I Figure 2 and S2.2).

Figure D1 :

 D1 Figure D1: Manifold view of behavioral clustering. The panels represent different 3D views of the first three principal components of the IC scores at peak velocity timing. Data are the same as in Article I Figure 5. Clusters defined through UMAP density-based clustering are color-coded on the manifold.

Figure D3 :

 D3 Figure D3: Wheel drift before postural readjustment occurrence. A. Representative example distribution of the wheel signal slope before postural readjustment (-1s to movement onset). B. Proportion of movement occurrences with a drift over sessions for the mice of Article I principal dataset (n = 17). Black bars indicate mean ± SD. C. Protracted response proportion in the total cell response for occurrences with vs without wheel drift. One dot represents one session.

  Based on the current literature and our experimental observations, I propose that in the anterior vermis each IO cell carries multimodal information from a specific body part to PCs that control the tone of multiple muscles. Each CF has a specific yet broad receptive field, e.g. a part of a limb, which is nevertheless antagonist to the body region controlled by its corresponding PC. The cerebellar cortex contains an inverse internal model which, in a novel sensorimotor context, performs postural learning by adjusting the tone of the CF-antagonistic muscles, based on sequences of motor and sensory olivary events, through PF-PC plasticity and DCN modulation, in particular of the nucleo-olivary DCN cells. The proposed framework is depicted in FigureD4.

Figure D4 :

 D4 Figure D4: A novel mechanism for generic cerebellar posturomotor learning.In the proposed framework, LTD is triggered at the PF-PC synapse by a massive calcium entry caused by two CFCT events in sequence. The LTD leads to an increased inhibition of the nucleo-olivary pathway, which explains the decrease of both the protracted response and the CFCT sequences proportion. The reduced simple output also results in an increased motor output. The multiple muscles controlled by the recorded module are antagonist to the receptive field of the afferent CF, and therefore oppose the movement. This leads to the observed decrease in movement velocity over repetitions.

  

  

Table 1A : Partial correlations between animal behavior and CF response dynamics during early movement repetitions

 1A 

	Protracted	Sharp	Sharp	Movement	Propulsion	Maximum
	response	response	timing	overshoot	duration	velocity
	Protracted	0.54	-0.19	0.52	0.17	-0.15
	response	(5.8e-08)	(0.07)	(3.9e-11)	(0.10)	(0.14)
	Sharp		0.07	-0.03	-0.15	0.15
	response		(0.48)	(0.75)	(0.15)	(0.15)
	Sharp			-0.33	0.24	-0.17
	timing			(1.0e-3)	(0.02)	(0.10)
	Movement				0.21	0.55
	overshoot				(0.04)	(1.1e-7)
	Propulsion					-0.27
	duration					(9.4e-3)

Table 1B : Partial correlations between animal behavior and CF response dynamics during late movement repetitions

 1B 

	Protracted		Sharp	Movement	Propulsion	Maximum
	response		timing	overshoot	duration	velocity
	Protracted	0.31	-0.27	-0.21	0.24	-0.18
	response	(5.2e-5)	(0.03)	(0.08)	(0.06)	(0.17)
	Sharp		0.18	0.37	-0.29	0.19
	response		(0.16)	(3.4e-3)	(0.018)	(0.14)
	Sharp			-0.34	0.56	-0.31
	timing			(7.2e-3)	(1.8e-6)	(0.016)
	Movement				-0.20	0.13
	overshoot				(0.11)	(0.14)
	Propulsion					-0.03
	duration					(0.76)

Table S1 : Sparse PC dendrites recordings

 S1 

				Cells with	Cells with
	Number of recorded cells	Significantly modulated cells	Cells with extractable sharp response timing	extractable sharp response timing in occurrences containing	distinct distribution of CFCTs amplitudes in mode (Whole
				doublets	trace)
	88	86	65	50	41

Table S2 3: Sparse PC recordings in EMG implanted mice

 S2 

			Cells with
	Number of	Significantly	extractable
	recorded cells	modulated cells	sharp response
			timing
	19	18	7

Table S3 : Pairwise correlations

 S3 

		Whole trace	Movement	Immobility
	Total number of pairs	195	195	195
	Significantly modulated pairs #	183	183	183
	With synchrony component	175 (95.6%)	169 (92.4%)	163 (89%)
	With comodulation component	164 (89.6%)	154 (84.2%)	126 (68.9%)

  fusion protein in Egr3-Cre expressing cells. Mice were housed in standard conditions (12-hour light/dark cycles, light on at 7 a.m., with water and food ad libitum). All protocols adhered to the guidelines of the French National Ethic Committee for Sciences and Health report on Ethical Principles for Animal Experimentation in agreement with the European Community Directive 86/609/EEC under agreement #12007.

