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Regulation of neurotransmitter receptor numbers at synapses is a fundamental process for brain function and behavior. Despite the essential role of activity-dependent degradation of synaptic receptors, the underlying molecular mechanisms remain elusive. Here we show that Sushi domain transmembrane protein SUSD4 regulates degradation of AMPA receptors in an activitydependent manner. This function involves binding of SUSD4 to HECT ubiquitin ligases well known for their control of AMPA receptor degradation. As a consequence, loss of function of Susd4 in the mouse completely prevents long-term depression at cerebellar synapses and leads to impairment of motor coordination learning. SUSD4 could be one example of molecules allowing the precise spatiotemporal control of the turnover of specific target proteins in cells by HECT ubiquitin ligases.
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RÉSUMÉ

Le fonctionnement correct du Système Nerveux Central dépend de l'établissement et de la maturation de synapses fonctionnelles. Un nombre important de molécules sécrétées et membranaires participe au développement, maturation et plasticité des synapses tout au long de la vie de l'organisme. Les protéines à domaine Sushi en synapses sont conservées dans les synapses et des mutations en protéines synaptiques à domaines Sushi sont trouvées chez des patients avec des maladies neurologiques et psychiatriques. J'ai utilisé le système olivocérébelleux comme modèle pour l'étude du rôle potentiel des protéines à domaine Sushi dans la formation et le fonctionnement des synapses excitatrices. A partir des données préliminaires de notre laboratoire, j'ai décidé d'étudier deux gènes codant pour des protéines à domaine Sushi, une codant la protéine membranaire SUSD4 (Sushi domain containing protein 4) et l'autre codant quatre isoformes de Masp1/3 (Mannan-binding lectin serine protease 1/3). D'abord, j'ai identifié que la troisième isoforme de Masp1/3, la protéine MAP44 (Mannose-binding lectin-associated protein of 44 kDa) ne contenant pas le domaine serine protéase, est celle qui s'exprime le plus dans le cervelet et dans l'olive inférieure. Les données obtenues avec l'analyse des souris invalidées pour le gène Masp1/3 suggèrent que l'architecture cellulaire du cervelet et des synapses excitatrices de la cellule de Purkinje n'est pas affectée en absence de Masp1/3. Deuxièmement, j'ai trouvé que Susd4 est aussi exprimée dans le réseau olivocérébelleux pendant le développement postnatal et chez l'adulte. En utilisant des souris invalidées pour le gène Susd4, j'ai trouvé que l'absence de SUSD4 mène à des déficits d'apprentissage moteur, une perte de la dépression à long terme à la synapse fibre parallèle (dépendante de la fibre grimpante) et une facilitation de la potentialisation à long terme de la fibre parallèle. La transmission de la fibre grimpante est augmentée transitoirement pendant la maturation. Un défaut de régulation des recepteurs synaptique de type AMPA est associé a ce phenotype. Des expériences de purification par affinité suivies de spectrométrie de masse ont révélé que les E3 ubiquitine ligases de la famille HECT interagissent avec le domaine cytoplasmique de SUSD4. Finalement, des expériences en cours suggèrent que la dégradation des récepteurs de type AMPA est régulée par le complexe SUSD4/HECT ligase. Bien que les mécanismes moléculaires contrôlant l'incorporation synaptique des récepteurs aux glutamate est bien décrite, le contrôle de leur degradation reste mal connu. La fonction de SUSD4 pourrait être un mécanisme général permettant le contrôle précis spatio-temporel de la degradation de protéines spécifiques dans la cellule par les HECT ubiquitine ligases. Ces résultats donnent des nouveaux aperçus du rôle des protéines à domaine Sushi dans les mécanismes moléculaires contrôlant la plasticité et la function des synapses dans le Système Nerveux Central.

INTRODUCTION

"At 100, I have a mind that is superior, thanks to experience, than when I was 20" -Rita Levi-Montalcini PART 1: Synaptic Development Never Stops Synapse (from Greek σύναψις sunapsis, 'together, joining'.) n. A junction between two nerve cells, consisting of a minute gap across which impulses pass by diffusion of a neurotransmitter (English Oxford Dictionary).

The synapse is the site for neuronal transmission. Based on the structural characteristics of the pre-and postsynaptic terminals observed by electron microscopy, two major types of chemical synapses were described in the brain: type I (asymmetric) and type II (symmetric) synapses (Figure 1A andB, respectively; [START_REF] Gray | Axo-somatic and axo-dendritic synapses of the cerebral cortex: an electron microscope study[END_REF]). The type I synapse underlies excitatory transmission whereas the type II is inhibitory. Excitatory neurons, through type I synapses, stimulate other neurons to respond and transmit electrical messages while inhibitory neurons through type II suppress responsiveness, preventing excessive firing. Both types of synapses can be made at the site of contact between two nerve cells that occurs between an axon and a dendrite (axo-dendritic). In addition, inhibitory synapses are also made between the axon and the soma (axo-somatic) or between the axon and the axonal initial segment (axo-axonic, [START_REF] Knott | Formation of dendritic spines with GABAergic synapses induced by whisker stimulation in adult mice[END_REF]) of the receiving neuron. A schematic representation of both types of synapses is presented in Figure 1C andD.

The presynaptic compartment of the synapse can be divided into three components: the axonal boutons, the vesicles and the active zone. The axonal boutons are distal terminations of the branches of an axon that contain vesicles, which are secretory organelles whose role is to deliver neurotransmitters. In the excitatory synapse, the form of the vesicles is described as spherical, while the vesicles look more flattened or elongated in the inhibitory synapses. Three forms of boutons can be found: single synaptic boutons with a single postsynaptic partner, multi-synaptic boutons that present multiple postsynaptic partners and non-synaptic boutons with no partner [START_REF] Bourne | Presynaptic ultrastructural plasticity along CA3→CA1 axons during long-term potentiation in mature hippocampus[END_REF]. The active zone is the area for the unloading of the vesicles, and is a specialized region on the presynaptic plasma membrane positioned in alignment with the postsynaptic density [START_REF]Membrane and cytoplasmic structure at synaptic junctions in the mammalian central nervous system[END_REF].

The synaptic cleft is the extracellular part of the synapse and is a conglomeration of secreted proteins and external regions of pre-and postsynaptic transmembrane proteins that can be visualized by electron microscopy, for example, on frozen hippocampal slices from Rattus norvegicus [START_REF] Zuber | The mammalian central nervous synaptic cleft contains a high density of periodically organized complexes[END_REF].

The postsynaptic compartment is constituted by the postsynaptic membrane and the postsynaptic density (PSD), a complex scaffold of proteins. The postsynaptic membrane is covered with neurotransmitter receptors and other types of transmembrane proteins. The PSD of the excitatory synapse is thick and often found on dendritic spines. In the inhibitory synapse, the PSD is thinner, and most of the time there is no membrane protuberance at the postsynaptic side. The molecular complexity of the excitatory PSD is very high in comparison with the inhibitory one. A proteomic analysis of purified PSD fractions by liquid chromatography coupled with mass spectrometry identified 374 PSD proteins. These ~400 proteins were categorized into the following 13 functional groups: actin cytoskeleton (12%), translation (11%), GTPases and regulators (10%), cell adhesion (9%), other cytoskeleton (8%), scaffolds (7%), receptors and channels (7%), membrane trafficking (6%), mitochondria (6%), kinases/phosphatases, and regulators (5%), motor proteins (3%), metabolism (2%) and chaperone (1%; [START_REF] Peng | Semiquantitative proteomic analysis of rat forebrain postsynaptic density fractions by mass spectrometry[END_REF]). [START_REF] Gray | Axo-somatic and axo-dendritic synapses of the cerebral cortex: an electron microscope study[END_REF]. (C-D) Schematic representations of Type I (C) and Type II (D) synapses with examples of specific markers in green (Type I) or magenta (Type II). Legends: a, thin processes; b, synaptic cleft; c, dense processes; pre, presynaptic terminal and post, postsynaptic terminal.

The neurotransmitter receptors can be divided into two main groups depending on their architecture and type of activity. The ionotropic receptors are ligand-gated ion channels, their action is fast. The receptor/channel pore opens after the conformational change that happens when the ligand interacts with the binding site. The channel allows the ions flux, that can be translated into fast activity and is either excitatory or inhibitory. The excitatory receptors are mainly sensitive to glutamate and its variants. The ionotropic glutamate receptors (iGluRs) are grouped and named according to their preferential agonist, such as: N-Methyl-D-aspartic acid (NMDA) receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs) and kainate receptors (KARs). There are four different AMPAR subunits (GluA1-GluA4), six NMDAR subunits (NR1, NR2A-D and NR3) and five KAR subunits (GluA5-7 and KA1-2). There are other sub-groups within the iGluRs, such as the Delta receptors, that comprise of two members GluRδ1 and GluRδ2. GluRδ2 is called an orphan receptor because it does not bind to glutamate analogs [START_REF] Yuzaki | The delta2 glutamate receptor: 10 years later[END_REF]. The second group of receptors are metabotropic, which are G-protein coupled receptors. In this case, the binding of the ligand initiates a molecular signaling pathway. The metabotropic glutamate receptors (mGluRs) can be divided into three different Groups (I to III), containing a total of eight known or well-described subtypes of receptors. Interestingly, the mGluRs from the group I (mGluR1 and mGluR5) are mainly expressed at the postsynaptic side, while the mGluRs from the groups II (mGluR2 and mGluR3) and III (mGluR4, mGluR6, mGluR7 and mGluR8) are mainly expressed at the presynaptic side.

Synapse formation, or synaptogenesis, is a highly precise and tightly regulated process. It begins with the first contact between two neurons and requires the coordination of many cellular and molecular biological events, including cytoskeletal rearrangements and recruitment of proteins, to form the scaffolding machineries at both the pre-and the postsynaptic sides. Synapse maturation then allows the recruitment of the right neurotransmitter receptors. The mature synapse can further be changed by mechanisms of plasticity. The main steps during the life of the excitatory synapse are represented in Figure 2. there is a molecular aggregation to form the scaffolding machineries of the pre-and the postsynaptic terminals. Finally, neurotransmitter receptors are recruited. In general, immature excitatory synapses present only NMDA-type glutamate receptors. The maturation implicates the recruitment of AMPA-type glutamate receptors to the postsynaptic surface. The mature synapse still changes through mechanisms of plasticity such as long-term potentiation (LTP) and longterm depression (LTD).

The Formation and Maturation of Excitatory Synapses

Synaptogenesis

Synaptogenesis was first described at the neuromuscular junction (NMJ). In this system, the contact of axonal growth cones with myotubes triggers the molecular cascades that allow the specialization of both the presynaptic bouton and the postsynaptic receptor apparatus (the PSD of the NMJ). The organization of the presynaptic side requires the clustering of the synaptic vesicles and the creation of the specialized cytoskeletal matrix at the active zone. Similarly, postsynaptic differentiation involves the assembly of the specialized cytoskeletal matrix, necessary for the clustering of the receptors. The newly formed NMJ now has the ability to release important factors, such as the protein AGRIN (a secreted heparan sulfate proteoglycan; named based on its involvement in the aggregation of acetylcholine receptors) and neurotransmitters, which are thought to promote the differentiation of the complex postsynaptic junction (for review, see [START_REF] Sanes | Development of the vertebrate neuromuscular junction[END_REF]). Synaptogenesis at the CNS follows the same main steps. First, the contact between the two neurons is mediated by several classes of cell adhesion molecules, such as the prototypic Neurexin and Neuroligin, the Ephrins and its receptors or the immunoglobulin domain-containing proteins [START_REF] Tallafuss | Organization of central synapses by adhesion molecules[END_REF]. Both neurons present molecules in its terminals that interact to form trans-synaptic complexes. The trans-synaptic interactions allow the physical approach between the two membranes and the communication between the two neurons. Once the two membranes are closer to each other, the molecular aggregation of the scaffolding machineries occurs and is orchestrated by specific molecules, such as the presynaptic Bassoon [START_REF] Friedman | Assembly of new individual excitatory synapses: time course and temporal order of synaptic molecule recruitment[END_REF] or the postsynaptic PSD95 [START_REF] Chen | PSD-95 is required to sustain the molecular organization of the postsynaptic density[END_REF]. Finally, the neurotransmitter receptors are recruited. In general, it is thought that glutamate receptors are recruited to nascent synapses hours after initial axodendritic contact [START_REF] Friedman | Assembly of new individual excitatory synapses: time course and temporal order of synaptic molecule recruitment[END_REF].

H.V. Friedman and colleagues proposed a time course for excitatory synapse formation in cultured hippocampal neurons. They used a fluorescent endocytic dye (FM 4-64) that labels the synaptic vesicles which display the capacity to recycle after presynaptic activation, the "newly formed vesicles". In parallel, they followed the time course of different synaptic proteins. Fixing the t0 (in minutes) at the axodendritic contact, they observed that the presynaptic side is assembled first, prior to the post synaptic side. The precise timing was found to be t10 -t25 for Bassoon, t25 -t35 for the "newly formed vesicles", t30 -t55 for the accumulation of the synaptic vesicles, t75 -t110

for the PSD proteins SAP90/PSD95 and t85 -t105 for the glutamate receptors GluA1 and NR1 (Figure 3; [START_REF] Friedman | Assembly of new individual excitatory synapses: time course and temporal order of synaptic molecule recruitment[END_REF]). They observed that only two hours are needed for the synaptogenesis to be completed from the first contact to the 'mature synapse'. Interestingly, the insertion of the postsynaptic receptors (including NMDAR and AMPAR) overlaps with the aggregation of the PSD scaffolding proteins, suggesting that synaptogenesis and synapse maturation (in terms of AMPAR recruitment) can occur simultaneously.

Figure 3: Time course for excitatory synaptogenesis. The putative timing of the key processes during the assembly of individual glutamatergic synapses in cultured neurons. Adapted from [START_REF] Friedman | Assembly of new individual excitatory synapses: time course and temporal order of synaptic molecule recruitment[END_REF].

Synapse Maturation

The synapse is considered mature when all the types of molecules that will be maintained in adulthood, are already recruited. However, the number of some of these synaptic molecules changes with time and experience. During synapse maturation, there are changes in the subunit composition of the receptors. NMDARs formed exclusively by NR1 and NR2B dominate during synaptogenesis. There is a switch between the subunits NR2B and NR2A during synapse maturation. The subunit NR2B inhibits the insertion of AMPAR at the membrane during synaptogenesis [START_REF] H-Hall | NR2B signaling regulates the development of synaptic AMPA receptor current[END_REF], ensuring that immature synapses do not recruit AMPARs. The time course in the recruitment of the different glutamate receptors have been studied in cultured cortical neurons. Interestingly, both types of iGluRs (NMDARs and AMPARs) form clusters that are present in the somatodendritic compartment before synaptogenesis; these clusters increase in number and in size with synaptogenesis. It has been shown that the NR1 clusters travel at the rate of ~4 µm/min while GluA1 clusters are slower, ~2 µm/min [START_REF] Washbourne | Rapid recruitment of NMDA receptor transport packets to nascent synapses[END_REF]. The receptor clusters can travel in both directions, from the soma to the neurites and vice versa. Stilldeveloping excitatory synapses contain only NMDARs [START_REF] Isaac | Evidence for silent synapses: implications for the expression of LTP[END_REF][START_REF] Liao | Activation of postsynaptically silent synapses during pairing-induced LTP in CA1 region of hippocampal slice[END_REF].

AMPAR-lacking synapses are functionally dormant and are considered postsynaptically "silent synapses". The unsilencing occurs through a process of experience-dependent insertion of AMPARs (reviewed in [START_REF] Hanse | AMPA-silent synapses in brain development and pathology[END_REF]). Silent synapses are the substrate for activitydependent strengthening of synaptic transmission at excitatory synapses in the hippocampus and cortex [START_REF] Isaac | Evidence for silent synapses: implications for the expression of LTP[END_REF][START_REF] Liao | Activation of postsynaptically silent synapses during pairing-induced LTP in CA1 region of hippocampal slice[END_REF].

Synaptic Plasticity

The synaptic strength changes constantly in a use-dependent manner: this remarkable ability of the nervous system is referred to as synaptic plasticity. Synaptic plasticity affects the activity of neuronal networks and, ultimately, the behavior of the whole animal. There are many types of synaptic plasticity mechanisms that can be grouped depending on different criteria. Depending on the type of change in the strength, synaptic plasticity can either strengthen (synaptic potentiation or facilitation) or weaken (synaptic depression) a synapse. Synaptic plasticity can be divided into two groups depending on the timescale. Short-term plasticity occurs on a scale of milliseconds to few minutes, while long-term plasticity is on a longer timescale ranging from ~30 minutes to hours. Depending on the synaptic structures, synaptic plasticity can also be classified as homosynaptic plasticity, when it happens in only one type of synapses, or heterosynaptic plasticity, when there are different synaptic types implicated. For example, there are cases in which a modulatory neuron will form an axoaxonic synapse with the presynaptic element. In this case, heterosynaptic plasticity can take place: the modulatory neuron can produce plastic changes in the presynaptic terminal, such as facilitation or inhibition. Depending on the origin of the induction, synaptic plasticity can occur constitutively or be triggered by neuronal activity.