Overall, the existence of a the functional somatotopy in the cerebellar cortex remains an open question(Manni & Petrosini, 2004; Michikawa & Miyawaki, 2021). The previously observed somatotopies might not be relevant in an intact behaving animal, and the proposed models are so far contradictory(Michikawa & Miyawaki, 2021). The literature has been mostly focused on limb nerves, which leaves open the question of the representation in the IO of specific muscle groups from both the limbs and trunk.All in all, the olivocerebellar activity displays a microzonal structure but the functional significance of these microzones remains so far elusive, even while the debate has been mainly focused on the anterior vermis. In any case, the experimental protocol appears crucial since the different animal preparations could be at the origin of the discrepancies between studies.

Remerciements

Section 3.02 Functional correlates of olivocerebellar modules

Although segregated regions of the IO project to segregated subdivisions of the cortex, inside a region such as the caudal medial accessory olive (cMAO) the extended nature of the injections precludes knowing the exact boundaries and the continuous or discrete nature of each module.

Sugihara indeed mentioned topographical "gradients". Moreover, anatomical investigations do not assess by themselves the functional relevance of the identified modules. In fact, the spatial extent of a fundamental cerebellar functional unit is not yet settled (Apps et al. 2018). In this section, we review in vitro and in vivo evidence of olivocerebellar functional units.

a. Microzones of correlated climbing fiber activity in the cerebellar cortex

In recent years, calcium imaging of PC dendrites has allowed to record CF-evoked PC dendritic calcium activity at the population scale (Mukamel et al., 2009;Ozden et al., 2009Ozden et al., , 2012;;[START_REF] Tsutsumi | Structure-Function Relationships between Aldolase C/Zebrin II Expression and Complex Spike Synchrony in the Cerebellum[END_REF]. These experiments have unveiled a functional microzonal structure of the CF input characterized by parasagittal clusters of correlated PC activity (Figure 16). In several regions of the cortex, these microzones match the Zebrin pattern and therefore the known olivocerebellar connectivity [START_REF] Tsutsumi | Structure-Function Relationships between Aldolase C/Zebrin II Expression and Complex Spike Synchrony in the Cerebellum[END_REF]. However, the width of a Zebrin band can be up to 300-400 µm in mice (Sugihara & Quy, 2007), while the reported microzones can be as thin as 100 µm (Ozden et al., 2009), hence the term "microzone". Michikawa and colleagues showed in vivo that the cortex can be divided based of correlated CF-related calcium activity in hundreds of parasagittal segments with an average width of 200 µm, matching the size of a microzone (Figure 16A). While the width of a Zebrin band is variable (100 to 400 PCs in width), every segment was approximately 100 PCs wide (Michikawa et al., 2021). For instance, the vermal lobule IV/V displays two sets of Zebrin bands but up to seven parasagittal PC clusters (Figure 16A). Other studies went further by characterizing different modalities encoded by each microzone, such as reward-related signals and sensory-motor predictions (Heffley et al., 2018;Heffley & Hull, 2019;Kostadinov et al., 2019;Tsutsumi et al., 2019), proving that these microzones indeed represent functional units during behavior.

The striking result in common between these studies is that the microzones defined with CF correlation patterns are clearly delimited despite the fact that the CF projections from two different microzones can arise from neighboring IO cells. It follows that there must be a microzonal organization in the IO.

b. Physiological foundations of climbing fiber microzones

When sensory inputs are reduced under anesthesia, the microzonal correlated activity is hardly visible (Figure 16B), while in an awake or locomoting animal the microzones are clearly delimited (Mukamel et al., 2009). This result points to a micro-organization based on olivary sensorimotor inputs. However, pharmacologically disrupting electrical coupling in the IO also leads to the

METHODS

Mice

We used 30 C57BL/6 male mice of 6 weeks of age. Mice were housed in standard conditions (12hour light/dark cycles, light on at 7 a.m., with water and food ad libitum). All protocols adhered to the guidelines of the French National Ethic Committee for Sciences and Health report on Ethical Principles for Animal Experimentation in agreement with the European Community Directive 86/609/EEC under agreement #12007.