Development, stress and hormones, are examples of chronic activity and can elicit a form of synaptic plasticity that is called homeostatic synaptic plasticity. The basic mechanism for activity-dependent synaptic plasticity was proposed by D.O. Hebb in 1949 in his postulate: when two neurons are active together, the efficacy of the synaptic transmission between them improves. Therefore, activity-dependent long-term potentiation is also referred as Hebbian plasticity. Two molecular mechanisms may explain activity-dependent synaptic plasticity. The first is due to changes in the presynaptic side such as changes in the amount of released neurotransmitter or the release efficacy. The second is due to changes at the postsynaptic side, such as changes in the number or in the function of the neurotransmitter receptors. After briefly introducing short-term forms of synaptic plasticity, I will present the two most studied forms of activity-dependent homosynaptic long-term synaptic plasticity: long-term potentiation and depression.

Short-Term Synaptic Plasticity

Short-term synaptic enhancement represents an increased probability of presynaptic neurotransmitter release in response to presynaptic action potentials and short-term synaptic depression is usually attributed to the depletion of readily releasable presynaptic vesicles (reviewed in [START_REF] Regehr | Short-term presynaptic plasticity[END_REF]). There are different forms of short-term synaptic plasticity, lasting in the order of hundreds to thousands of milliseconds. Paired pulse facilitation (PPF) or paired pulse depression (PPD) occur when there are two stimuli not much separated in time (milliseconds), that produce an increase or a decrease in the amplitude of the second postsynaptic potential/current compared to the first. Synaptic augmentation is the increase in the presynaptic neurotransmitter release probability during and after repetitive stimulation occurring in a timespan between milliseconds and several minutes. The post-tetanic potentiation consists of an increase in the frequency of miniature postsynaptic potentials (with no changes in the amplitude) or currents due to a high frequency train of stimulations (tetanic stimulation) lasting from ~0.2 to 5 seconds.

Long-Term Synaptic Plasticity

Long-term potentiation (LTP) and depression (LTD) are the two most studied forms of long-term synaptic plasticity. In mature neurons, the PSD composition undergoes continual molecular turnover under basal conditions and shows larger changes in response to activity [START_REF] Inoue | The dynamic organization of postsynaptic proteins: translocating molecules regulate synaptic function[END_REF]. Proteins of the PSD turn over in large part by continuous exchange with counterparts outside the PSD. PSD95, for example, is dynamically exchanged between neighboring PSDs in cortical neurons in vivo [START_REF] Gray | Rapid redistribution of synaptic PSD-95 in the neocortex in vivo[END_REF]. Among the most dynamic proteins in the PSDs are the AMPARs, which show rapid diffusion in and out of the postsynaptic membrane to regulate the synaptic strength. Regulated AMPAR insertion into and removal from the PSD are major mechanisms underlying the strengthening and weakening of synaptic transmission and thus synaptic plasticity. While there are different pathways to change the strength of synapses to induce LTD and LTP, such as changes in the conductivity of the pore of the AMPAR, here I will focus on the mechanisms for LTD and LTP caused postsynaptically by the removal or insertion of AMPARs, respectively (for review, see [START_REF] Fleming | AMPA receptors and synaptic plasticity: a chemist's perspective[END_REF][START_REF] Malinow | AMPA receptor trafficking and synaptic plasticity[END_REF]). These changes in the amount of AMPARs are schematically represented in Figure 4. The key factor in the induction of LTD or LTP is the frequency of the stimulation: high-frequency stimulation triggers the insertion of AMPARs and low-frequency stimulation leads to the removal of AMPARs in hippocampal Schaffer collateral/CA1 synapses [START_REF] Dudek | Bidirectional long-term modification of synaptic effectiveness in the adult and immature hippocampus[END_REF]. Indeed, long-term synaptic plasticity can be induced bidirectionally at the same synapse. When LTP or LTD are triggered by the NMDARs, it is called NMDAR-dependent. Under normal conditions (resting hyperpolarized membrane potentials), the NMDARs that have been activated by the glutamate binding are blocked with Mg ++ . Depolarization of the membrane allows the removal of the Mg ++ block and, once the NMDAR pore is opened, Ca ++ flows inside the neuron. The role of the different AMPAR subunits in hippocampal NMDAR-dependent long-term synaptic plasticity has been recently confirmed using a knock-in (KI) strategy by Zhou et al. Using a GluA1 C2KI mouse (in which both GluA1 and GluA2 subunits have the intracellular domain of GluA2) and a GluA2 C1KI mouse (in which both subunits contain the GluA1 internal tail), they demonstrated that the carboxyl-terminus domain of GluA1 is necessary for NMDAR-dependent LTP while the carboxyl-terminus domain of GluA2 is required for NMDAR-dependent LTD.

Importantly, both phenotypes were restored in the double KI mice, in which both carboxylterminus domains are expressed but switched (Zhou et al., 2018).

Other forms of plasticity are NMDAR-independent, and the source of Ca ++ is either voltagegated calcium channels or internal stores, like the endoplasmic reticulum. mGluR-dependent LTD has been described in different regions of the brain. It was first described in the synapse between the parallel fibers and the Purkinje cell in the cerebellum (for review, see [START_REF] Hirano | Long-term depression and other synaptic plasticity in the cerebellum[END_REF]). mGluR-dependent LTD is also present in other regions of the brain: different regions of the cerebral cortex, like the anterior cingulate or the insular cortex, present different types of mGluR-dependent LTD. Interestingly, the different regions of the cortex present different
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signaling cascades but in all the cases, the consequence of mGluR-dependent LTD is the internalization of AMPARs (for review, see [START_REF] Kang | Metabotropic glutamate receptor dependent long-term depression in the cortex[END_REF]).

AMPA-type Receptor Turnover

The regulation of the number of AMPARs at synapses is thus essential both for synapse maturation during development and synaptic plasticity in adulthood. This number is set by a dynamic balance between biosynthesis, membrane insertion, diffusion, internalization, recycling and degradation of AMPARs subunits. There are different pools of AMPARs: 1. the pool of synaptic AMPARs, necessary for transmission; 2. the pool of extrasynaptic AMPARs; 3. the pool of internalized AMPARs that can either be in vesicles, early endosomes, recycling endosomes, late endosomes or lysosomes. In this section, I will introduce the AMPARs, and then, I will describe the different processes controlling its turnover.

AMPA-type Receptors

AMPARs conduct the majority of fast excitatory synaptic transmission in the CNS. The regulation of the number and the properties of AMPARs at the PSD is a key parameter in the fine control of synaptic strength and plasticity. The number of AMPARs at the synaptic surface can be controlled by the characteristics of the AMPAR subunits, the dynamics of the constitutive turnover and different activity-dependent mechanisms. Also, interactions between the AMPARs and associated proteins are necessary for the control of biophysical properties and trafficking of the AMPARs.

AMPARs are tetrameric ion channels composed of different subunits namely, GluA1-4 (encoded by the genes GRIA1-4, respectively). The subunits are similar in size (~900 amino acid residues)

and present a homology of 70% in their sequences (reviewed in [START_REF] Collingridge | Receptor trafficking and synaptic plasticity[END_REF]). The general structure of the AMPARs subunits is presented in which varies in length between subunits (and splice variants). The CTD and the NTD are the most variable domains, and the LBD and TMD are the best-conserved regions (Figure 5B).

GluA2, GluA3, and GluA4C have a short cytoplasmic domain whereas GluA1, GluA4 and GluA2L have a long CTD.

There are three important mRNA processing sites (Figure 5A). First, the Q/R editing of the GluA2 subunit, which is situated at the apex of the pore loop and consists of a switch from glutamine (Q) to arginine (R), significantly reduces Ca ++ permeability. Almost all GluA2 subunits in the adult brain contain an arginine at position 607. Unedited GluA2 (Q607) exists mostly during embryogenesis. Second, the R/G editing site is found in GluA2, GluA3 and GluA4 diverse receptor regions, allowing subunit-selective protein interactions. From [START_REF] Greger | Structural and Functional Architecture of AMPA-Type Glutamate Receptors and Their Auxiliary Proteins[END_REF].

Expression

The expression pattern of AMPAR subunits changes during development in a manner specific to each type of synapse. For example, it has been shown that the expression of GluA2 at synapses made by the two different excitatory inputs on Purkinje cells is different. The synapses from the parallel fibers contain GluA2 only from P10, and the expression level decreases in the adult. At synapses from the climbing fiber, GluA2 is already detected at P2, its content decreases slowly until P10, and then, increases more and more till the adult [START_REF] Zhao | Glutamate receptor targeting to synaptic populations on Purkinje cells is developmentally regulated[END_REF]. Another example of this developmental regulation is found at hippocampal synapses. At P0, they contain mainly GluA4 homomers. From P0 to P10, the GluA4-containing AMPARs are replaced by GluA2containing AMPARs, a switch that enables long-term maintenance of synapses [START_REF] Zhu | Postnatal synaptic potentiation: delivery of GluR4-containing AMPA receptors by spontaneous activity[END_REF].

The expression pattern of the main four AMPAR subunits in the brain are comparable at the mRNA (in situ hybridization) and protein levels (Figure 6 [START_REF] Yamasaki | Glutamate receptor δ2 is essential for input pathway-dependent regulation of synaptic AMPAR contents in cerebellar Purkinje cells[END_REF]), suggesting that there are no major post-translational modifications. From [START_REF] Yamasaki | Glutamate receptor δ2 is essential for input pathway-dependent regulation of synaptic AMPAR contents in cerebellar Purkinje cells[END_REF].

The subunits GluA1 and GluA2 are expressed in a similar pattern across the brain of the adult Ordo Rodentia in the olfactory bulb, cerebral cortex, cerebral nuclei, hippocampus, and cerebellum. However, there are differences in expression levels depending on the region and cell types. For example, GluA2 expression is stronger in the cortex. Whereas GluA2 is present in all the layers of the olfactory bulb cortex, GluA1 is expressed only in the glomerular layer. The subunit GluA3 is expressed in the cerebral cortex, cerebral nuclei, hippocampus, cerebellum, pons, and medulla. The GluA4 subunit is only present in the molecular layer of the adult cerebellum.
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Assembly, Gating and Electrophysiological Properties

AMPARs are assembled in the endoplasmic reticulum (ER). There is an initial dimerization of subunits mediated by the NTD, and a subsequent tetramerization of identical dimers which leads to the formation of the pore and is mediated by associations via the LBD. Transmembrane AMPAR regulatory proteins (TARPs, particularly stargazin) interact with AMPARs in the ER and create an ER export-competent receptor. After exiting the ER, the AMPAR/TARP complex traffics through the neurites. Theoretically AMPARs can be produced as homo-or heterotetramers. By studying the NTD interactions between the different subunits, a recent publication confirmed that the four subunits can form homodimers, however, sometimes the heterodimers present a more favorable binding. For example, GluA3/3 and GluA4/4 are very unstable [START_REF] Zhao | Preferential assembly of heteromeric kainate and AMPA receptor amino terminal domains[END_REF]. Based on these results, heteromers can be classified in order of decreasing stability:

GluA2/3, GluA1/3, GluA1/2, GluA1/4, GluA3/4, GluA2/2, GluA1/1, GluA2/4, GluA4/4, and GluA3/3 (Figure 7A; [START_REF] Zhao | Preferential assembly of heteromeric kainate and AMPA receptor amino terminal domains[END_REF]).

AMPARs are characterized by their fast activation, desensitization, deactivation, and resensitization (Figure 7B). These properties determine the time course and limit the frequency of excitatory postsynaptic currents (EPSC). The binding of the physiological agonist glutamate leads to the rotation of the S2 domain towards the S1 and closure of the 'clamshell'-like structure.

This conformational change leads to the opening of the channel pore [START_REF] Armstrong | Mechanisms for activation and antagonism of an AMPAsensitive glutamate receptor: crystal structures of the GluR2 ligand binding core[END_REF]. After fixation of the glutamate, the channel is permeable to cations (entering Ca ++ , Na + and outgoing K + ). Edited GluA2(R)-containing AMPAR, which are the majority of AMPARs, are impermeable to Ca ++ (reviewed in [START_REF] Fleming | AMPA receptors and synaptic plasticity: a chemist's perspective[END_REF]). During deactivation, the clamshell re-opens, the pore closes and glutamate is released from the LBD. AMPARs are in the open-state only briefly, given that the closed clamshell is a high energy conformation.

Consequently, the receptors are rapidly desensitized. Desensitization is the conformational change of a receptor that leads to the pore closure in the continued presence of glutamate. It involves a rotation of S1 towards S2 that leads to pore closure [START_REF] Armstrong | Measurement of conformational changes accompanying desensitization in an ionotropic glutamate receptor[END_REF]. The conformation of desensitized AMPARs is very stable and the receptors have a large preference for this state. The electrophysiological properties of AMPARs are essentially determined by their subunit composition and are modulated by reversible post-translational modifications and their association with different auxiliary subunits. From [START_REF] Armstrong | Measurement of conformational changes accompanying desensitization in an ionotropic glutamate receptor[END_REF].

AMPA receptors Interacting Proteins

There are three major types: the proteins that interact with the CTD, the ones which interact with the NTD and the so-called AMPAR auxiliary proteins, interacting mostly at the TMD. The CTD of each AMPAR subunit interacts with specific cytoplasmic proteins, many of which are proteins containing PDZ (PSD95/DIg/Z0-1) domains. The CTD sequences of the different AMPAR subunits are presented in Figure 8, indicating the different binding sites, important residues for ubiquitination and the phosphorylation residues for known kinases. PDZ domain-containing proteins can be divided in three groups: the group I PDZ interact with the consensus X-S/T-X-V/L (where X is an unspecified amino acid); the group II PDZ binds peptides with the consensus X-φ-X-φ (where φ is a hydrophobic amino acid), with the exception of GluA4; and the group III binds peptides with a less defined consensus sequence such as X-D-X-V (for review, see [START_REF] Sheng | PDZ domains and the organization of supramolecular complexes[END_REF]). The long CTD tailed AMPAR binds to the group I PDZ, and the short CTD tailed AMPAR binds to the group II PDZ. GluA1 is the only subunit interacting with SAP97

(synapse-associated protein of 97 kDa; known as disks large homolog 1, Dlg1; with one PDZ domain), a member of the MAGUK family. GluA2 and GluA3 can interact with GRIP1

(glutamate receptor-interacting protein 1, containing 7 PDZ domains) and ABP (AMPA receptorbinding protein; splice isoform of GRIP2, with only 6 PDZ domains). GRIP1 share the same
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binding site as PICK1 (protein interacting with C-kinase 1, presenting one PDZ domain). This overlapping allows the AMPAR to switch between GRIP1/ABP and PICK1 binding. All the subunits present the four-letter residues that allow the interaction with the AP-2 (clathrin-adaptor protein 2). Only the cytoplasmic tail of GluA2 interacts with NSF (N-ethylmaleimide-sensitive factor). Interestingly, the AP-2 and the NSF binding sites are overlapping in the GluA2 CTD [START_REF] Lee | Clathrin adaptor AP2 and NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD[END_REF]. The different binding sites are signaled using different colors. Also, the important residues for phosphorylation (and its respective kinases) and for ubiquitination are presented in cyan and red, respectively. Adapted from [START_REF] Scholz | AMPA receptor signaling through BRAG2 and Arf6 critical for long-term synaptic depression[END_REF][START_REF] Widagdo | Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation[END_REF].

AMPAR NTD can interact with neuronal pentraxins (NPs), a family of Ca ++ -dependent lectins, including NP1, NP2 and the NP receptor (NPR). NP1 and NP2 are secreted from glutamatergic terminals. The neuronal immediate early gene NARP (neuronal activity-regulated pentraxin) and N-cadherin, a homophilic, Ca ++ -dependent cell-adhesion molecule can also interact with the AMPAR NTD. A recent study discovered that C1q-like proteins can bind GluA1 NTD (but not to GluA2-4) and the presynaptic Neurexin 3 [START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like Proteins[END_REF].

AMPARs are associated with auxiliary subunits, which are transmembrane proteins: TARPs, cornichons [START_REF] Schwenk | Functional proteomics identify cornichon proteins as auxiliary subunits of AMPA receptors[END_REF], SynDIG1 [START_REF] Kalashnikova | SynDIG1: an activity-regulated, AMPA-receptorinteracting transmembrane protein that regulates excitatory synapse development[END_REF] and CKAMPs (Farrow et al., 2015). The first member of the TARP family to be identified was stargazin. Given the structural similarity to the γ1 subunit of skeletal muscle voltage-gated Ca ++ channels, stargazin is also called TARP γ2. In addition to stargazin, the family includes TARP γ3, γ4, γ5, γ7 and γ8.

TARPs interact with PSD95, the main scaffolding protein of excitatory synapses. Via this interaction, the AMPAR/TARP complexes are localized at the PSD. Interactions of AMPARs with the cornichon-like proteins CNIH2 (cornichon homolog 2) and CNIH3 (cornichon homolog

3) influence the AMPAR channel properties, by prolonging the deactivation of the AMPAR [START_REF] Schwenk | Functional proteomics identify cornichon proteins as auxiliary subunits of AMPA receptors[END_REF]. The synapse differentiation induced gene 1 (SynDIG1) encodes a conserved transmembrane protein that associates with AMPAR and regulates AMPAR content at developing synapses. SynDIG1 defines a family of four genes in the Mus musculus genome:

SynDIG1, SynDIG2, SynDIG3 and SynDIG4 [START_REF] Kalashnikova | SynDIG1: an activity-regulated, AMPA-receptorinteracting transmembrane protein that regulates excitatory synapse development[END_REF]. The CKAMP family is composed of four members (CKAMP39, CKAMP44, CKAMP52, and CKAMP59) that display distinct regional and developmental expression profiles in the brain of the Ordo Rodentia.

Notably, despite their structural similarities, they modulate different properties of AMPAR by influencing deactivation, desensitization, and re-sensitization [START_REF] F-Farrow | Auxiliary subunits of the CKAMP family differentially modulate AMPA receptor properties[END_REF].

AMPA-type Receptor Turnover

The life of synaptic AMPARs begins with the delivery to the synapse, followed by the insertion of the receptor at the membrane. Lateral diffusion of AMPARs position the receptors at the PSD.

Later, the receptors are internalized. Two fates are possible for the internal pool of AMPARs: 

Delivery of AMPARs to the Synapse

AMPARs need to be delivered to the somatodendritic compartment of the neuron where they are inserted into the plasma membrane by exocytosis. Direct visualization of the intracellular transport of GFP-GluA1 and GFP-GluA2 using FRAP (fluorescence recovery after photobleaching) measurements revealed that AMPARs are transported at rates comparable with fast axonal transport and move in a predominantly, but not exclusively, proximal to distal direction [START_REF] Perestenko | Characterization of the intracellular transport of GluR1 and GluR2 alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor subunits in hippocampal neurons[END_REF]. This suggests that the vesicular transport of AMPAR using microtubules requires both motor proteins, kinesin and dynein. AMPAR-containing vesicles can also use actin filaments via the Ca ++ -sensitive motor proteins Myosin Va [START_REF] Correia | Motor protein-dependent transport of AMPA receptors into spines during long-term potentiation[END_REF] and Myosin Vb [START_REF] Lisé | Involvement of myosin Vb in glutamate receptor trafficking[END_REF]. An alternative for the AMPAR delivery to appropriate synaptic destinations is local protein synthesis. An interesting study using quantitative high-resolution in situ hybridization in cultured hippocampal neurons demonstrated that an important number of synapses contains GluA1 or GluA2 mRNAs [START_REF] Grooms | Activity bidirectionally regulates AMPA receptor mRNA abundance in dendrites of hippocampal neurons[END_REF], suggesting that granules containing AMPAR mRNAs are positioned close to the spines. GRIP1

and ABP are localized at the PSD and also in some intracellular pools. It has been shown that GRIP1 can bind the heavy chain of the motor protein kinesin, KIF5 (Kinesin-like protein 5) and the protein liprin α [START_REF] Setou | Glutamate-receptor-interacting protein GRIP1 directly steers kinesin to dendrites[END_REF][START_REF] Shin | Association of the kinesin motor KIF1A with the multimodular protein liprin-alpha[END_REF][START_REF] Wyszynski | Interaction between GRIP and liprinalpha/SYD2 is required for AMPA receptor targeting[END_REF]. In parallel, liprin α interacts with KIF1A (Kinesin-like protein 1A, also known as axonal transporter of synaptic vesicles or microtubule-based motor KIrF 1A), which can co-immunoprecipitate with AMPAR [START_REF] Shin | Association of the kinesin motor KIF1A with the multimodular protein liprin-alpha[END_REF]. Taken together, this indicates that the AMPAR/GRIP/ABP complex can be transported along dendrites by several kinesin motor proteins attaching to microtubules with the help of KIF5, KIF1A and liprin α.

AMPARs Membrane Insertion

After AMPAR transport at the delivery place, SNARE-mediated fusion events at the plasma membrane lead to the exocytosis of the AMPARs, as illustrated in Figure 10 (reviewed in [START_REF] Jurado | The dendritic SNARE fusion machinery involved in AMPARs insertion during long-term potentiation[END_REF]). It is known that the kinetics for exocytosis are different between AMPAR subunits. GluA1 insertion is constitutively slow and accelerated by activity, whereas GluA2 exocytosis is rapid under basal conditions [START_REF] Passafaro | Subunit-specific temporal and spatial patterns of AMPA receptor exocytosis in hippocampal neurons[END_REF]. A GluA2 mutant that cannot bind NSF present slower exocytosis kinetics than GluA2. A GluA3 mutant including an NSF binding site, present the same kinetics as GluA2 [START_REF] Beretta | NSF interaction is important for direct insertion of GluR2 at synaptic sites[END_REF]. This well-grounded experiment suggests that NSF is required for fast AMPAR incorporation into the synaptic plasma membrane. The protein [START_REF] Lin | Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phosphorylation and palmitoylation[END_REF]. This suggests that the interaction between GluA1 and 4.1N is required for AMPAR insertion both constitutively and in an activity-dependent manner.

A complex formed by SAP97 and AKAP79 (PKA anchoring molecule) tethers PKA for GluA1 phosphorylation [START_REF] Colledge | Targeting of PKA to glutamate receptors through a MAGUK-AKAP complex[END_REF]. Phosphorylation of the GluA1 CTD residue S845 by PKA perturbs hippocampal LTD, and dephosphorylation facilitates GluA1 activity-dependent internalization [START_REF] Lee | Regulation of distinct AMPA receptor phosphorylation sites during bidirectional synaptic plasticity[END_REF]. This suggests that the GluA1/SAP97/AKAP79 interaction blocks LTD by preventing GluA1 internalization. In agreement, one study showed that overexpression of SAP97 increased the amplitude of AMPAR-EPSC and potentiated hippocampal LTP [START_REF] Nakagawa | Quaternary structure, protein dynamics, and synaptic function of SAP97 controlled by L27 domain interactions[END_REF]). Together, these data suggest that the interaction between GluA1 and SAP97 is needed for the maintenance of surface GluA1 and the control of LTP. However, SAP97 conditional KO mice in another study, presented normal hippocampal LTP [START_REF] Howard | The role of SAP97 in synaptic glutamate receptor dynamics[END_REF], and thus the role of SAP97 in activity-dependent AMPAR exocytosis remains unclear. The phosphorylation of S831 (GluA1) by CaMKII has been shown to be necessary for hippocampal LTP [START_REF] Lee | Regulation of distinct AMPA receptor phosphorylation sites during bidirectional synaptic plasticity[END_REF], indicating that this regulation promotes GluA1-containing AMPAR activity-dependent insertion.

Some experiments have shown that postsynaptic SNARE-mediated membrane fusion is required for activity-dependent AMPAR insertion [START_REF] Kennedy | Syntaxin-4 defines a domain for activity-dependent exocytosis in dendritic spines[END_REF][START_REF] Lu | Postsynaptic positioning of endocytic zones and AMPA receptor cycling by physical coupling of dynamin-3 to Homer[END_REF]. Research has focused on ubiquitous SNARE proteins involved in both constitutive and activity-dependent AMPAR exocytosis. A role for complexin, a postsynaptic protein that regulates neurotransmitter release, has been suggested in activity-dependent AMPAR exocytosis but not constitutive AMPAR insertion. Complexin is required for NMDAR-triggered insertion of AMPAR in hippocampal cultured neurons [START_REF] Ahmad | Postsynaptic complexin controls AMPA receptor exocytosis during LTP[END_REF]. Complexin exhibits a strong binding affinity to SNARE complexes containing syntaxin-1A, -2 or -3 but does not bind to SNARE complexes containing syntaxin-4 that characterizes the spine exocytic zone [START_REF] P-Pabst | Selective interaction of complexin with the neuronal SNARE complex. Determination of the binding regions[END_REF]. These data suggest that the complexin-mediated activity-dependent AMPAR insertion takes place at the dendritic shaft [START_REF] Kennedy | Syntaxin-4 defines a domain for activity-dependent exocytosis in dendritic spines[END_REF].

It is uncertain where the AMPARs exocytic zones are positioned in relationship to the PSDs. One study using photoreactive AMPAR antagonists and electrophysiology proposed that AMPARs are inserted into the plasmalemma at the level of the soma and laterally diffuse across very long distances to synapses [START_REF] A-Adesnik | Photoinactivation of native AMPA receptors reveals their real-time trafficking[END_REF]. By imaging superecliptic pHluorin (SEP)-labeled AMPARs under total internal reflection fluorescence microscopy, insertion events were observed in both the soma and dendritic shafts, but never in spines [START_REF] Lin | Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phosphorylation and palmitoylation[END_REF]. One study using very sensitive real-time imaging has suggested that AMPARs are inserted in the dendritic shaft, close to, but not at, dendritic spines [START_REF] Yudowski | Real-time imaging of discrete exocytic events mediating surface delivery of AMPA receptors[END_REF]. It was suggested that NMDAR-dependent LTP recruits GluA1 from the internalized pool (only 20% of the total recruitment), primarily onto the dendritic shaft [START_REF] Makino | AMPA receptor incorporation into synapses during LTP: the role of lateral movement and exocytosis[END_REF]. In discordance, Corera and collaborators examined the AMPAR trafficking in isolated synaptosomes during LTP induction. They found an increased level of GluA1 and GluA2 at the PSD with no changes in the total levels, suggesting that exocytosis can happen close to the PSD [START_REF] Corera | Long-term potentiation in isolated dendritic spines[END_REF]. It has recently been proposed that there are two different sites for AMPAR insertion: one in the spine and another in the dendritic shaft. Combining two-photon glutamate uncaging with two-photon imaging of GFPGluA1 or SEPGluA1 in transfected CA1 hippocampal neurons from slices, Patterson et al.

monitored individual AMPAR exocytosis events (Figure 11A andB). They describe exocytosis in both, dendrites and spines, under basal conditions, and they observe a ~ 5-fold increase in exocytosis in spines and dendrites during LTP induction [START_REF] Patterson | AMPA receptors are exocytosed in stimulated spines and adjacent dendrites in a Ras-ERK-dependent manner during long-term potentiation[END_REF]. A recent study used high-resolution live cell imaging to visualize activity-dependent exocytosis (Figure 11C).

It was revealed that activity triggers a massive exocytosis of AMPAR-containing endosomes in dendritic spines, more precisely, in submicron membrane clusters of syntaxin 4 positioned laterally to the PSD [START_REF] Kennedy | Syntaxin-4 defines a domain for activity-dependent exocytosis in dendritic spines[END_REF]. In conclusion, it seems clear that there is an area of AMPAR exocytosis at the dendritic shaft. Other observations would seem to suggest that this AMPAR exocytic zone is insufficient and support the existence of other exocytosis zones, placed at the dendritic spine and enriched in syntaxin 4. The hypothesis is that both exocytic zones could work under basal conditions, and that activity could increase the exocytosis at the dendritic spine. 

Surface AMPARs: Stabilization, Anchoring and Clustering

Once the AMPAR has been inserted in the membrane, it is transported to the PSD, where it is anchored (and clustered) in order to maximize the efficiency of transmission (by increasing the number of AMPARs under the presynaptic active zone). The overall kinetics of binding and unbinding of AMPARs to PSD scaffolding molecules are extremely complex, given the many possible interactions. In this section, I will summarize the main regulatory factors for AMPAR stabilization, anchoring and clustering.

AMPAR Stabilization

It has been shown that the protein 4.1N is required not only for GluA1 insertion [START_REF] Lin | Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phosphorylation and palmitoylation[END_REF], but also for GluA1 membrane stabilization. The GluA1 subunit can bind with the protein 4.1N

and form a complex (GluA1/4.1N) that favors the stabilization of AMPARs at the plasma membrane. The protein 4.1N interacts with the actin filaments, making a link between the AMPAR and the cytoskeleton. Overexpression of 4.1N or the use of latrunculin, which inhibits actin polymerization in filaments, all reduce GluA1 surface expression [START_REF] Shen | Regulation of AMPA receptor GluR1 subunit surface expression by a 4. 1N-linked actin cytoskeletal association[END_REF]. The interaction between GluA2 and NSF could also contribute both to the insertion and to membrane stabilization of AMPARs. NSF does not perturb GluA2 surface expression [START_REF] Beretta | NSF interaction is important for direct insertion of GluR2 at synaptic sites[END_REF];

A B C [START_REF] Lee | Clathrin adaptor AP2 and NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD[END_REF], but a run-down of EPSCs are recorded in the presence of a peptide disrupting GluA2/NSF binding [START_REF] Lee | Clathrin adaptor AP2 and NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD[END_REF]. A GluA2 mutant that cannot interact with NSF cannot be delivered to synapses in cultured hippocampal neurons [START_REF] Shi | Subunit-specific rules governing AMPA receptor trafficking to synapses in hippocampal pyramidal neurons[END_REF]. Indeed, the addition of the NSF binding site to GluA3 is sufficient to direct membrane insertion at synapses [START_REF] Beretta | NSF interaction is important for direct insertion of GluR2 at synaptic sites[END_REF]. Other studies have indicated that the protein kinase M zeta (PKMζ) promotes the interaction of GluA2-containing AMPARs with NSF and enhances AMPAR responses at Schaffer collateral/CA1 synapses [START_REF] Yao | PKM zeta maintains late long-term potentiation by N-ethylmaleimidesensitive factor/GluR2-dependent trafficking of postsynaptic AMPA receptors[END_REF]. The protein 4.1N mediates the interaction with the transmembrane GluA2 and the cytoskeleton, while NSF and PKMζ have a role in the insertion of GluA2 in the proper place.

AMPAR Anchoring

AMPARs can be theoretically anchored at PSDs on their own (GluA2L and GluA4 have a PDZ binding site) or via AMPAR interactors (particularly stargazin and, in general, other TARPs or Shanks containing a PDZ binding site). It was shown that the application of dimeric stargazin CTD peptides in the patch pipette produces a reduction of 50% in the amplitude of AMPARmediated EPSCs [START_REF] Sainlos | Biomimetic divalent ligands for the acute disruption of synaptic AMPAR stabilization[END_REF], suggesting that stargazin is necessary for AMPAR anchoring at the PSD. The interaction of GluA2-containing AMPAR with GRIP1/ABP that both contain several PDZ domains, also seems to be necessary for the anchoring and is modulated by phosphorylation at S880. The unphosphorylated GluA2 prefers the GRIP1/ABP interaction rather than the one with PICK1. The interaction between AMPAR and ABP, that inhibits the S880 phosphorylation, favors the GRIP/ABP binding [START_REF] Seidenman | Glutamate receptor subunit 2 Serine 880 phosphorylation modulates synaptic transmission and mediates plasticity in CA1 pyramidal cells[END_REF]. After phosphorylation, GluA2 might dissociate from GRIP/ABP and bind PICK1 (Reviewed in [START_REF] Collingridge | Receptor trafficking and synaptic plasticity[END_REF]). Another phosphorylation of the AMPAR CTD at the residue Y876 by the Src tyrosine kinase reduces the binding with GRIP/ABP but not the binding of PICK1 [START_REF] Hayashi | Tyrosine phosphorylation and regulation of the AMPA receptor by SRC family tyrosine kinases[END_REF]. GluA2 constructs that disrupt the interaction with GRIP1/ABP induce a dramatic decrease of surface GluA2. The authors hypothesized that the PDZ protein GRIP1 is only present in the plasma membrane, proposing a role for GRIP1 in AMPAR surface anchoring [START_REF] Osten | Mutagenesis reveals a role for ABP/GRIP binding to GluR2 in synaptic surface accumulation of the AMPA receptor[END_REF].

There are roles for other synaptic proteins in the anchoring of AMPAR. The suppression of the neuronal K-Cl cotransporter KCC2 limits the aggregation of GluA1 with other transmembrane proteins at the surface [START_REF] Gauvain | The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor content and lateral diffusion in dendritic spines[END_REF]. This effect likely involves KCC2 interaction with submembrane actin cytoskeleton through its C-terminal domain but not its ion transport function.

AMPAR Clustering

AMPARs NTD plays an important role in clustering, because of the interactions with NPs mentioned before. In particular, the interaction of AMPAR NTD with NP1 induces clustering of GluA4 homomeric receptors, which are the main AMPARs expressed during synaptogenesis.

The interaction with NARP has been described as crucial for the clustering of GluA1-, GluA2and GluA3-containing AMPARs. Experiments overexpressing NARP in neurons show an increase in the number of AMPARs clusters [START_REF] Malinow | AMPA receptor trafficking and synaptic plasticity[END_REF]. The interaction between the AMPAR subunit GluA4 and the neuronal pentraxin NP1 induces clustering of GluA4 homomeric receptors (reviewed in [START_REF] Südhof | Synaptic Neurexin Complexes: A Molecular Code for the Logic of Neural Circuits[END_REF]), which are the main AMPAR subunits expressed during synaptogenesis [START_REF] Zhu | Postnatal synaptic potentiation: delivery of GluR4-containing AMPA receptors by spontaneous activity[END_REF]. Finally, the synaptic pool of AMPARs needs the phospholipid PIP3 for its correct clustering under basal conditions [START_REF] Arendt | PIP3 controls synaptic function by maintaining AMPA receptor clustering at the postsynaptic membrane[END_REF], confirming the importance of the composition of the plasma membrane for AMPAR clustering.