Viruses

To obtain specific expression in Purkinje cells, the L7 promoter was used and shortened to a length of 867 pb based on [START_REF] Nitta | Minimal Purkinje Cell-Specific PCP2/L7 Promoter Virally Available for Rodents and Non-human Primates[END_REF]. We produced in house AAV 2/1 virus preparations that were titrated with the digital droplet method [START_REF] Lock | Absolute Determination of Single-Stranded and Self-Complementary Adeno-Associated Viral Vector Genome Titers by Droplet Digital PCR[END_REF]. For dense and sparse expression, we used a high or low titer respectively (1e12 or 2.8-3e11 GC/mL) of the 2/1 AAV(2566).L7-6.Cre virus mixed with AAV2/l.CAG.Flex.GCaMP6f.WPRE.SV40 (1.5-4.5e12 GC/mL for sparse expression and 1e11 for dense expression, UPenn [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF]). For sparse expression, two injections (n = 27 mice) of 300nl around midline on both side (coordinates from bregma: anteroposterior -6.0 mm, mediolateral -0.3 mm and +0.3mm, and dorsoventral -0.3 mm from brain surface) were performed at a rate of 75 or 100nl/min. For dense expression, an additional injection at the midline was performed.

Construction of EMG electrodes

We built EMG electrodes based on a previously described procedure (Tysseling et al., 2014).

Briefly, we cut a length of wire (A/M systems, multi stranded stainless steel, Teflon insulated, #793200) which depended on the distance between the head plate implant and the targeted muscle (Trapezius 2.5 cm, Longissimus 6.5 cm). At the proximal end of the wire, a small amount of wire was stripped and soldered to a 1 mm gold pin (19003-00, Fine Science Tools). At the distal end, five overlapping knots were made on each wire. Then approx. 0.5 mm of insulated material was stripped from the wire of the distal side of the electrode. Electrodes were kept in pairs for muscle implantation.

Surgical implantation procedure

Mice received preoperative analgesic (buprenorphine, 0.1 mg/kg) and were anesthetized with intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg) (Centravet). A ~6*4mm craniotomy was performed over the vermal region of the cerebellar lobule IV/V, followed by virus injection. Following insertion, the quartz capillary was left in place for one minute before and 3 min after viral injection to prevent backwash of the solution. A custom designed laser cut coverslip was placed on top of the targeted vermal area immediately after viral injections and secured with

Two-photon microscopy

Recordings were performed using a custom designed acousto-optic deflector (AOD) randomaccess multi-photon system (Karthala Systems) and a Ti:sapphire femtosecond laser (Spectra Physics) mode-locked at 920 nm with a repetition rate of 80 MHz. A 25× water-immersion objective (0.95-NA, 2.5-mm working distance, Nikon or 1.1 Nikon CFI75, 2.0mm working distance) was used for excitation and epifluorescence light collection. Laser power was set to deliver 15 mW post-objective and pre-sample then adjusted for mono-exponential loss through tissue with a length constant of 170 µm. The signal was passed through a 720-nm short pass filter, split into two channels using a 562-nm dichroic mirror (Semrock), and passed to two H10769/40 cooled photomultiplier tubes (Hamamatsu) in photon counting mode, with the green channel used for

GCaMP6f.

An AOD-based local volume pattern scanning method was used to achieve high sampling rate (1 kHz) and stable recordings in vivo (Villette et al., 2019). For PC dendrites recordings, we used a ULoVE pattern with an extent of ~5*15*20 µm (x, y, z). To obtain the data presented in Figure 1, we performed two-photon large field imaging at 34 Hz across a field of view of ~220*350 µm.

To preserve the novelty of new postural environment exposure, we performed pre-experimental recordings on mice anesthetized with ketamine/xylazine (100 mg/kg and 20 mg/kg, Centravet) 20 days after viral injections, during which we selected isolated dendrites with bright fluorescence signals. To avoid dendrites with GCaMP6f overexpression, special attention was paid to select cells with soma not filled with GCaMP6f, we thus removed 9.3 % of the recorded cells (9/97) that displayed nuclear filling. We performed anatomical stacks along the axial direction to recognize and identify the recorded zone. From one session to the next, the recorded points were manually placed on the same PC dendrites. Recorded sessions lasted around 30 minutes. In order to maximize SNR, we recorded from two (89.5% recorded cells) or three (10.5 % recorded cells) locations on each Purkinje cell's dendrite at half-height between soma and dura mater (range 50 -80µm). Signals recorded from the same dendrite were then summed.