Lateral Diffusion of AMPARs

AMPARs are highly dynamic, exhibiting vertical (internalization and insertion) and lateral movements. The movement of AMPARs between the PSD and the endocytic or exocytic zones is mediated by lateral diffusion. Real-time optical imaging using quantum dot has allowed neuroscientists to follow the movement of one single receptor and the consequent description of that movement at the surface. Constitutively, AMPARs switch between periods of extrasynaptic fast diffusion and stability periods of slow diffusion confined to the PSD. By single-particle tracking, the kinetics of the lateral movements of GluA2-containing AMPARs have been described in hippocampal cultured neurons of Rattus norvegicus: 6±1µm 2 /s for the mobile and 0.2±0.03µm 2 /s for the stationary receptors. Curiously, the switch between the two periods is abrupt (~40ms). The percentage of time during which AMPARs are at the stationary state increases in neurons between 2DIV and 14DIV, suggesting that the time that AMPARs spend at the synapse increases and the time of extrasynaptic diffusion decreases with synaptogenesis and synapse maturation [START_REF] Borgdorff | Regulation of AMPA receptor lateral movements[END_REF]. Single-molecule fluorescence microscopy was used to reveal that spines contain both types of AMPARs, dynamic and static (Figure 12).

Addition of glutamate increases the rate of AMPARs diffusion, decreases the proportion of static

AMPARs and increases the proportion of AMPARs in the area surrounding synapses [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]. This suggests that activity increases the pool of synaptic AMPAR and decreases the pool of static AMPAR at the PSD. Lateral diffusion is therefore very important for the maintenance of synaptic activity. Indeed, mobile but inactive AMPARs (following a desensitization or the closing of the channel) are rapidly excluded from the synaptic compartment. At the same time, these AMPARs are rapidly replaced in the intra-synaptic compartment by AMPARs which are ready for activation [START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF].

There are shreds of evidence about the role of the interaction between the AMPAR/TARP complex and PSD95 in AMPAR lateral diffusion. Disruption of the interaction between stargazin and PSD95 abolishes the accumulation of AMPAR at the synapse and increases the diffusion to the extra-synaptic membrane [START_REF] Bats | The interaction between Stargazin and PSD-95 regulates AMPA receptor surface trafficking[END_REF]. In addition, the phosphorylation of serine residues in stargazin CTD by the Ca ++ /calmodulin-dependent protein kinase II (CaMKII)

promotes AMPARs immobilization. In hippocampal cultured neurons from Rattus norvegicus the overexpression of PKMζ increases the immobile fraction of GluA2-containing AMPARs in both extrasynaptic and synaptic regions [START_REF] Yu | Increased PKMζ activity impedes lateral movement of GluA2-containing AMPA receptors[END_REF]. Furthermore, it has been shown that suppression of KCC2, in addition to decreasing the anchoring of GluA1, also relieves a constraint to the lateral diffusion [START_REF] Gauvain | The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor content and lateral diffusion in dendritic spines[END_REF]. To conclude, the association between the AMPAR and the PSD scaffolding produces slow diffusion and confinement at the synapse, while the dissociation is responsible for fast diffusion and synaptic removal of the AMPARs. The lateral movement also acts as a sorting mechanism to choose the AMPARs that are ready to be activated at the synapse. From [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF].

Lateral diffusion of AMPARs depends on spine morphology. There is a crucial difference between spines that have necks (known as "mushroom" spines, associated with maturity) and those with a head but no neck ("stubby" spines, related to nascent synapses). The evidence that there is a diffusion barrier dependent on spine shape came from a study showing that the diffusion time of SEPGluA2 is much slower in mushroom spines than in stubby spines [START_REF] Ashby | Lateral diffusion drives constitutive exchange of AMPA receptors at dendritic spines and is regulated by spine morphology[END_REF],
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suggesting that AMPARs can move laterally in stubby spines but not in mushroom spines.

Interestingly, recent studies are discovering the proteins responsible for the constriction of the spine neck. Knockdown of βIII spectrin that regulates the constriction of the neck also results in a dramatic decrease of mature spines (50%), accompanied by a reduction of PSD proteins at the PSD and an increase of the mEPSC amplitudes [START_REF] E-Efimova | βIII Spectrin Is Necessary for Formation of the Constricted Neck of Dendritic Spines and Regulation of Synaptic Activity in Neurons[END_REF]. Another important molecular scaffolding that shapes the neck of dendritic in hippocampal slices are the branched, longitudinal and periodic F-actin structures [START_REF] B-Bär | Periodic F-actin structures shape the neck of dendritic spines[END_REF]. Interestingly, βIII spectrin and periodic F-actin bands (marked with phalloidin) seem to be non-overlapping [START_REF] E-Efimova | βIII Spectrin Is Necessary for Formation of the Constricted Neck of Dendritic Spines and Regulation of Synaptic Activity in Neurons[END_REF], as showed in Figure 13. It is thus possible that the molecular scaffolding of the spine's neck is responsible for the lateral diffusion barrier. This suggests that the regulation of AMPA receptor content in spines must be at least partially locally regulated. Indeed, the activitydependent increase of AMPAR at the PSD in mushroom spines is dynamin-dependent [START_REF] Mayo-Martin | Dynamin-dependent membrane drift recruits AMPA receptors to dendritic spines[END_REF], suggesting that there is a complete machinery for AMPAR recycling pathway inside the spine and that de novo synthesized AMPAR could arrive at the spine by endosomal transport. 

Endocytosis of the AMPAR: Internalization

AMPARs alternate continuously between the surface (PSD, synaptic and extrasynaptic) and the internalized pools. The internalization of the receptors is mediated by endocytosis using two major pathways: clathrin-mediated and clathrin-independent.

Clathrin-Mediated AMPAR Endocytosis

The clathrin-mediated endocytic pathway is characterized by the presence of an electron-dense clathrin coat at the plasma membrane forming vesicles. It is initiated by the recruitment of the coat components to the membrane and followed by invagination of the membrane to form a clathrin-coated pit. The main features of the clathrin-mediated endocytic pathway in synaptic terminals are similar to other types of clathrin-mediated endocytosis, but the kinetics are usually faster than in other systems [START_REF] Blanpied | Dynamics and regulation of clathrin coats at specialized endocytic zones of dendrites and spines[END_REF]. The different steps of the clathrin-mediated endocytic pathway are represented in Figure 14. Interestingly, the dynamics for clathrin-mediated endocytosis are much faster in young dendrites than in mature ones. The pit coat lifetime increases ~6 times in the old compared to the young [START_REF] Blanpied | Dynamics and regulation of clathrin coats at specialized endocytic zones of dendrites and spines[END_REF], suggesting that clathrin coats stabilize during development. The AP-2 complex is a heterotetramer composed of two large (α/β2) and two small (µ2/σ2) subunits that initiate the clathrin-coated assembly. All the AMPARs subunits contain a binding site for AP-2

in their C-terminus [START_REF] Lee | Clathrin adaptor AP2 and NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD[END_REF]. The AP-2 complex first binds the transmembrane cargo AMPAR and then binds and connects clathrin to the plasma membrane. Dynamins are microtubule-associated force-producing proteins responsible for the fission of clathrin-coated pits. The dynamin family is composed of large GTPases which oligomerize around the necks of invaginated pits. There are three different dynamin genes, coding for dynamin 1, 2 and 3.

Dynamin 3 is enriched in the brain and localized at the postsynaptic side. It has been proved that dynamin 3 positions the clathrin endocytic machinery (endocytic zone) close to the PSD by interactions with the Shank/Homer complex in some synapses. The disruption of dynamin 3

separates the endocytic zone from the PSD, provoking a loss of AMPAR at the synapse (Lu et al., 2007). This elegant investigation defined the kinetics of the two endocytic zones, the one near the PSD is more stable and the one away from synapses is more dynamic. Both are presented in Endophilin A2 is expressed in many tissues and in neurons. Synaptojanin is a phosphoinositide phosphatase known to be a crucial actor in the endocytosis of synaptic vesicles presynaptically.

The study of synaptojanin 1 KO mice provides evidence for a postsynaptic role. Synaptojanin 1 knock-out mice present an increase in the frequency and the amplitude of mEPSC. In addition, the mEPSC effect is accompanied by an increase in AMPARs at the synaptic surface in cultured hippocampal neurons [START_REF] Gong | Regulation of postsynaptic AMPA responses by synaptojanin 1[END_REF]. This study suggests that other actors of the well-described presynaptic endocytic machinery could also play roles in postsynaptic clathrinmediated AMPAR endocytosis. during a time lapse with images acquired every 14 s. From [START_REF] Lu | Postsynaptic positioning of endocytic zones and AMPA receptor cycling by physical coupling of dynamin-3 to Homer[END_REF].

Activity-Dependent Clathrin-Mediated AMPAR Endocytosis

ARC is the activity-regulated cytoskeleton-associated protein, also named activity-regulated gene of 3.1kb (Arg3.1). Following neuronal activation, Arc mRNA is rapidly trafficked to postsynaptic dendrites and locally translated. A rapid increase in ARC protein induces selective downregulation of AMPARs and accelerates endocytosis at synaptic sites. ARC is not necessary for the constitutive clathrin-mediated endocytic pathway but accelerates the kinetics of the process [START_REF] Chowdhury | Arc/Arg3.1 interacts with the endocytic machinery to regulate AMPA receptor trafficking[END_REF]. Recently, it was shown that ARC controls GluA1 activitydependent endocytosis through a direct interaction with AP-2. Overexpression of Arc reduces the surface levels of AMPAR and also reduces the amplitude of AMPAR-mediated mEPSC, whereas

Arc mutated in the residue that mediates the interaction with AP-2 has no effect [START_REF] D-Dasilva | Activity-Regulated Cytoskeleton-Associated Protein Controls AMPAR Endocytosis through a Direct Interaction with Clathrin-Adaptor Protein 2[END_REF]. This data indicates that the complex ARC/AP-2, but not ARC itself, regulates AMPAR activity-dependent internalization. When the GluA2/AP-2 interaction is disrupted, the ARC-
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mediated AMPAR endocytosis is compromised. One study using peptides disrupting the GluA2/AP-2 interaction found increased AMPARs at the surface and increased amplitude and frequency in mEPSC [START_REF] Kastning | Molecular determinants for the interaction between AMPA receptors and the clathrin adaptor complex AP-2[END_REF]. Another study of GluA2 mutants showed lack of LTD in hippocampal neurons infused with a peptide interfering with GLUA2/AP-2 interaction D [START_REF] Lee | Clathrin adaptor AP2 and NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD[END_REF]. Interestingly, it has been shown that ARC can also bind with dynamin and endophilin A2 and A3 [START_REF] Chowdhury | Arc/Arg3.1 interacts with the endocytic machinery to regulate AMPA receptor trafficking[END_REF]. This ARC/endophilin/dynamin complex is associated in endosomes and accelerates the clathrin-mediated endocytic pathway. A recent study identified another endophilin partner, the Candidate plasticity gene 2 (CPG2), which is an activity-regulated gene and makes the link between endophilin B2 and the actin cytoskeleton in dendritic spines [START_REF] Loebrich | CPG2 Recruits Endophilin B2 to the Cytoskeleton for Activity-Dependent Endocytosis of Synaptic Glutamate Receptors[END_REF]. The complex endophilin B2/CPG2/F-actin is specific for NMDAR-dependent but not for the constitutive internalization of AMPARs. Thus, these activitydependent complexes might not be decisive for the internalization of AMPARs but may enhance activity-dependent AMPAR clathrin-mediated endocytosis.

Clathrin-Independent Endocytic Pathway

The endocytic pathways involved in constitutive AMPAR turnover and homeostatic plasticity remain poorly understood and might involve clathrin-independent endocytosis. The first evidence for AMPAR clathrin-independent endocytosis was found in Caenorhabditis elegans.

Accumulation of GLR-1, the non-NMDA receptor similar to Classis Mammalia AMPAR, was found in animals lacking RAB10, a GTPase required for endocytic recycling of intestinal cargo, and in animals lacking LIN-10, a PDZ domain-containing protein. Mutations in unc-11 (AP180)

or itsn-1 (intersectin 1), which reduce the clathrin-mediated endocytic pathway, suppress the LIN-10 but not the RAB10 mutant phenotype. By contrast, cholesterol depletion, which impairs lipid raft formation and clathrin-independent endocytosis, suppresses the RAB10 but not the LIN-10 phenotype. Animals lacking both genes display additive GLR-1 trafficking defects [START_REF] Glodowski | RAB-10 regulates glutamate receptor recycling in a cholesterol-dependent endocytosis pathway[END_REF]. Together, these data suggest that LIN-10 controls the AMPAR clathrinmediated endocytic pathway and RAB10 regulates the AMPAR cholesterol-dependent endocytic pathway.

To test the hypothesis that AMPARs homeostatic downscaling may involve a clathrinindependent endocytic pathway, Glebov et al. studied These data confirmed that neither clathrin nor dynamin are required for constitutive AMPAR endocytosis. To elucidate the molecular mechanism, they inhibited the small GTPase RAC1 using a specific drug and found an increase in surface AMPAR and a decrease in internalized AMPAR. In addition, they found that inhibition of F-actin increases internalized AMPARs, while stabilization of F-actin increases the surface AMPARs [START_REF] Glebov | Clathrin-independent trafficking of AMPA receptors[END_REF]. Taken together, these data suggest that constitutive AMPAR endocytosis is clathrin-and dynaminindependent and is regulated by RAC1 and F-actin.

The binding sites for PICK1 and GRIP1/ABP in the CTD of AMPARs overlap, suggesting a competition for AMPAR binding. While GRIP1/ABP binding favors synaptic anchoring, PICK1

binding could promote AMPAR internalization. It has been shown that PICK1 binding to GluA2 in the spines of hippocampal neurons reduces the synaptic levels of GluA2 [START_REF] Perez | PICK1 targets activated protein kinase Calpha to AMPA receptor clusters in spines of hippocampal neurons and reduces surface levels of the AMPA-type glutamate receptor subunit 2[END_REF][START_REF] Terashima | Regulation of synaptic strength and AMPA receptor subunit composition by PICK1[END_REF]. Association of PICK1 with AMPARs is also regulated by Tetraspanin-7

(TSPAN7), a transmembrane protein that binds PICK1 and also associates with β1-integrin and GluA2/3. Overexpression and knockdown of TSPAN7 modulate GluA2 synaptic content in cultured hippocampal neurons and Tspan7 knockdown increases internalization of AMPARs in a dynamin-dependent manner [START_REF] Bassani | The X-linked intellectual disability protein TSPAN7 regulates excitatory synapse development and AMPAR trafficking[END_REF]. Another actor in the regulation of AMPAR endocytosis is the protein BRAG2 (also known as IQ motif and SEC7 domain-containing protein 1, IQSEC1). It has been shown that the synaptic protein BRAG2 interacts with GluA2 CTD, precisely at the 3Y motif ATYKEGYNVYG (showed in Figure 8), and in addition, BRAG2 functions as a guanine-exchange factor for the coat-recruitment of GTPase ARF6. This interaction is regulated by GluA2 phosphorylation on Y876 and it is important for AMPAR internalization [START_REF] Scholz | AMPA receptor signaling through BRAG2 and Arf6 critical for long-term synaptic depression[END_REF]. BRAG2 plays a role in clathrin-independent but activitydependent AMPAR endocytosis.

AMPARs Recycling

The seminal paper of M.D. Ehlers demonstrated AMPARs recycling and the dependence of its rate and extent on activity (Ehlers, 2000a). The internalized pool of AMPAR is sorted in the early endosomes, either to late endosomes for degradation or towards recycling at the plasma membrane (Figure 16). Interestingly, the majority of the AMPAR population (~60%) belongs to the intracellular pool [START_REF] Perestenko | Characterization of the intracellular transport of GluR1 and GluR2 alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor subunits in hippocampal neurons[END_REF], potentially serving as a reserve for delivery to the surface. It remains unclear if the two forms of AMPARs recycling, the constitutive and the activitydependent ones, are independent or not. Some factors play roles in the activity-dependent AMPAR turnover without modifying the constitutive pathway, like ARC [START_REF] Chowdhury | Arc/Arg3.1 interacts with the endocytic machinery to regulate AMPA receptor trafficking[END_REF], Myosin Va [START_REF] Correia | Motor protein-dependent transport of AMPA receptors into spines during long-term potentiation[END_REF] and CPG2 [START_REF] Loebrich | CPG2 Recruits Endophilin B2 to the Cytoskeleton for Activity-Dependent Endocytosis of Synaptic Glutamate Receptors[END_REF]. And some other factors such as NSF [START_REF] Lin | Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phosphorylation and palmitoylation[END_REF] play roles in both. Recently, Zheng and collaborators have used fluorescent tags to track the recycling of AMPARs in synapses from Rattus norvegicus. The experiment showed that most AMPARs from "inactive" synapses are recycled through a dynamin-independent pathway marked by the GTP-binding protein, ARF6, and the small GTPase, TC10. However, AMPARs internalization via a mechanism involving TfR proteins increases during synaptic strengthening [START_REF] Zheng | The C-terminal tails of endogenous GluA1 and GluA2 differentially contribute to hippocampal synaptic plasticity and learning[END_REF]. In summary, there are two AMPAR recycling pathways, probably dependent on the two different pathways for AMPAR endocytosis.

During constitutive AMPAR turnover, both recycling mechanisms (homeostatic ARF6 and TC10, and activity-dependent dynamin and TfR) work in parallel. Activity enhances the AMPAR recycling pathway which starts with clathrin-mediated endocytosis, is dynamin-dependent and involves TfR.

A study of the three-dimensional reconstruction of Rattus norvegicus hippocampal neurons by electron microscopy showed that a single recycling endosome can be shared by up to 20 different spines [START_REF] Cooney | Endosomal compartments serve multiple hippocampal dendritic spines from a widespread rather than a local store of recycling membrane[END_REF]. This is consistent with the detailed work describing different kinds of endosomes, including recycling endosomes, traveling long distances to a new location during recycling in dendrites and axons [START_REF] Yap | Harnessing the power of the endosome to regulate neural development[END_REF]. However, Corera et al. found AMPAR recycling in isolated synaptosomes [START_REF] Corera | Long-term potentiation in isolated dendritic spines[END_REF], suggesting local sorting. An
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Early endosome important role for Myosin Vb has been shown in AMPARs endosomal transport in dendritic spines. Myosin Vb is concentrated in spines and traffics through the actin filaments by interacting with RAB11 (associated recycling endosomes) and its effector, Rab11-family interacting protein 2 (FIP2). In addition, Myosin Vb is required for NMDA-mediated LTP-induced AMPAR exocytosis, AMPAR insertion and spine growth [START_REF] Wang | Myosin Vb mobilizes recycling endosomes and AMPA receptors for postsynaptic plasticity[END_REF]. This local mechanism would explain how AMPARs can be recycled despite the diffusion barrier that impedes their lateral diffusion to the endocytosis compartments outside the spine.

The sorting receptor SorCS1 (sortilin-related CNS expressed receptor 1) has been identified as interactor of GluA1 and GluA2. The absence of SorCS1 leads to deficits in the surface and synaptic levels of GluA1 and GluA2. This is accompanied with a strong decrease in the frequency of the mEPSC. SorCS1 localizes at early and recycling endosomes, it has been proposed to control the surface levels of AMPAR by mediating AMPAR internal trafficking [START_REF] Savas | The Sorting Receptor SorCS1 Regulates Trafficking of Neurexin and AMPA Receptors[END_REF].

Regulation of Activity-Dependent AMPAR Recycling

In cultured hippocampal neurons, the fluorescence level of transfected ecliptic pHluorin GluA2 (pHGluA2) significantly decreases after 5 minutes of exposure to NMDA, and returns to baseline levels thirty minutes later [START_REF] Lin | PICK1 and phosphorylation of the glutamate receptor 2 (GluR2) AMPA receptor subunit regulates GluR2 recycling after NMDA receptor-induced internalization[END_REF]. GluA2 recycling is accelerated when the PKC phosphorylation residue S880 is mutated, whereas it is prolonged in a mutant that mimics a phosphorylated S880. An acceleration of GluA2 recycling was found in neurons from PICK1 knock-out mice, suggesting a role for PICK1 in the inhibition of AMPAR recycling [START_REF] Lin | PICK1 and phosphorylation of the glutamate receptor 2 (GluR2) AMPA receptor subunit regulates GluR2 recycling after NMDA receptor-induced internalization[END_REF]. It is known that PICK1 prefers the phosphorylated GluA2 for its interaction, while unphosphorylated S880 favors GRIP1 binding. These results suggest that GRIP1/ABP accelerates the AMPAR recycling, contrary to the action of PICK1. PICK1 can interact with the protein KIBRA (kidney and brain expressed protein, also known as WW domain-containing protein 1, WWC1), and knockdown of KIBRA slows down the kinetics in the recovery of fluorescence intensity of pHGluA2. Deletion of KIBRA produces no changes in normal transmission, except for a reduction in the LTP and LTD [START_REF] Makuch | Regulation of AMPA receptor function by the human memory-associated gene KIBRA[END_REF]. KIBRA is a necessary actor in the role of PICK1 in the inhibition of the AMPAR recycling and its role seems to be only activity-dependent and not constitutive. The protein NEEP21 forms a complex with GRIP1 and GluA2 that is activity-dependent. Infusion of a dominant negative NEEP21 peptide inhibited GluA2 surface expression and increased the colocalization of GluA2 with the early endosome marker EEA1 and the marker lysosomal-associated membrane protein 1, LAMP1 [START_REF] Steiner | Interactions between NEEP21, GRIP1 and GluR2 regulate sorting and recycling of the glutamate receptor subunit GluR2[END_REF]. This suggests that the GluA2/GRIP1/NEEP21 complex regulates the GluA2-containing AMPAR sorting for the recycling pathway.

It has been recently shown that the Retromer (a complex of proteins important in recycling transmembrane receptors from endosomes to the trans-Golgi network) plays a role in AMPAR trafficking during NMDAR-mediated hippocampal LTP. Indeed, in vivo KD of VPS35 (the main retromer component) completely abolishes LTP, but does not affect either the constitutive AMPAR transmission or NMDAR-dependent LTD. VPS35 KD implicates the non-recovery of the SEPGluA1 fluorescence after bleaching and a reduction of the number of internalized GluA1 in colocalization with the early endosomal marker EEA1 [START_REF] Temkin | The Retromer Supports AMPA Receptor Trafficking During LTP[END_REF]. These data suggest that the Retromer is necessary in the endosomal sorting of those AMPARs that are dependent on activity. In other words, the Retromer is necessary for the activity-dependent exocytosis of the internal pool of AMPARs.

Degradation of AMPARs

AMPAR degradation is the other alternative to recycling during the sorting process, as demonstrated by M.D. Ehlers in 2000. There are two major pathways which regulate protein degradation in eukaryotic cells: proteasomal and lysosomal degradation. Ubiquitin is a common denominator in the targeting of substrates to both degradation pathways. The proteasomal degradation pathway consists of concerted actions of enzymes that link chains of the ubiquitin onto proteins to mark them for degradation via the proteasome. The proteasome is composed of a core particle containing multiple proteolytic sites and a regulatory particle that governs access to the core. To enter the core, substrates must be unfolded, so secreted proteins are likely to be degraded by proteasome. The lysosomal degradation pathway involves the uptake of proteins by lysosomes. Lysosomes contain an array of digestive enzymes, including several proteases.

Endocytosed proteins are either recycled to the plasma membrane or captured into vesicles of the multi-vesicular body, as they mature from the sorting endosome, before fusing directly with lysosomes. Some receptors use ubiquitin as an internalization signal, but for other ubiquitinated receptors this is secondary to, or redundant with, other adaptor-binding motifs (for review, see [START_REF] Clague | Ubiquitin: same molecule, different degradation pathways[END_REF]). M.D. Ehlers found that GluA1 clusters colocalize with the lysosomal marker LAMP1 30 minutes after AMPA treatment. More precisely, the phosphorylation of GluA1 CTD S845 by PKA favors the recycling of AMPARs, while dephosphorylated GluA2/3 preferentially targets AMPARs for lysosomal degradation (Ehlers, 2000). Zheng and collaborators found three different pools of internalized AMPARs, one of them in late endosomes and lysosomes. After chemically induced "hippocampal" LTP, this pool decreased from 27% of the total internalized AMPARs to essentially 0% [START_REF] Zheng | The C-terminal tails of endogenous GluA1 and GluA2 differentially contribute to hippocampal synaptic plasticity and learning[END_REF], suggesting that NMDA treatment could switch the AMPARs sorting between recycling and degradation, by inhibiting degradation. During LTD, there is an activity-dependent mechanism that favors AMPARs sorting to the RAB7-dependent degradation pathway and decreases the RAB11-dependent recycling endosome pathway.

The molecular kiss of death or ubiquitination is an enzymatic post-translational modification that covalently links a ubiquitin protein to a substrate protein. This process most commonly binds the last amino acid of the ubiquitin peptide (G76) to a lysine (K) residue on the substrate.

Ubiquitination can mark the substrate for many processes: degradation via the proteasome, transport to another cellular location, such as lysosomal compartment, modification of the activity of the substrate and the promotion/prevention of precise interactions. Ubiquitin itself has seven K residues (at 6, 11, 27, 29, 33, 48 and 63), each of which can participate in further ubiquitination, generating poly-ubiquitin chains. Mono-ubiquitination or K63 poly-ubiquitination are often the signal for DNA repair, transcription or trafficking, while K48 poly-ubiquitination is the signal for proteasomal degradation. The ubiquitination cascade requires three types of enzymes: ubiquitin-activating enzymes (called E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3). E3 ligases are responsible for the selective recognition of appropriate substrate proteins. A recent research discovered that the CTD of the four AMPAR subunits (GluA1-4) can be ubiquitinated following AMPAR activation but not in Ca ++ free conditions. Experiments with GluA1 and GluA2 presenting different point mutations in its CTD residues showed which K residues of GluA1-2 (signaled in bold red in Figure 8) are crucial for activity-dependent ubiquitination [START_REF] Widagdo | Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation[END_REF]. It remains unclear what type of ubiquitination tags AMPARs. Inhibition of dynein-dependent endocytosis by dynasore abolishes the activitydependent ubiquitination of AMPARs, suggesting that ubiquitination occurs after endocytosis and not when the AMPAR is at the surface. Finally, the mutant form of GluA1 (4K, lacking the four K residues) exhibits a reduced colocalization with the lysosomal marker, LAMP1, suggesting that activity-dependent ubiquitination regulates the sorting of the AMPAR to favor degradation [START_REF] Widagdo | Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation[END_REF]. Using the GluA1-4K mutant, it has been shown that ubiquitination at CTD sites is necessary for AMPA-mediated, but not NMDA-mediated, GluA1 endocytosis [START_REF] Schwarz | Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis and sorting pathway[END_REF]. A recent work shows that lysosomes are found in dendrites as well as inside ~7% of the spines, and also that AMPA-or NMDA-induction leads to lysosomal movement to the spine base. The activation of a single spine (by uncaged glutamate) can lead to an accumulation of LAMP1 clusters at the base of the spine [START_REF] Goo | Activity-dependent trafficking of lysosomes in dendrites and dendritic spines[END_REF]. Thus, synaptic activity seems to be sufficient for the recruitment of the degradation machineries, in this case, in form of lysosomes.

There are four families of E3 ligases: RING-finger, HECT, U-box, and PHD-finger. It is not clear how the E3 ligases ubiquitinate AMPARs; two studies showed that tagged NEDD4 and GluA1 are found in the same complex in co-immunoprecipitation assays in transfected HEK cells [START_REF] Lin | Nedd4mediated AMPA receptor ubiquitination regulates receptor turnover and trafficking[END_REF][START_REF] Schwarz | Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis and sorting pathway[END_REF]. However, WW domain binds substrates presenting the PY motif (variants of PP_Y) and none of the CTD sequences of the AMPAR subunits present a PY motif (Figure 8). The direct interaction between NEDD4 and the CTD of AMPARs has yet to be demonstrated. Nevertheless, there are data showing that different E3 ligases mediate the ubiquitination of AMPARs in Classis Mammalia CNS neurons under different stimulation conditions, particularly by NEDD4 (neural precursor cell expressed developmentally downregulated gene 4), NEDD4-like (NEDD4L also known as NEDD4-2) and RNF167. The RING-finger E3 ligases are characterized by their highly conserved zinc-coordinating region, which serves as the docking site for E2 ubiquitin-conjugating enzymes and recruits them to a specific substrate. An interesting study that started with a screen of the Homo sapiens genome to investigate the RING-finger E3 ligases that regulates AMPAR turnover, showed that RFN167 is expressed in synaptosomes from cortex, hippocampus, cerebellum and striatum. RFN167 colocalizes strongly with lysosome markers (LAMP1 and LAMP2) and also with late endosomes (RAB7 and RAB9) from neurons, but not with early endosomes (RAB5). Interestingly, loss of RNF167 implicates a dramatic increase of intracellular and surface levels of GluA1, GluA2 and GluA3, accompanied by an increase of the AMPAR-mediated amplitude EPSC [START_REF] Lussier | Ubiquitin ligase RNF167 regulates AMPA receptormediated synaptic transmission[END_REF]. This data suggests that RNF167 could ubiquitinate GluA1 to degradation via the lysosome, however, a biochemical confirmation would throw more light on this issue. The HECT E3 ligases present three different domains: the C2 domain that mediates anchoring to the plasma membrane, the HECT domain that ubiquitinates the substrate and the WW domain that binds the substrate. It has been shown that NEDD4 facilitates the ubiquitination of GluA1 [START_REF] Schwarz | Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis and sorting pathway[END_REF]. Overexpression of NEDD4 reduces the GluA1 surface and synaptic levels due to enhanced endocytosis, and also reduces the accumulation of internalized GluA1 in late endosomes [START_REF] Schwarz | Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis and sorting pathway[END_REF][START_REF] Scudder | Synaptic strength is bidirectionally controlled by opposing activity-dependent regulation of Nedd4-1 and USP8[END_REF]. The overexpression phenotype is restored by overexpressing a truncated NEDD4, that does not contain the C2 domain [START_REF] Scudder | Synaptic strength is bidirectionally controlled by opposing activity-dependent regulation of Nedd4-1 and USP8[END_REF].

Importantly, AMPA-induction results in the ubiquitination of AMPARs, while NMDA-activation favors de-ubiquitination. The deubiquitinating enzyme proposed for maintaining this equilibrium in the ubiquitination of GluA1 is USP8, which is activated with NMDA [START_REF] Scudder | Synaptic strength is bidirectionally controlled by opposing activity-dependent regulation of Nedd4-1 and USP8[END_REF].

Another HECT E3 ligase that has been shown to regulate GluA1 ubiquitination is NEDD4L.

Using a mouse model that does not express the main isoform of the gene Nedd4-2, it has been found that this isoform is required for the control of excessive spontaneous activity. The absence of NEDD4L produces an increase of the total and surface expression of GluA1. Three missense mutations in the gene Nedd4-2 were found to be associated with epilepsy and reduce GluA1 ubiquitination [START_REF] Zhu | Epilepsyassociated gene Nedd4-2 mediates neuronal activity and seizure susceptibility through AMPA receptors[END_REF], suggesting that control of excessive activity of AMPARs is necessary to avoid consequences such as epilepsy.

Colophon

Starting from the delivery of de novo synthesized AMPARs to the dendrite, to ubiquitination for degradation, all the processes presented so far about AMPAR turnover are illustrated in Figure 17. 

PART 2: The Olivocerebellar Network as a Model to Study Excitatory Synapse Formation and Function

The olivocerebellar system is composed of the cerebellum and the inferior olive, which is located in the Medulla oblongata. The cerebellum is an evolutionarily conserved structure in the Subphylum Vertebrata, presenting differences between species (such as the number of lobules), but retaining similar developmental processes, structure and functions. The first theories of cerebellar function arrived with the observation of evident motor impairments resulting from Homo sapiens individuals presenting cerebellar lesions. In this chapter, I will first describe the general organization of the olivocerebellar system, in terms of anatomy and histology, followed by a description of the excitatory synapses of the Purkinje cells, in particular the general transmission and the molecular mechanisms known to produce cerebellar plasticity at these excitatory synapses. Finally, I will present the functions of the olivocerebellar network.

Organization of the Olivocerebellar Network

Global Structure of the Cerebellum and Inferior Olive

The cerebellum is formed by the cerebellar cortex and the deep cerebellar nuclei (DCN). In coronal or horizontal axes, the cerebellum is divided into five regions: the central vermis, the two paravemis and the two lateral hemispheres. The cerebellum is divided in ten lobules, easily distinguishable in a sagittal section from adult Ordo Rodentia (Figure 18 The inferior olive (IO) is located in the brainstem and can be divided into three major parts: the principal olivary nucleus (PO), the medial accessory olivary nucleus (MAO) and the dorsal accessory olivary nucleus (DAO). In Figure 19, these three nuclei are presented in a coronal section from an adult transgenic mouse expressing GFP under an ION specific promoter Igsf9 [START_REF] Pätz | The transgenic mouse line Igsf9-eGFP allows targeted stimulation of inferior olive efferents[END_REF]. There are also four small subnuclei: the subnucleus β, the dorsomedial cell column (DMC), the dorsomedial group (DMG) and the ventrolateral outgrowth (VLO). 

Histology of the Cerebellar Cortex

The adult cerebellar cortex presents the following three different layers, which are listed from the most external (adjacent to the pia mater) to the internal: molecular layer, Purkinje cell layer and granular layer. The ensemble of axons from the different afferent and efferent neurons of the cerebellar cortex creates the white matter, which is located under the granular layer. There are many classes of cells in the cerebellar cortex, that can be divided into neurons and glial cells.

A variety of glial cells are found: oligodendrocytes are mostly found in the white matter myelinating the axons of the fibers, astrocytes are also found in the white matter and throughout the different layers, microglial cells present a homogeneous distribution throughout the cerebellum, and Bergmann cells are located in the molecular layer. Interestingly, the Bergmann cells express the subunits GluA1 and GluA4 of AMPARs, and the specific deletion of AMPAR in Bergmann glia produces deficits in the synapses between parallel fibers and Purkinje cells and, subsequently, an impairment in the control of fine motor coordination [START_REF] S-Saab | Bergmann glial AMPA receptors are required for fine motor coordination[END_REF].

The different populations of neurons can be divided into inhibitory and excitatory neurons.

Inhibitory Neurons

The Purkinje cells (PCs) are among the largest neurons in the CNS and are the sole output neurons of the cerebellar cortex. PCs are GABAergic neurons presenting an intricately elaborate and flat dendritic tree, characterized by a large number of dendritic spines. The dendritic tree is oriented parallel to the sagittal plane. While on average, a CNS neuron receives hundreds of inputs, the PC receives hundreds of thousands of inputs and is involved in one of the most complex integration processes. The PC receives direct inputs from four different cell populations, two that are inhibitory (stellate and basket cells) and two that are excitatory (granular cells and inferior olivary neurons). The Purkinje cell and its four afferents are represented in Figure 20.