Behavior analysis

Independent component extraction

Video analysis was performed using custom software written in MATLAB. In order to segregate movements from single body parts of the animal, we use a PCA-ICA algorithm inspired from a previous publication [START_REF] Esposito | Independent component analysis of fMRI group studies by self-organizing clustering[END_REF]Hyvärinen, 1999). Since we observed an inter-mice variability in the repertoires of behaviors and relative morphology, the analysis was performed independently for each mouse.

Curare experimental procedures

During this subset of experiments, mice were first injected with dexmedetomidine (0.75 g/kg, Asthenodex, Osalia). Anesthesia was then induced under 3% isoflurane and the mice were laid on their back under a binocular microscope (Leica MZFLIII) over a heating pad laying on the removable platform. A mask (TemSega) was used to maintain anesthesia. The neck and thoracic regions were shaved and a ~4 mm incision was made over the trachea and the underlying fascia were removed. A solution of tubocurarine (1 mg/kg) was injected intra-peritoneally. A canula was then inserted into the trachea, and the animal was artificially ventilated using a ventilator (SAR-1000, Cwe). A mix of O2 with 0.5% isoflurane was used to maintain anesthesia. A suture wire was used to make a knot around the trachea and maintain the canula in place. The wound was then suture and the animal was turned on its belly. Finally, the mouse was transferred on the platform under the microscope for data collection.

Data post-processing

The methods used to extract muscle contraction, quantify the cells' response to movements and assess response specificity within clusters of movements were the same as described in the Methods section of Article I. In Figure A2, Purkinje cells dendrites were segmented using the Suite2p software (Pachitariu et al., 2016).

DISCUSSION

Our results strongly point to a direct involvement of the anterior vermis in anti-gravity postural maintenance: the postural collapse is the first event to occur (Figure 2C) and is directly modulated by stimulation parameters (Figure 2E andI). While lesion and tracings studies have long pointed to a role of the vermis in basic postural functions (Chambers & Sprague, 1955a, 1955b;Joyal et al., 1996;Manni & Petrosini, 1997), this is to our knowledge the first experimental report of a vermal role in postural maintenance in the intact freely behaving animal.

Anterior vermis involvement in anti-gravity postural maintenance

Previous studies had intended to assess the effect of optogenetic manipulation of PC activity in the dorsal vermis of the mouse (Heffley et al., 2018;Hoogland et al., 2015;Witter et al., 2013).

One of them described a behavioral response of the animal exclusively at the offset of PC activation, which was characterized by whole-body twitches (Witter et al., 2013). However, the experiment was performed in head-fixed animals, which most likely prevented the anti-gravity effect that we report. Nevertheless, we similarly observe a movement at stimulation offset which not only involves a posture retrieval of the mouse but also a rebound movement graded by stimulation power (Figure S1C), which we further characterize by a rebound contraction in specific muscles. Interestingly, a subsequent report using the same paradigm (Hoogland et al., 2015) pointed to an initiation of stepping around 200 ms after stimulation onset. This timing could correspond to the compensatory postural adjustment we observe, which often consists in a forward step. The same study reported a slow-down of step when the animal was already walking, while we observe a continuation of the ongoing forward movement (Figure S2H). In head-fixed animals, the stimulation will cause a weakening of the forelimbs and thus reduce stepping without causing an imbalance of the body towards the front. In freely-moving animals, reduced anti-gravity tone of the forelimb causes a downward movement of the head and a loss of equilibrium, leading to a strong sustentation reflex by stepping forward. Thus, previous reports are consistent with our results but failed to uncover the direct effect of the stimulation, presumably because of the experimental constraints encountered in a head-fixed animal.

Compensatory postural reflex elicited by optogenetic stimulation

We identified a compensatory postural reflex following postural collapse of the animal body, which is associated with a sequence of muscle contractions. The first pair of muscles to contract (trapezius and splenius) are axial neck muscles whose role is to maintain the head of the animal up. The contraction of these muscles 120 ms after stimulation onset matches a short slowdown in the animal barycenter decrease (Figure 2D), indicating a first reflexive component. In contrast, the second set of muscles (pectoris and triceps muscles) that contract 60 ms later are more likely involved in the subsequent compensatory step performed by the animal, which translates in strong correlations with this part of the movement (Figure S3B). Moreover, the reliable offset contraction observed in these two muscles (Figures 3B) indicates that they are required for posture retrieval and likely directly affected by the stimulation.