Positioned in the upper molecular layer, the stellate cells are GABAergic neurons that innervate the superior dendritic branches of PCs in a proportion of 10:1 and form ~1500 synapses per PC [START_REF] Korbo | Total numbers of various cell types in rat cerebellar cortex estimated using an unbiased stereological method[END_REF]. The other inhibitory input of the PCs comes from GABAergic neurons called basket cells, whose somas are located close to the Purkinje cell layer. Basket cells form "pinceau" synapses on the axon initial segment of about 5-7 Purkinje cells [START_REF] Somogyi | A quantitative electron microscopic study of the Purkinje cell axon initial segment[END_REF].

The Golgi cells are GABAergic neurons that form synapses on the dendrites of granule cells and unipolar brush cells, and receive inputs from the mossy fibers. The Lugaro cells are inhibitory 

Excitatory Neurons

The somata of inferior olivary neurons (IONs) are located in the brainstem. In Rattus norvegicus, there are 48x10 3 IONs, 6.8 times fewer than the number of Purkinje cells [START_REF] Schild | On the inferior olive of the albino rat[END_REF]; thus each ION innervates an average of seven PCs. The axons of IONs spread through the cerebellar cortex and are called climbing fibers (CFs). Each CF arbor has ~100 branches bearing 250-300 synaptic boutons. Each CF bouton make contacts with 1 to 6 postsynaptic spines, making a total of ~1400 release sites [START_REF] Strata | Plasticity of the olivocerebellar pathway[END_REF]. The granular cells (GCs) are very small cells (5-8 .m of diameter) located in the granular layer of the cerebellar cortex. Even though the cerebellum represents only ~10% of the volume of the CNS, the GCs are the most abundant neurons in the brain: ~50% of the total. Each GC presents an average of 4 (3 to 5) short dendrites and receives excitatory information from different mossy fibers [START_REF] Jörntell | Properties of somatosensory synaptic integration in cerebellar granule cells in vivo[END_REF]. The axons of the GCs arise from the soma and divide into two at the level of the molecular layer to form the parallel fibers (PFs), characterized by a T-shape morphology. The PFs are perpendicular to the sagittal plane and to the Purkinje cell dendritic tree. There are ~200,000 PFs innervating each PC, and each PF forms zero, one or two en passant synapses with one PC spine [START_REF] Harvey | Quantitative studies on the mammalian cerebellum[END_REF]. Interestingly, 85% of PF/PC synapses do not generate detectable electrical responses in paired recordings in the adult cerebellum [START_REF] Isope | Properties of unitary granule cell-->Purkinje cell synapses in adult rat cerebellar slices[END_REF]. The unipolar brush cells are glutamatergic interneurons found in the granular layer. These cells receive information from the mossy fibers and innervate granular cells and other unipolar brush cells.

The mossy fibers are excitatory axons whose somatodendritic compartments are located in different regions outside the olivocerebellar system, from the vestibular and pontine nuclei and from the Medulla oblongata. The mossy fibers form synapses with neurons of the DCNs and with granular cells. The synapses between GCs and mossy fibers are named "rosettes" because of their peculiar shape. Each mossy fiber branches into different regions of the cerebellum, producing ~400-600 contacts with GCs [START_REF] Palkovits | Quantitative histological analysis of the cerebellar cortex in the cat. IV. Mossy fiber-purkinje cell numerical transfer[END_REF].

Cerebellar Efferences and Afferences

The (-; Figure 22A). There are some differences between the anterior and posterior compartments because of the complexity of some of the regions that are subdivided into smaller bands (for review, see [START_REF] Apps | Cerebellar cortical organization: a one-map hypothesis[END_REF]). The inferior olivary neurons receive information from different regions of the CNS, and can be classified into five different groups based on their afferent input [START_REF] Sugihara | Molecular, topographic, and functional organization of the cerebellar cortex: a study with combined aldolase C and olivocerebellar labeling[END_REF].

Group I contain IONs from the PO and receives information from the area parafascicularis prerubralis, the nucleus of Darkschewitsch and the red nucleus. Group II consists of IONs from the subnucleus β and the DMC which are innervated by the superior colliculus and the vestibular nucleus. Group III is composed of IONs from the MAO and VO, which receive information from
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the spinal cord, the vestibular nucleus as well as the area parafascicularis prerubralis, the nucleus of Darkschewitsch and the red nucleus. Group IV is formed by IONs that receive afferences from the spinal cord, the DCN and the trigeminal nucleus. Lastly, group V contains IONs from the DC and the VLO subnucleus, which are innervated by neurons from the nucleus of the optic tract.

The 

The Life of Purkinje Cell Excitatory Synapses

The Purkinje cell receives two kinds of excitatory inputs distinct in neuronal origin, subcellular territory and functional properties, one from parallel fibers and the other from climbing fibers. It has been estimated that the activation of ~50 parallel fibers is required to produce a simple spike [START_REF] Barbour | Synaptic currents evoked in Purkinje cells by stimulating individual granule cells[END_REF]. In sharp contrast, the activation of only one CF causes a strong depolarization that generates a characteristic complex spike in Purkinje cells, and implicates the simultaneous activation of the 250-300 CF/PC synapses. Both types of synapses occupy and compete for a different innervation territory: the climbing fiber innervates the proximal dendrites of the PC and extends up to 80% of the height of the molecular layer in the adult. The PF innervates the remaining territory, including secondary and tertiary dendritic spines.

These two synapses present differences in their electrophysiological properties. Here I will present the characteristics of the elicited EPSCs after PF or CF electric stimulation during whole cell recordings of Purkinje cells in patch-clamp experiments (ex vivo cerebellar slices), the forms of short-term plasticity, and the different forms of postsynaptic long-term plasticity of both synapses.

The Parallel Fiber/Purkinje Cell Synapse

During embryonic development, the GC precursors are located in the lateral rhombencephalon and upon tangential migration, form the external granular layer (EGL). The EGL is situated at the most external part of the cerebellar cortex (under the piamater) during development. Here, mitotic GCs replicate and expand. After their final division, the GC precursors migrate tangentially in both directions, rostrocaudal and mediolateral [START_REF] Komuro | Mode and tempo of tangential cell migration in the cerebellar external granular layer[END_REF]. The mature PF/PC synapse contains three types of glutamate receptors at the postsynaptic side:

GluA2/3, mGluR1 and GluRδ2. NMDARs are absent from the postsynaptic side of the PF/PC synapse [START_REF] Piochon | NMDA receptor contribution to the climbing fiber response in the adult mouse Purkinje cell[END_REF], but are found at the presynaptic side [START_REF] Casado | Involvement of Presynaptic N-Methyl-D-Aspartate Receptors in Cerebellar Long-Term Depression[END_REF]. The GluRδ2 receptor and its ligand, CBLN1, forms a trans-synaptic complex with the presynaptic neurexin, and is necessary for the development and the function of the PF/PC synapse (Matsuda et al., 2010;Uemura et al., 2010). There are other elements at the postsynaptic membrane, for example the protein G-coupled BAI3 (brain angiogenesis inhibitor) receptor, playing roles in PC dendrite morphogenesis and synaptogenesis (Kakegawa et al., 2015;Lanoue et al., 2013;Sigoillot et al., 2015).

The PF/PC synapse transmission can be studied during patch clamp experiments in Purkinje cells. Electrical stimulation in the molecular layer activates multiple PFs. Thus, the PF-EPSC is a distinctly smoothly graded stimulus-response, the amplitude increases with the strength of the stimulation because a bigger number of PFs are activated [START_REF] Konnerth | Synaptic currents in cerebellar Purkinje cells[END_REF]. When the PF-EPSC is elicited two times and the interval between the two pulses is smaller than ~300ms, the second PF-EPSC presents a bigger amplitude. This paired-pulse facilitation is a characteristic of the PF/PC synapse (Figure 24; [START_REF] Konnerth | Synaptic currents in cerebellar Purkinje cells[END_REF]). PKC is able to phosphorylate the serine residue S880 of the AMPA subunits GluA2 and GluA3 and promotes their interaction with PICK1 and subsequent endocytosis. In one study that uses peptides to block the interaction between GluA2/3 and PICK1, the addition of mutant GST-PICK1 fusion proteins or the inhibition of the dynamin-dependent endocytosis both perturb cerebellar LTD [START_REF] X-Xia | Cerebellar long-term depression requires PKC-regulated interactions between GluR2/3 and PDZ domaincontaining proteins[END_REF]. Indeed, PICK1 knock-out mice and GluA2Δ7 KI mice (where GluA2/PICK1 interaction is disrupted) present no CF-dependent LTD [START_REF] Schonewille | Reevaluating the Role of LTD in Cerebellar Motor Learning[END_REF][START_REF] Steinberg | Targeted in vivo mutations of the AMPA receptor subunit GluR2 and its interacting protein PICK1 eliminate cerebellar long-term depression[END_REF]. These results suggest that cerebellar mGluR1-dependent heterosynaptic LTD is a consequence of the removal of GluA2 at the surface by its interaction with PICK1.

Other research showed that LTD requires clathrin-mediated endocytosis, cerebellar LTD is blocked by loading the PCs with a peptide that disrupts dynamin function [START_REF] Wang | Expression of cerebellar long-term depression requires postsynaptic clathrin-mediated endocytosis[END_REF]. Postsynaptic CF-dependent PF LTD is loss upon knockdown of mGluR1 [START_REF] Aiba | Deficient cerebellar long-term depression and impaired motor learning in mGluR1 mutant mice[END_REF], inhibition of PKC [START_REF] De Zeeuw | Expression of a protein kinase C inhibitor in Purkinje cells blocks cerebellar LTD and adaptation of the vestibulo-ocular reflex[END_REF][START_REF] Goossens | Expression of protein kinase C inhibitor blocks cerebellar longterm depression without affecting Purkinje cell excitability in alert mice[END_REF] or in GluA2K882A knock-in mice (with a point mutation that prevents phosphorylation at S880 of GLUA2 by PKC; [START_REF] Schonewille | Reevaluating the Role of LTD in Cerebellar Motor Learning[END_REF][START_REF] Steinberg | Targeted in vivo mutations of the AMPA receptor subunit GluR2 and its interacting protein PICK1 eliminate cerebellar long-term depression[END_REF]). These data confirm that CF-dependent PF-LTD is dependent on GluA2 phosphorylation at S880 by PKC to facilitate PICK1 interaction and promote internalization of GluA2-containing AMPARs. Surprisingly, the induction of LTD in GluA2K882A and GluA2Δ7 KI mice was shown to be possible using different induction 

PF

Removal of GluA2

LTD LTP

Function of GluA3

cAMP

BASAL DEPRESSED POTENTIATED

Ca ++ GluA2/3 mGluR1 VGCC protocols [START_REF] Y-Yamaguchi | Reassessment of long-term depression in cerebellar Purkinje cells in mice carrying mutated GluA2 C terminus[END_REF]. However, the alternative induction protocols used in this study are less physiological than the co-stimulation of CFs and PFs. This controversy suggests however that there might be different molecular mechanisms to produce LTD in Purkinje cells.

In cerebellar slices, the stimulation of the PFs without CF activation produces PF long-term potentiation (Binda et al., 2016;[START_REF] Coesmans | Bidirectional parallel fiber plasticity in the cerebellum under climbing fiber control[END_REF]. In this case, the increase in Ca ++ level is relatively lower than the increase induced by the same protocol associated with CF costimulation and leading to LTD induction [START_REF] Piochon | Cqlcium threshold shift enables frequency-independent control of plasticity by an instructive signal[END_REF]. The molecular mechanism for postsynaptic LTP starts with the CaMKII dependent activation of the protein phosphatase 2B (PP2B). In parallel, PKA is also activated. Both enzymes inhibit the reaction from dopamineand-cAMP-regulated neuronal phosphoprotein (DARPP32) to protein phosphatase 1 (PP1). The consequence of this inhibition was believed to be the strengthening of the PF/PC synapse by promotion of AMPAR membrane insertion. However, a recent study proposed a new mechanism for PF-LTP that is GluA1 and PKA-independent, but cAMP-dependent. In this case, PF LTP does not depend on GluA3 turnover but is determined by changes in the GluA2/3 open-channel probability [START_REF] Gutierrez-Castellanos | Motor Learning Requires Purkinje Cell Synaptic Potentiation through Activation of AMPA-Receptor Subunit GluA3[END_REF].

The Climbing Fiber/Purkinje Cell Synapse

The synaptogenesis of the CF/PC synapse is a long process that begins during the late embryonic period in Mus musculus, when the CFs reach the cerebellum. At birth, each ION produces ~100 immature CFs that contact several somatodendritic immature processes of the PC. This period is characterized by the multi-innervation of each PC by 3 to 5 CFs. From P3 to P7, there is a functional differentiation characterized by the formation of type 2 vesicular glutamate transporter (VGluT2)-positive CF terminals. At P7 starts the early phase of CF elimination through homosynaptic competition. At P9 begins the translocation of the strongest CF, which ascends along the proximal dendrites. In parallel, the weak CFs are restricted at the soma. Simultaneously, there is a heterosynaptic competition for the innervation territory between the CF and the PF. The late phase for CF synapse pruning lasts from P12-P17. This phase is required for the elimination of the somatic contacts of the CFs on PC somata, and the strong CF continues its translocation, ascending the main PC dendrite (Watanabe and Kano, 2011). The main stages in the time course for the CF/PC synapse formation are presented in Figure 23. The two phases of synapse elimination, early and late, are driven or characterized by different mechanisms. The early phase requires CF activity, the consequent depolarization of the PC membrane and the activation of the postsynaptic AMPARs and VGCCs. The late phase requires mGluR1-depending signaling cascade and the activation of PKCɣ. Mice lacking mGluR1 [START_REF] Kano | Persistent multiple climbing fiber innervation of cerebellar Purkinje cells in mice lacking mGluR1[END_REF] or PKCɣ [START_REF] Kano | Impaired synapse elimination during cerebellar development in PKC gamma mutant mice[END_REF] present a persistency of CF multi-innervation. It has eventually been shown that this mGluR1 activity is also required at the PF/PC synapse in the competition for the innervating territory between the PF and the CF [START_REF] Ichikawa | Territories of heterologous inputs onto Purkinje cell dendrites are segregated by mGluR1-dependent parallel fiber synapse elimination[END_REF]. Other PF/PC synaptic actors, like the receptor GluRδ2 and its ligand CBLN1, are necessary for the heterosynaptic competition. Mice lacking GluRδ2 [START_REF] I-Ichikawa | Distal extension of climbing fiber territory and multiple innervation caused by aberrant wiring to adjacent spiny branchlets in cerebellar Purkinje cells lacking glutamate receptor delta 2[END_REF] or CBLN1 (Hirai et al., 2005) share severe loss of PF/PC synapses, and distal invasion of the CF territory and persistent CF multi-innervation.

The mature CF/PC synapse expresses different glutamate receptors: GluA2/3-containing AMPAR, mGluR1 and NMDAR at the postsynaptic side [START_REF] Piochon | NMDA receptor contribution to the climbing fiber response in the adult mouse Purkinje cell[END_REF]. The receptor BAI3 is also present at the postsynaptic membrane, and its presence, as well as its ligand, the secreted protein C1QL1, is crucial for CF/PC synaptogenesis (Kakegawa et al., 2015;Sigoillot et al., 2015).

The activation of a single CF produces a gigantic EPSC in the Purkinje cell that presents an allor-none characteristic. In terms of EPSP, the stimulation of the CF produces a particular waveform termed complex spike. The complex spike is characterized by one spike followed by 'spikelets'. The CF-EPSC is characterized by a form of short-term plasticity, paired-pulse depression, where the second CF-EPSC presents a smaller amplitude when inter-stimulus interval is smaller than 5s [START_REF] Konnerth | Synaptic currents in cerebellar Purkinje cells[END_REF]. The CF-EPSC transmission and short-term plasticity are presented in in Figure 24. There is some evidence for LTD at the CF/PC synapse from analyses using patch clamp recordings of PC in cerebellar slices. A brief tetanus induction protocol, stimulation at 5Hz for 30s, reduces the amplitude of CF-EPSCs [START_REF] Hansel | Long-term depression of the cerebellar climbing fiber--Purkinje neuron synapse[END_REF]. It has been shown that this reduction is also accompanied by a long-term change in the waveform of the complex spike and also a reduction in the transient dendritic Ca ++ [START_REF] Weber | Long-term depression of climbing fiber-evoked calcium transients in Purkinje cell dendrites[END_REF]. The addition of a Ca ++ chelator (BAPTA), mGluR1 antagonist (AIDA) or a PKC inhibitor (chelerythrine) completely blocks CF-LTD [START_REF] Hansel | Long-term depression of the cerebellar climbing fiber--Purkinje neuron synapse[END_REF], suggesting that a rise of Ca ++ , the activation of mGluR1 and the activation of PKC are necessary factors in the induction of this form of homosynaptic long-term plasticity. CF-LTD has been proposed to be a postsynaptic downregulation of AMPAR, because it is not associated with an alteration in the transient synaptic glutamate [START_REF] Shen | Glutamate release during LTD at cerebellar climbing fiber-Purkinje cell synapses[END_REF]. CF/PC synapse LTP is required to potentiate the wiring of the wining CF during the developmental homosynaptic competition. One study analyzed the different properties of three different CFs innervating one Purkinje cell during postnatal development in mice. They found that the amplitude of the winning CF-EPSC increases from P5 to P8 while the CF-EPSC amplitude from the secondary and tertiary CFs did not change with time. They identify an induction protocol that produces LTP in the winner CF. This induction protocol consists of the pairing of the PC depolarization with a high frequency stimulation of the CF. Interestingly, when this exact induction protocol was performed in the secondary or tertiary CFs, LTP was not induced. To the contrary, LTD was obtained [START_REF] Bosman | Homosynaptic long-term synaptic potentiation of the "winner" climbing fiber synapse in developing Purkinje cells[END_REF].