The compensatory reflex likely involves several extracerebellar brain regions at the spinal and brainstem levels. However, in particular for the muscles directly affected by the stimulation, the reflex could have a cerebellar origin. It is known that PCs can control their own afferent climbing fiber discharge with a minimal delay of 80-100 ms (Chaumont et al., 2013). Therefore, we can expect a synchronous CF discharge in the stimulated PCs around the timing of reflex initiation, which would participate in the reported reflexive movement.

Interestingly, muscle contraction was often prolonged during the whole stimulation duration (Figure 3B andE). This signals a prolonged compensation of the postural loss, which translates in a prolonged forward movement of the animal, in particular at long durations (Figure 1D and2D). This compensation is nonetheless insufficient to outweigh the stimulation effect, since the barycenter altitude only recovers after stimulation offset. This shows that the cerebellum does not decrease a specific drive associated to anti-gravity function but exerts a global gain function on muscle tone, which prevents them from being properly used in the subsequent stepping command.

Influence of PC activation on muscle tone

Surprisingly, we did not observe any muscle relaxation in our EMG recordings (Figure 3B).

Because the anterior vermis has been associated with the anterior axial part of the body (Manni & Petrosini, 2004;Snider, 1950), we targeted axial and proximal muscles in the neck region. While the affected muscles could belong to other body regions, such as the back or the belly of the animal, the specificity of the offset contraction in two muscles strongly indicates that they could be the ones controlled by the vermal lobule IV/V. This hypothesis would fall in line with the known representation of the forelimbs in the vermis (Heffley et al., 2018;Wagner et al., 2021). The absence of muscle tone loss in our recording could be explained by experimental limitations. In Figure 2I, we observe that mouse barycenter decreased of 1 mm 100 ms after stimulation onset.

We can extrapolate that the acceleration of the animal body lies around 0.1 m/s -2 , which roughly represents a hundredth of earth gravity (9.8m/s -2 ). Therefore, only a few percents of muscle tone loss could be sufficient to trigger the observed effect. The resulting EMG variation would be difficult to pick in our recordings.

Cerebellar output activity during PC stimulation

We did not record the PC activity during our experiments. However, based on previous studies (Chaumont et al., 2013;Witter et al., 2013), we can confidently infer that our PC optogenetic stimulations elicit a graded DCN inhibition. This assessment is important because strong PC

METHODS

Mice

We used male and female mice heterozygous for L7-ChR2-eYFP of 6-16 weeks of age (Chaumont et al., 2013). Mice were housed in standard conditions (12-hour light/dark cycles, light on at 7 a.m., with water and food ad libitum). All protocols adhered to the guidelines of the French National Ethic Committee for Sciences and Health report on Ethical Principles for Animal Experimentation in agreement with the European Community Directive 86/609/EEC under agreement #12007.

Implant design

A custom-made 3D-printed implant was designed using the Solidworks software in order to map the entire vermal area in a single animal. The implant consists of two main parts (Figure 4A). The bottom part is a head plate which is cemented on the skull of the animal. It features two empty volumes in which small sliding parts are introduced. The upper part of the implant lands on the bottom part and can slide on it over 3 mm, allowing the coverage of the entire vermal area. It also features a hole at its center into which the optic fiber passes. When in position, it is tightened to the bottom part by two screws passing through the small slits. The relative positions of the two parts are measured using landmarks printed at their surface. The 3D impressions were done with a Form 2 SLA 3D printer (Formlabs). Because the antero-posterior position of the implant relative to the brain of the animal was variable, upper implant parts with optic fiber holes at different antero-posterior positions were printed. This allowed not only to properly align the fiber in a reproductible position, but also to perform an antero-posterior mapping, since this part of the implant is removable.

Surgical procedures

Mice were anesthetized with intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg, Centravet) and received preoperative analgesic (buprenorphine, 0.1 mg/kg). Mice were then fixed on a stereotaxic frame and a ~6*4 mm craniotomy was performed over the vermal region of the cerebellar lobule IV/V. The bottom part (head plate) of a custom designed 3-D printed implant was aligned with the lambda-bregma axis using a custom-made head plate holder and fixed on the skull with a layer of dental cement (Superbond). Mice were then temporarily detached from the stereotaxic frame and reattached using custom head plate holding bars. A custom designed laser-cut coverslip was then lowered on top of the targeted vermal area while vacuumsucked onto a rectified hollow rod mounted on the stereotaxic apparatus. This protocol ensured that the coverslip laid flat on the brain and was parallel to the head plate surface, so that in subsequent in vivo experiments the optic fiber would lie flat on the coverslip. A 300-600 µm excess z drive was performed, thus applying pressure on the brain with the coverslip, to ensure that there

Statistics

All statistics were performed using the MATLAB software (Mathworks). Unless otherwise noted, paired-test significativity was assessed with a two-sided Wilcoxon rank sum test and unpaired test significativity with a Wilcoxon signed rank test. 

Video behavior recordings

Recording animal behavior requires high acquisition rates [START_REF] Batka | The need for speed in rodent locomotion analyses[END_REF]. Current available cameras can record high resolution movies at several hundred Hertz. However, uncompressed video recordings raise storage as well as post-processing issues. For this reason, we choose to record mice movies at 100 Hz in every experiment reported in this manuscript. This temporal resolution allowed us to properly dissect the observed behaviors, whilst yielding manageable datasets.

Behavioral analyses strategies

In the different studies reported in this manuscript, various computational tools were used to finely analyze the animal movement and extract relevant features of the mouse behavior. In several instances, different methods were successively attempted before reaching a satisfying outcome.

Freely moving recordings

Figures 1 to 3 of Article II use classical video analysis methods [START_REF] Egnor | Computational Analysis of Behavior[END_REF][START_REF] Gomez-Marin | Automated tracking of animal posture and movement during exploration and sensory orientation behaviors[END_REF] to extract the quantity of movement of the animal as well as its body barycenter (Figure 26 and Article II Methods). In Figure 4, the detection of the mouse tail base and snout proved to be more challenging. We first tried to use the local curvature of the segmented mouse body to find these landmarks, which yielded unsatisfactory results because of the variability in the postures the mice could adopt. Therefore, we chose to rely on recently developed machine learning algorithms (Mathis et al., 2018;[START_REF] Pereira | Fast animal pose estimation using deep neural networks[END_REF]. Training datasets were generated for the side and the bottom views of all the animals based on a k-means extraction algorithm to capture the diversity of the animal behavior. This yielded two 5000 frames datasets comprising images from all the mice in various postures. Half the frames of each dataset were then manually annotated by myself. The neural networks were then trained over 100000 iterations and evaluated on the remaining half of each dataset.

Postural readjustments clustering

In Article I behavioral analyses, the main difficulty we encountered was the high dimensionality of the movement. Compared to tasks involving the eyelid reflex (Ohmae & Medina, 2015;ten Brinke et al., 2015), licking [START_REF] Tsutsumi | Structure-Function Relationships between Aldolase C/Zebrin II Expression and Complex Spike Synchrony in the Cerebellum[END_REF] or a single limb (Heffley et al., 2018;Wagner et al., 2021), the mouse behavior on the wheel displays a striking diversity. The first dimensionality reduction via the PCA-ICA algorithm (Hyvärinen, 1999;Mukamel et al., 2009) allowed us to detect postural readjustment episodes and quantify their kinematics, but the movements appeared impossible to cluster using classical correlation or distance metrics, even when using the IC score movement matrices. We then noted that the first three principal component scores of these matrices displayed a "manifold" structure (Figure D1), in which each plane could be associated to relate to the task. In contrast, we take advantage of this novel sensorimotor context to study how the animal adapts to it.

A first putative drawback in our experiment is that at first glance the animal movement is not stereotyped. In addition to the fine postural readjustments we selected, mice displayed grooming and walking behaviors, which increased over sessions (from 7.7 ± 7.4% in session 1 to 20.2 ± 12.2% in sessions 4-5 for walking, data not shown). In order to extract relevant CF information, we focused on isolated postural readjustments. However, even for this subset of movements that appeared stereotyped when only considering the wheel signal (Article I Figure 1), hundreds of independent components were required to explain the diversity of motor strategies. Movement clustering allowed us to segregate stereotyped -and therefore exclude exotic-movements, so that we could describe the posturomotor learnings diversity. The analysis had to be performed for each mouse separately, because each animal displayed its own preferential motor strategies, as assessed by the inter-mice variability in the spatial independent components returned by the PCA-ICA algorithm (Figure D2). This observation could also partly explain the diversity of response profiles obtained from cells recorded at neighboring locations, around the midline region of the cerebellar lobule IV/V, but in various animals. Interestingly, we could characterize a global motor learning trend over sessions (Article I Figure 1F-H), but also identify late learnings for stereotyped movements emerging after session 1 (Article I Figure 6C). These observations can be related to experiments in which motor learning occurred at two rates, with a fast component saturating rapidly in tens of trials, and a slow component growing steadily over up to 1000 trials [START_REF] Ethier | Changes in control of saccades during gain adaptation[END_REF][START_REF] Hall | Multiple components in direction learning in smooth pursuit eye movements of monkeys[END_REF][START_REF] Kojima | Memory of learning facilitates saccadic adaptation in the monkey[END_REF][START_REF] Smith | Interacting Adaptive Processes with Different Timescales Underlie Short-Term Motor Learning[END_REF]. However, these experiments generally involve the learning of a single movement. In contrast, the increasing stereotypy in movement execution within the clusters of movement shows that in our task several motor learnings can occur in parallel while participating in the global postural adaptation on the wheel.