Cerebellar Functions

Sensorimotor Cerebellar Functions

The cerebellum is involved in the control of posture, gaze and gait, fine motor coordination, motor learning, prediction and correction of motor errors. It integrates both sensory and motor information through the climbing fiber/Purkinje cell and the mossy fiber/parallel cell pathways.

Motor coordination has been assessed in rodents by the rotarod test where the subject is placed on a horizontal rotating rod and must walk forward to remain on the rod and not fall off. The rotarod test can be assessed in constant or accelerating speed, which challenges the subject to adapt to the new speed. Ordo Rodentia usually improve with repetitions and with time; this allows one to gather and analyze information about the motor coordination learning from the rotarod test. Another test used to assess motor coordination is the footprint test; this evaluates the synchrony and control of gait. The fore and hind paws are painted with non-toxic dyes in two different colors. The mice are then allowed to walk along an enclosed corridor leaving their footprints on paper. Different footprint parameters can be measured such as the stride, the stance and the print separation. The analysis can be separated into forelimb versus hindlimb and also into left versus right side. Ataxic phenotypes produce deficits in motor coordination. For example, mice lacking the receptor GluRδ2, which is an important actor at the PF/PC synapse, present a dramatic impairment of motor coordination as assessed by rotarod [START_REF] Kashiwabuchi | Impairment of motor coordination, Purkinje cell synapse formation, and cerebellar long-term depression in GluR delta 2 mutant mice[END_REF]. Also, the absence of CBLN1, which is the ligand for GluRδ2, produces an aberrant gait showed by the footprint test, accompanied with a strong motor coordination deficit showed by the rotarod test (Hirai et al., 2005a). Another example is found in mice lacking mGluR1 (and thus with deficient CF dependent PF LTD) which present an impaired gait as shown by footprint analysis [START_REF] Aiba | Deficient cerebellar long-term depression and impaired motor learning in mGluR1 mutant mice[END_REF]. The performance of Cav3.1 KO mice, lacking cerebellar LTP and with bigger amplitude and frequency of the PF mEPSC, is deficient on a rotarod, whether at constant speed or with acceleration already by at the first session, showing a deficit in motor coordination [START_REF] Ly | T-type channel blockade impairs long-term potentiation at the parallel fiber-Purkinje cell synapse and cerebellar learning[END_REF]. The HCN knock-out mice, lacking hyperpolarization-activated currents in Purkinje cells, present the same performance level as wild-type mice at the beginning of the accelerating rotarod test, however, the mutant mice are not able to improve its results with time [START_REF] Nolan | The hyperpolarization-activated HCN1 channel is important for motor learning and neuronal integration by cerebellar Purkinje cells[END_REF], suggesting a deficit in motor learning rather than in motor coordination.

The control of the gaze requires compensatory eye movements to adapt to the visual world. The head rotation can be compensated by the vestibulo-ocular reflex (VOR) when the head is immobilized. It is established that the adaptation of the VOR is cerebellum-dependent and involves motor learning [START_REF] Gutierrez-Castellanos | Impact of aging on long-term ocular reflex adaptation[END_REF]. To test the VOR, mice are made to watch a projection screen while fixing their head and body. One of the eyes of the subject is recorded by video to follow the pupil orientation. A visual stimulus is projected panoramically and, at the same time, the mice can be forced to turn in the same or opposite direction.

Oculography can be used to test cerebellar-dependent memory and learning, with repeated trials over days. Mice learn to reduce their pupil movements to follow the turntable stimulus. It has been shown that mice lacking GluA3-containing AMPARs (and cerebellar LTP) present deficits in the learning of the VOR when the light is turned off [START_REF] Gutierrez-Castellanos | Motor Learning Requires Purkinje Cell Synaptic Potentiation through Activation of AMPA-Receptor Subunit GluA3[END_REF]. Also, mice lacking the receptor BAI3 or its ligand C1QL1 (required for CF/PC synaptogenesis) present deficits in the learning of the VOR (Kakegawa et al., 2015).

Cognitive Cerebellar Functions

The cerebellum has been proposed to be implicated in cognitive functions: language, reading, emotional process, attentional process and spatial cognition. Most of the cognitive studies have been carried out in Homo sapiens. It has been shown that patients presenting some form of the autism spectrum or cerebellar cognitive affective syndrome present emotional and attentional symptoms. Interestingly, 95% of autopsies from autism spectrum disorder patients present cerebellar anomalies. Patients with local cerebellar injury present cerebellar cognitive affective syndrome. The cerebellum could be implicated in selective attention, particularly in the selection of pertinent versus superfluous sensory information [START_REF] Schmahmann | The cerebellar cognitive affective syndrome[END_REF]. One such study in young individuals (6-13 years) presenting a cerebellar tumor (n=24), was done 6 weeks after tumor removal surgery. The results showed that these young individuals presented language deficits, difficulty in selecting their words, not developed slow answers, and the latency for response was longer than the control group [START_REF] Riva | The contribution of the cerebellum to mental and social functions in developmental age[END_REF], Another study, in juvenile subjects (20-31 years), using non-invasive imagery techniques (positron emission tomography), showed that the right cerebellar hemisphere is activated during the performance of a simple verbal response selection task, such as saying an appropriate verb for a visually presented noun (for example: drive/car). The authors observed that the right hemisphere of the cerebellum is activated during this task (simple verbal response selection), but not during reading [START_REF] R-Raichle | Practice-related changes in human brain functional anatomy during nonmotor learning[END_REF]. Interestingly, the right hemisphere of the cerebellum has been proposed as a biomarker of dyslexia [START_REF] Pernet | Brain classification reveals the right cerebellum as the best biomarker of dyslexia[END_REF]. The cerebellum seems to be implicated in the selection of the verbal answer; it could participate in the elaboration of new associations between word recognition (reading) and the associated motor answer. Using functional magnetic resonance imaging to identify neural activity patterns, it has been suggested that all five emotions (happiness, anger, disgust, fear and sadness) evoke spatially distinct patterns of activity in the cerebellum [START_REF] Baumann | Functional topography of primary emotion processing in the human cerebellum[END_REF]. This study suggests a role of the cerebellum in emotional processes.

Spatial navigation in the Morris water maze (MWM) is a test performed on rodents often related to hippocampal function. The test begins with the immersion of the rodent in non-transparent water, following which the animal needs to swim until it finds the non-visible platform. With daily training sessions, animals improve the time and the distance travelled to find their safety at the platform. Usually, ten days are sufficient for them to memorize the spatial situation of the hidden platform and the exploring time is reduced by about ~75%. This process involves declarative memory. When the platform is visible (non-colored transparent water), the task is hippocampal-independent and it is procedural memory. In the transgenic mouse strain L7-PKCI, the PKC inhibitor is selectively expressed in Purkinje cells and inhibit cerebellar PF-LTD [START_REF] De Zeeuw | Expression of a protein kinase C inhibitor in Purkinje cells blocks cerebellar LTD and adaptation of the vestibulo-ocular reflex[END_REF]. Interestingly, these mice show deficits in the non-visible MWM. L7-PKCI mice learn how to localize the hidden platform but do not follow the optimal trajectory [START_REF] Burguière | Spatial navigation impairment in mice lacking cerebellar LTD: a motor adaptation deficit?[END_REF]. This data suggests that the cerebellum, and in particular, the PF-LTD is required for procedural efficacy. The place cells in the hippocampus present a firing pattern that is specific to spatial location that is controlled by both external cues and self-motion cues. L7-PKCI mice can improve the MWM with external cues but not with self-motion cues [START_REF] Rochefort | Cerebellum shapes hippocampal spatial code[END_REF]. The authors showed that the place cell map was disrupted in L7-PKCI mice without external cues, suggesting a cerebellar function in the processing of self-motion signals essential to the shaping of the hippocampal spatial code. Last year, two independent studies using two photon calcium imaging in behaving mice have shown a role for the cerebellar granule cells in prediction. In both studies, the prediction is related with a motor task. These results could be relevant both for the cognitive and sensorimotor roles of the cerebellum. In one case, granule cells from the lobule VI at the level of the vermis, have been proposed to encode the expectation of reward after a behavioral task in which mice should grasp the handle of a 'manipulandum' to receive a delayed licking reward [START_REF] W-Wagner | Cerebellar granule cells encode the expectation of reward[END_REF]. This study revealed three different types of the afore mentioned granule cells: those which encode reward, reward omission or reward anticipation. In the other study, the behavioral task implicates eyeblink conditioning [START_REF] Giovannucci | Cerebellar granule cells acquire a widespread predictive feedback signal during motor learning[END_REF], which consists of the pairing of a conditional stimulus (light) with an unconditional stimulus, which is the corneal air puff. This pairing trigger learning in which the subject closes its eye after the conditional stimulus, preventing the unpleasant air puff. In this case, granule cells (also from the lobule VI at the level of the vermis) have been proposed as a predictive signal for the upcoming movement.

PART 3: Sushi Domain Proteins in the Nervous System

Many proteins initially described in the immune system are also expressed in the CNS playing a variety of roles during development and in the adult (for review, see (Boulanger, 2009;[START_REF] Carpentier | Immune Influence on Adult Neural Stem Cell Regulation and Function[END_REF]). Of special interest are the proteins from the complement system, which is a part of the innate immune-system required to clear pathogens and damaged cells from the organism. Indeed, the complement-related proteins are experts in the recognition of molecules and can play similar roles in the CNS. Microglia express high levels of C1Q and C3, which are necessary secreted actors in synaptic pruning in the visual system during development (Stevens et al., 2007). Interestingly, complement-control proteins can play other functions in the CNS which are unrelated to its immune role, like neuronal development and synaptogenesis (reviewed in [START_REF] Yuzaki | Synapse formation and maintenance by C1q family proteins: a new class of secreted synapse organizers[END_REF]).

There are three types of complement-related proteins: proteins from the C1q family, neuronal pentraxins and Sushi (also known as CCP, complement control protein) domain-containing proteins. The proteins from the C1Q family contain the C terminus globular C1q (gC1q) domain and can be divided into four subfamilies: C1Q, Emilin, Cerebellin (CBLN) and C1Q-like (C1QL). The main component of the C1Q group is C1Q, the target recognition protein of the complement cascade, which, in addition to the gC1q domain, also contains a collagen domain that allows polymerization. The Emilin group contains extracellular matrix proteins. The CBLN group consist of four members: CBLN1-4, which are named due to their expression in the cerebellum. CBLN1 is highly expressed in cerebellar granule cells and plays a crucial role at the PF/Purkinje cell synapse where it is required for the assembly and maintenance of the synaptic scaffolding and contributes to LTD induction (Hirai et al., 2005). CBLN1 is the ligand of GluRδ2 and bridges the trans-synaptic interaction by binding β neurexin, required for the proper development and function of this synapse (Matsuda et al., 2010;Uemura et al., 2010). The C1QL subfamily contains four members: C1QL1-4. It has been shown in hippocampal CA3 neurons that C1QL2 and C1QL3 mediate a trans-synaptic interaction between the postsynaptic glutamate receptors GluK2 and GluK4 and the presynaptic neurexin 3, necessary for the clustering of the KARs [START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like Proteins[END_REF]. The second family of complement-related proteins is composed of the neuronal pentraxins (NPs), which present four components (NP1-3 and NARP) that are specific to the nervous system and have functions in the clustering of AMPARs (see Part 1 section 3.2.3.). Finally, in this chapter, I will present the Sushi domain-containing proteins.

First, I will briefly describe the structure of the Sushi domain, then I will describe the different Sushi-domain-containing proteins with synaptic functions that have been found in different species.

The Sushi Domain

The Sushi domain (also known as the complement control protein (CCP) module or the short consensus repeats (SCR)) is characterized by a consensus sequence spanning ~60 residues. Three consensus sequences are presented in Figure 26. Among the conserved amino acids, tryptophan, glycine and proline are present in 50% of the Sushi domain sequences in the SMART database (smart.embl.de). The sequence presents hydrophobic residues forming a β-sheet core, that is held together via disulphide bridges formed between four cysteine residues (conserved in 80% of the sequences) [START_REF] Reid | Structure-function relationships of the complement components[END_REF]. The three-dimensional structure has been solved for several proteins and it is presented in Figure 26. Sushi domains have been identified in several complement-related proteins, like the complement receptor C1R, the complement protein C2 and the serine proteases MASP1-3, to list a few. In these cases, the Sushi domain is known to be involved in recognition processes, including the binding of several complement factors to C3b and C4B [START_REF] Reid | Structure-function relationships of the complement components[END_REF]). In addition, there are non-complement proteins containing Sushi domains including sushi repeat-containing protein X-linked 2 (SRPX2), seizure related 6 homolog (SEZ6) and the metabotropic GABAB receptor, for example. Sushi domains are evolutionary conserved. 18 Sushi domain-containing proteins (0,18% of the total pool of proteins) can be found on the database SMART (smart.embl.de) in Caenorhabditis elegans, 32 (0,31%) in Drosophila melanogaster, 94 (0,92%) in Rattus norvegicus, 95 (0,93%)
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in Pan troglodytes, and 198 (1,95%) in Homo sapiens, suggesting that the number of Sushidomain containing proteins increase with the complexity of the organism. Interestingly, the complement pathway does not exist in Caenorhabditis elegans, indicating that Sushi domaincontaining proteins can also have non-immune roles that could be also found in more complex organisms.

Sushi Domain-containing Proteins are Evolutionarily Conserved in the

Nervous System 2.1. Caenorhabditis elegans: LEV-9

LEV-9 and LEV-10 are two proteins of the neuromuscular junction of Caenorhabditis elegans.

They were found by genetic screening for Caenorhabditis elegans mutants presenting weak resistance to levamisole, a potent cholinergic agonist that causes muscle contractions and paralysis. [START_REF] Gally | A transmembrane protein required for acetylcholine receptor clustering in Caenorhabditis elegans[END_REF]Gendrel et al., 2009). These two proteins were therefore proposed to play a role in cholinergic transmission. The first to be discovered, LEV-10, is a transmembrane protein with five CUB domains and one LDLa (low-density lipoprotein receptor domain class A) domain (Figure 27). The absence of lev-10 results in the specific loss of acetylcholine receptors (AChRs) at neuromuscular junctions (NMJ) combined with a reduction in the amplitude of the evoked muscle currents. Also, LEV-10 is expressed under the clusters of the vesicular acetylcholine transporter and interacts directly with the AChR in a multiprotein complex that is required to stabilize the NMJ [START_REF] Gally | A transmembrane protein required for acetylcholine receptor clustering in Caenorhabditis elegans[END_REF]. [START_REF] Gally | A transmembrane protein required for acetylcholine receptor clustering in Caenorhabditis elegans[END_REF]Gendrel et al., 2009).

LEV-9 is a 622 amino acid protein that contains one WAP (whey acidic protein) domain followed by eight Sushi domains that are joined by linking sequences of three to eight amino acids (Figure 

27)

. LEV-9 is secreted by muscle cells into the extracellular space, localizes at cholinergic NMJs, directly interacts with LEV-10 and is necessary for proper AChR clustering (Gendrel et al., 2009).

Proper function of the NMJ requires activation of LEV-9 by C-terminal cleavage (Briseño-Roa and Bessereau, 2014). Interestingly, mutants without the WAP domain do not present the same phenotype as LEV-9 or LEV-10 (Gendrel et al., 2009), indicating that the Sushi domains are the main actors for LEV-9 function.

Drosophila melanogaster: Hig and Hasp

The Hikaru genki (Hig) protein (958 amino acids) contains five Sushi domains and one immunoglobulin domain between the first and the second Sushi domains (Figure 28). Hig was identified in Drosophila melanogaster by genetic screening of adults exhibiting reduced locomotion [START_REF] Hoshino | hikaru genki, a CNS-specific gene identified by abnormal locomotion in Drosophila, encodes a novel type of protein[END_REF]. The absence of Hig produced a strong phenotype in adults, with high-frequency bursting activity in thoracic muscles and uncoordinated muscle contractions, as well as abnormal small forward movements during development [START_REF] Hoshino | Neural expression of hikaru genki protein during embryonic and larval development of Drosophila melanogaster[END_REF]. The protein Hig is localized in nerve vesicles and secreted in synaptic clefts in a subset of synapses in the adult brain [START_REF] Hoshino | Hikaru genki protein is secreted into synaptic clefts from an early stage of synapse formation in Drosophila[END_REF]. 