Olivocerebellar posturomotor learning mechanisms Protracted CF response to movement

In addition to a sharp CF response around movement onset, we identified in Article I a protracted response, with a smaller excess of event probability over a longer period (222 ± 94 ms at the cellular level). We observed that the protracted response precedes the sharp response as well as muscle contraction, and thus movement by more than hundred milliseconds (-158 ± 84ms, Article I Figure 2K). Moreover, as mentioned above, the protracted response occurrence could not be associated with any detectable preparatory phase of the movement (Figure D3C). For these reasons, we proposed that the protracted response represents a motor component of the CF response, implying that the mouse movement is self-generated.

The IO receives motor descending inputs from cortical motor centers via disynaptic pathways (Section 3.03). The region we recorded in the cerebellar cortex (vermal lobule IV/V) receives CF projections mainly from the caudal medial accessory olive (cMAO). Several candidate nuclei could relay cortical motor commands to the IO, including the red nucleus, the lateral reticular nucleus or perirubral nuclei (Section 3.03). However, the exact origin of the olivary input would be hard to assess, because several nuclei converge onto the cMAO (Gerrits et al., 1985b; R. S. Swenson & Castro, 1983). In concurrent cortical and cerebellar recordings, ramping activity is observed in both cortical motor areas and the cerebellum hundreds of milliseconds before movement initiation [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][START_REF] Wagner | Shared Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task[END_REF]. These ramping activities could explain the relatively unprecise timing of the protracted response. A way to assess this hypothesis would be to block a candidate nuclei projecting to the cMAO and observe if the protracted response is depressed at the initial stage of learning.

Protracted climbing fiber response involvement in cerebellar learning

In our paradigm, we observe a global decrease of the protracted response amplitude, which parallels the compensation of an overshoot in movement velocity over movement repetitions (Article I Figure 6F). An interpretation could be that the protracted response evolution simply results from modifications in the IO drive, as a velocity decrease could imply a reduced amount of motor command, decreasing the firing probability of the IO. However, because we also found a relationship between the protracted response evolution and the mean CFCT amplitude -as well as the proportion of doublets occurring around movement-during learning, we inferred that motor learning is accompanied by cerebellar plasticity, likely at the PF-PC synapse (Bonnan et al., 2021;Coesmans et al., 2004), and thus that the nucleo-olivary feedback pathway to the IO is directly involved in our task.

In this context, the motor drive may not be the primary cause for the protracted response decrease over learning but rather an increased cancellation by an inhibitory nucleo-olivary drive. While

Functional organization of the vermal CF input

Encouraged by the specificity of the cellular responses depending on the movement performed (Article I, Figures 5E-G andA1), we devised an experimental protocol to map deep muscle inputs to the IO (Figure A2A). In our muscle stimulation experiments, we found that a single muscle stimulation could evoke a widespread CFCT response in the vermis, with various timings and probabilities (Figure A2D). While the same PCs could respond to the stimulation of different muscles, the primary, i.e., early and systematic, response occurred in a specific medio-lateral region (Figure A2E), which points nonetheless to a functional segmented organization. The microzonal (more than 100 µm) extent of the early responding region for a single muscle (Figure A2E) implies that vermal CFs receptive field likely encompasses several muscles, which could belong to the same body part. However, a higher input specificity can't be discarded, because several factors could partly confound our results. First, the IO response could be blurred by spinal reflexes in adjacent muscles. For very high-power stimulations (8000 µW), we could observe multi-segmental reflexes that could propagate to the whole mouse body (data not shown). In the power range used during calcium imaging experiments (50-1200 µW), multisegmental reflexes were not observed. Second, we could not prevent muscular contraction and thus movement from occurring, even in a paralyzed animal (Figure A2H). This issue would be difficult to circumvent, because it is caused by the same process -ChR2 activation-that we used to stimulate muscle spindles. Moreover, because spindles are sparsely distributed in muscle tissue (Section 1.03), we chose to illuminate a wide surface (several mm) of the muscle. Therefore, we likely triggered other sensory modalities via unintended muscle contraction, including cutaneous inputs and/or Golgi sensory organs. For this reason, we cannot draw a definitive conclusion regarding the specificity of deep muscle sensory inputs to the IO. Third, the spreading of the CF response could also arise from the gap-junctional coupling in the IO. To test this hypothesis, we could devise an experimental strategy to block olivary gap-junctions (Blenkinsop & Lang, 2006;Ozden et al., 2009) and observe whether the response pattern is modified. Nevertheless, our findings imply that in the awake behaving animal each IO cell receives either directly or indirectly sensory information from multiple muscles.

Overall, our results fall in line with previous observations of a multi-band CF response upon muscle electrical stimulation (Michikawa et al., 2021) but with an increased resolution. Previous experiments that have characterized CF microzones (Andersson & Oscarsson, 1978) have focused on specific pathways, in particular on the ventral spino-olivo-cerebellar pathway (SOCP), which is a direct pathway and could thus display a more specific organization; however, in the intact animal all SOCPs contribute to the IO excitatory drive. The dorsal and lateral SOCP information is relayed through brainstem nuclei, which could decrease the specificity of the projections (and falls in line with the results presented in Figure 18A). Moreover, in classical 

ABSTRACT

The cerebellum plays a pivotal role in postural control by learning the equivalent of internal models of the sensorymotor world. This learning arises for the major part in Purkinje cells of the cerebellar cortex under the instructive signal of the climbing fibers originating in the inferior olive. How the spatial and temporal organization of climbing fiber firing, and the nature of the signal they carry, contribute to cerebellar learning remains insufficiently known.

To answer those questions, we designed a novel postural learning task involving the cerebellar anterior vermis. A mouse is placed for the first time on a frictionless wheel and has to acquire novel motor coordinations to produce spontaneous whole-body postural readjustments. By recording multiple Purkinje cell dendrites with millisecond resolution and high signal-to-noise ratio, we uncover several previously unnoticed properties of climbing fiber activity underlying posturomotor learning. At the network level, we unveil a climbing fiber synchrony with a 15 ms temporal width and a sub-microzonal spatial gradient arising from intrinsic olivary mechanisms. Synchrony occurs on top of a spatially widespread and temporally loose correlation arising from movement-specific co-modulation of climbing fiber discharge. At the cellular level, we reveal a previously uncharacterized biphasic climbing fiber response to ballistic postural readjustment. A protracted component ramping over hundreds of milliseconds precedes ballistic movement onset, around which a sharp component of climbing fiber activity occurs. The protracted component disappears over repetitions of the same stereotyped coordinated body movements, which can be clustered through fine video analysis.

Concomitantly, the animal improves movement execution by eliminating a kinetic overshoot. In stark contrast, the sharp component at movement onset is only marginally reduced, but shifts temporally to reflect movement kinematics by its timing. We propose that the protracted-sharp climbing fiber response pattern reflects a motor command-sensory feedback sequence which underpins cerebellar plasticity and motor learning. Binding causal sequences within the olive may allow to answer the fundamental issue of credit assignment for motor errors. Our findings depart from classical cerebellar theories and we thus propose an alternative view of cerebellar motor learning.

The striking of the cellular response to movement leads us to investigate the putative organization of muscle proprioceptive inputs to the inferior olive. Using optogenetic muscle stimulation in anesthetized mice, we show that proprioceptive inputs from a single muscle correspond to an entire microzone of the cerebellar cortex, which points towards broad climbing fiber receptive fields in the intact animal.

Although Purkinje cells constitute the sole output of the cerebellar cortex, the spatial organization of the cerebellar cortical output remains insufficiently characterized. We therefore harness optogenetic and behavioral analysis tools to perform a functional mapping of the anterior vermal Purkinje cell output in freely-moving mice. A confined Purkinje cell stimulation at the vermal midline provokes a tone defect in multiple anti-gravity muscles, which induces a compensatory compound reflex of the animal involving a sequence of muscle contractions. Moreover, stimulation offset is associated with a rebound contraction in the affected muscles, likely mediated by a rebound in the deep cerebellar nuclei output. Mapping the anterior dorsal vermis reveals that the identified postural function is encoded by a broad cerebellar zone, previously identified. Based on our observations, we propose that the vermal Purkinje cell output is organized in antero-posterior subdivisions, orthogonally to the climbing fiber projections. Our results provide the first characterization of the anti-gravity function of the vermal cerebellum in an intact animal.