Vertebrata

GABAB Receptors

Metabotropic GABAB receptors mediate slow inhibitory transmission in the CNS. These receptors are heterodimers composed of GABABR1 and GABABR2 subunits. There are two major R1 splicing variants, R1a and R1b, that differ by the presence of two Sushi domains in the N terminus of R1a (Figure 29). The R1a isoform can localize in axons in addition to dendrites [START_REF] Biermann | The Sushi domains of GABAB receptors function as axonal targeting signals[END_REF], suggesting that R1a is more presynaptic and R1b is more postsynaptic, and that the Sushi domains of R1a function as axonal targeting signals. It has been shown in vitro that R1a Sushi domains are required for GABAB surface stabilization. The study analyzed the surface expression of different GABAB associations, showing that heteromers R1a/R2 exhibit increased surface stability compared to R1b/R2, and that the Sushi domain is sufficient to bring surface stability to R2 [START_REF] Hannan | Sushi domains confer distinct trafficking profiles on GABAB receptors[END_REF]. These data indicate that Sushi domains probably bind extracellular components in the synaptic cleft, promoting surface stability of the receptor.

The isoforms R1a and R1b also present differences in their probability to diffuse laterally at postsynaptic sites. It has been shown that R1a/R2 are more mobile than R1b/R2. In particular, R1a prefers to travel long distances compared to the reduced and compact trajectories of R1b [START_REF] Hannan | Phospho-dependent Accumulation of GABABRs at Presynaptic Terminals after NMDAR Activation[END_REF]. These data suggest that the extracellular Sushi domains facilitate the lateral diffusion of the GABAB heteromers. bind to neuronal membranes and impair the inhibitory effect of GABAB on glutamate release but do not impair the activity of the GABAB receptors [START_REF] Tiao | The sushi domains of secreted GABA(B1) isoforms selectively impair GABA(B) heteroreceptor function[END_REF]. Therefore, it seems that Sushi domains from the secreted R1j could control the level of GABAB-mediated inhibition at glutamatergic terminals.

SEZ-6

The sez-6 (seizure-related gene 6) gene encodes three alternative splicing isoforms, of which two are transmembrane proteins (types I and II) and one is secreted (type III). Type I and II contain five Sushi and three intercalated CUB domains, and Type III contains two Sushi and two CUB domains (Figure 30; [START_REF] Shimizu-Nishikawa | Cloning and characterization of seizure-related gene, SEZ-6[END_REF]). The sez-6 mRNA is expressed in different regions of the CNS during postnatal development. The expression profile changes with development presenting different patterns in different regions. For example, in cerebral cortex, hippocampus and amygdala there is a decrease of sez-6 mRNA levels from P0 to adult, whereas it increases in striatum and olfactory tubercle [START_REF] O-Osaki | The distribution of the seizure-related gene 6 (Sez-6) protein during postnatal development of the mouse forebrain suggests multiple functions for this protein: an analysis using a new antibody[END_REF]. These different behaviors of the mRNA expression levels in multiple regions could suggest multiple functions of sez-6. The gene sez-6 was originally identified by mRNA upregulation in Mus musculus cortical neurons after anticonvulsant (α,β-Cyclo-penta-methyl-enetetrazole) treatment [START_REF] Shimizu-Nishikawa | Cloning and characterization of seizure-related gene, SEZ-6[END_REF]. Sez-6 is also upregulated after training [START_REF] Rampon | Effects of environmental enrichment on gene expression in the brain[END_REF] in an enriched environment and after LTP induction by high frequency stimulation in Rattus norvegicus hippocampus [START_REF] Håvik | Synaptic activity-induced global gene expression patterns in the dentate gyrus of adult behaving rats: induction of immunity-linked genes[END_REF]). Altogether these data suggest that SEZ-6 can play a role in activity-dependent neuronal processes.

Figure 30: Sushi domain-containing protein SEZ-6. Schematic representation of the three isoforms of SEZ-6. Adapted from [START_REF] Shimizu-Nishikawa | Cloning and characterization of seizure-related gene, SEZ-6[END_REF].

Using Sez-6 KO mice, it has been shown that SEZ-6 is required for normal dendritic arborization of cortical neurons. Cultured neurons lacking SEZ-6 display an increased number of short neurites [START_REF] Gunnersen | Sez-6 proteins affect dendritic arborization patterns and excitability of cortical pyramidal neurons[END_REF]. Interestingly, addition of transmembrane SEZ-6 (II) reduces the number of neurites per branch while the addition of secreted SEZ-6 (III) produces the opposite effect [START_REF] Gunnersen | Sez-6 proteins affect dendritic arborization patterns and excitability of cortical pyramidal neurons[END_REF], suggesting that the relative expression of SEZ-6 isoforms regulates the equilibrium for proper dendritic arborization. Neurons lacking SEZ-6 present fewer PSD95 puncta and reduced EPSPs [START_REF] Gunnersen | Sez-6 proteins affect dendritic arborization patterns and excitability of cortical pyramidal neurons[END_REF]. These results reflect that SEZ-6 contributes to dendritic patterning and synaptic differentiation. In the retina SEZ-6 is expressed in different layers but no differences were found in retinal morphology, ganglion cell dendritic branching and electroretinography waveforms between SEZ-6 KO mice and control littermates [START_REF] Gunnersen | Seizure-related gene 6 (Sez-6) in amacrine cells of the rodent retina and the consequence of gene deletion[END_REF], indicating that SEZ-6 absence does not have major consequences on retinal functions. Recently, it has been shown that the transmembrane SEZ-6 (I) and its homolog, SEZ-6-LIKE are cleaved in primary neurons by BACE1 (β-site amyloid precursor proteincleaving enzyme 1; [START_REF] Pigoni | Seizure protein 6 and its homolog seizure 6-like protein are physiological substrates of BACE1 in neurons[END_REF]). BACE1 is known to cleave the amyloid precursor protein and catalyzes the first step generation of the amyloid β peptide, which has a critical role in Alzheimer's disease [START_REF] Munro | Functions of the Alzheimer's Disease Protease BACE1 at the Synapse in the Central Nervous System[END_REF]. Interestingly BACE1 cleaves other substrates with synaptic function, like Neuregulin 1. SEZ-6 and SEZ-6L can be cleaved by BACE1 between the transmembrane and the first Sushi domains, producing a secreted SEZ-6 containing all the Sushi and CUB domains. Also, the remaining transmembrane portion of SEZ-6 can be cleaved again, at the level of the transmembrane domain [START_REF] Pigoni | Seizure protein 6 and its homolog seizure 6-like protein are physiological substrates of BACE1 in neurons[END_REF].

SRPX2

The gene Srpx2 (Sushi-repeat protein, X-linked 2) encodes a 465 amino acids secreted protein containing one hyaline repeat and three Sushi domains (Figure 31). The hyaline repeat domain is related to the IG-like fold, similar to that existing in the protein Hig. Srpx2 was identified by genetic screening in Homo sapiens as a causal gene for Rolandic epilepsy, associated with oral dyspraxia and intellectual disability, and for defects in brain structures [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF]. Indeed, mutations of SRPX2 are related to disorders of cortical speech and cognition. The protein SRPX2 was detected in adult neurons in the brain, including in the Rolandic area or central sulcus [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF], which is the origin of Rolandic epilepsy. The mutation responsible for the disease has been described to be a point mutation (N327S), downstream of the third Sushi domain, and results in the addition of extra oligosaccharides to some SRPX2 proteins [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF].

Oligosaccharides can affect the proper folding of secreted proteins and their interactions with other partners. Another mutation of SRPX2 was identified in patients presenting bilateral perisylvian polymicrogyria; this disease involves a much more severe phenotype, implicating seizures and intellectual disability, accompanied by a cortical malformation. It is a missense mutation (Y72S) occurring within the first Sushi domain in the immediate vicinity of a cysteine residue (C71) that is predicted to participate in the disulfide bond of the SRPX2 Sushi domain [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF]. These data suggest that the function of SRPX2 is critical for language and cognitive development. [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF].

To better understand the neural basis of language, yeast two-hybrid screening followed by immunoprecipitation experiments identified several SRPX2 interactors: a GPI-anchored plasminogen activator receptor named uPAR, the cysteine protease cathepsin B and the metalloproteinase ADAMTS4 [START_REF] Royer-Zemmour | Epileptic and developmental disorders of the speech cortex: ligand/receptor interaction of wild-type and mutant SRPX2 with the plasminogen activator receptor uPAR[END_REF]. Notably, all these proteins are components of the extracellular proteolysis machinery, indicating a role for SRPX2 in the remodeling of the extracellular matrix. The role of SRPX2 has also been studied in Rattus norvegicus where it is expressed in the cortex during development [START_REF] Salmi | Tubacin prevents neuronal migration defects and epileptic activity caused by rat Srpx2 silencing in utero[END_REF]. By in utero Srpx2 gene silencing, it has been shown that the absence of SRPX2 leads to altered positioning of projection neurons during embryonic and postnatal development, and impaired neuronal migration. During postnatal development there is a dramatic increase in the glutamatergic and GABAergic spontaneous burst-type activities [START_REF] Salmi | Tubacin prevents neuronal migration defects and epileptic activity caused by rat Srpx2 silencing in utero[END_REF]). An increase of the burst activity is consistent with the seizures due to SRPX2 mutations in Homo sapiens. It has been found that SRPX2 increases the acetylation of α-tubulin and, interestingly a short administration of tubacin (a tubulin deacetylase inhibitor) during pregnancy is sufficient to rescue both, embryonic and postnatal phenotypes [START_REF] Salmi | Tubacin prevents neuronal migration defects and epileptic activity caused by rat Srpx2 silencing in utero[END_REF]. This data indicates that SRPX2related developmental seizures could be prevented in utero.

In Rattus norvegicus SRPX2 has been identified to promote synaptogenesis in the cerebral cortex.

SRPX2 is highly expressed during postnatal development in cerebral cortex and in the hippocampus. The absence of SRPX2 reduces drastically the number of spines and the content of PSD95 and VGLUT1. In accordance, overexpression of SRPX2 increases both, the number of spines and the content of synaptic markers. The gene Srpx2 is a target for the transcription factor FoxP2 (foxhead box protein P2), which regulates, together with SRPX2, synaptogenesis (Sia et al., 2013a). 

SUSD Family

The SUSD (Sushi domain-containing protein) family is formed by four proteins, SUSD1-4. All the members contain one or more Sushi domains. Among the four members, the genes Susd2 and Susd3 encode two different isoforms: one that is transmembrane and another, shorter, which is secreted. All the SUSD family members are presented in Figure 32. Among these, SUSD2 is the only member known to present a function in CNS synapses [START_REF] Nadjar | The Susd2 protein regulates neurite growth and excitatory synaptic density in hippocampal cultures[END_REF]. It has been shown that SUSD2 localizes at the soma and dendrites in cultured hippocampal neurons.

Knockdown of Susd2 results in increased dendritic length but reduced axon length and branching [START_REF] Nadjar | The Susd2 protein regulates neurite growth and excitatory synaptic density in hippocampal cultures[END_REF]. SUSD2 preferentially promotes excitatory synaptogenesis and regulates neurite growth in vitro [START_REF] Nadjar | The Susd2 protein regulates neurite growth and excitatory synaptic density in hippocampal cultures[END_REF].

Interestingly, in Homo sapiens, the SUSD4 gene is part of the chromosome deletion linked with Fryns syndrome, which is an autosomal recessive multiple congenital neurodevelopmental disorder [START_REF] Shaffer | The discovery of microdeletion syndromes in the post-genomic era: review of the methodology and characterization of a new 1q41q42 microdeletion syndrome[END_REF]. Susd4 absence leads to dramatic locomotor deficits such as curved tails and difficulty in swimming in Danio rerio [START_REF] Tu | Tissue distribution and functional analysis of Sushi domain-containing protein 4[END_REF]. 

CSMD Family

The family of proteins CSMD (CUB and sushi multiple domains) is composed of three members, CSMD1-3. All the CSMD family proteins have fourteen CUB domains and twenty-six to twentyeight Sushi domains (Figure 33). In Homo sapiens, the gene CSMD1 has been associated with schizophrenia. Indeed, the psychiatric genome-wide association study consortium identified CSMD1 as one of only seven schizophrenia-related loci; this analysis was based on meta-analysis [START_REF] Hoshino | hikaru genki, a CNS-specific gene identified by abnormal locomotion in Drosophila, encodes a novel type of protein[END_REF][START_REF] Nakayama | The Matrix Proteins Hasp and Hig Exhibit Segregated Distribution within Synaptic Clefts and Play Distinct Roles in Synaptogenesis[END_REF].

CSMD3 is expressed both in the adult CNS and during development [START_REF] Shimizu | A novel giant gene CSMD3 encoding a protein with CUB and sushi multiple domains: a candidate gene for benign adult familial myoclonic epilepsy on human chromosome 8q23.3-q24.1[END_REF]. The gene CSMD3 was identified in Homo sapiens chromosome 8q23.3-q24.1. Previously, a linkage between 8q23.3-q24.1 and Japanese patients from benign adult familial myoclonic epilepsy type 1 was reported [START_REF] Mikami | Localization of a gene for benign adult familial myoclonic epilepsy to chromosome 8q23.3-q24.1[END_REF][START_REF] Plaster | Genetic localization of the familial adult myoclonic epilepsy (FAME) gene to chromosome 8q24[END_REF]. However Shimizu et al. did not find an association between CSMD3 mutation and benign adult familial myoclonic epilepsy type 1 in a study of seven patients [START_REF] Shimizu | A novel giant gene CSMD3 encoding a protein with CUB and sushi multiple domains: a candidate gene for benign adult familial myoclonic epilepsy on human chromosome 8q23.3-q24.1[END_REF]. Further analysis including more patients will be required to discuss the function of CSMD3 in benign adult familial myoclonic epilepsy type 1.

CSMD3 localizes in dendrites of Mus musculus hippocampal neurons during postnatal development (from P14 to P28). Overexpression of CSMD3 induce dendritic branching in cultured hippocampal neurons [START_REF] Mizukami | CUB and Sushi multiple domains 3 regulates dendrite development[END_REF], indicating a role for CSMD3 in dendrite development. Future analysis using CSMD3 KO mice will be necessary to reveal the contribution of CSMD3 in neuronal development in vivo. 

RESULTS

"My dear, here we must run as fast as we can, just to stay in place.

And if you wish to go anywhere you must run twice as fast as that."

-Charles Lutwidge Dodgson, better known as Lewis Carroll.

PREFACE

Specific synapse assembly is necessary for proper transmission and circuit function. Using the olivocerebellar network as a model, our group has investigated whether each excitatory afferent of the Purkinje cell expresses a unique combination of proteins that could contribute to specific synapse formation and function. A comparative analysis of granule cells and inferior olivary neurons transcriptomes was performed using the bacterial artificial chromosome translating ribosome affinity purification (bacTRAP) approach [START_REF] Doyle | Application of a translational profiling approach for the comparative analysis of CNS cell types[END_REF][START_REF] Iyer | The role of complement system related genes in synapse formation and specificity in the olivo-cerebellar network (Paris 6)[END_REF] in order to isolate the genes that are specific for each population. Amongst the 598 IONs genes and 401 GCs genes identified, bioinformatic analysis allowed the selection of genes coding for secreted and transmembrane proteins. Interestingly, IONs contain a higher diversity of genes from this category (42%, 250 genes) than GCs (18%, 74 genes). Bioinformatic analysis also allowed the classification of these genes according to their implication in specific biological processes: it revealed a high representation in both cell types of genes belonging to immune system-related processes (IONs 28%; GCs 17%). This category is of particular interest given the importance of immune-related genes during the life of the synapse (reviewed in (Alexander et al., 2008;Bitzer-Quintero and González-Burgos, 2012;Rutkowski et al., 2010;[START_REF] Zabel | From development to dysfunction: microglia and the complement cascade in CNS homeostasis[END_REF]). Among the list of genes coding for secreted and transmembrane immune system-related proteins, complement-related genes were found to be expressed in a specific combination in each PC excitatory inputs. CBLN1 and CBLN3 were found in the GCs, while CBLN4, C3, MASP1/3, C1QL1 and SUSD4 were characterizing the IONs (Mahesh Iyer, 2015). Finally, the expression profile of the immune-related genes coding for membrane and selected proteins was explored during postnatal development by high throughput RTqPCR, to identify those presenting an expression pattern relevant for synaptogenesis or synapse maturation. Because little was known about the molecules regulating the connectivity between IONs and PCs, several genes meeting all these criteria and specific for the IONs were chosen for functional analysis: three complementrelated proteins, namely C1QL1, MASP1/3 and SUSD4, and the galectin LGALS3.

Complement-related proteins of the CBLN subfamily had been shown to promote synaptogenesis (Matsuda et al., 2010) while complement proteins C1QA and C3 are involved in the elimination of synapses (Stevens et al., 2007). CBLN1 mediates synaptogenesis at the PF/Purkinje cell synapse by making a trans-synaptic interaction between the presynaptic neurexin and the postsynaptic GluRδ2 (Matsuda et al., 2010;Uemura et al., 2010). C1QL1 present a similar architecture to CBLN1 and it is specifically expressed in the inferior olive. To study the function of the C1QL1 protein, we developed an in vivo approach to knockdown its expression in ION during synaptogenesis by injecting lentiviral particles driving shC1ql1 in P4 mice. Morphological analysis showed a significant decrease in the innervation territory of CFs and synapse density after C1QL1 knockdown. I confirmed these data at the functional level by performing patch clamp recordings of PCs after CF activation. My results showed a significant decrease in the peak amplitude of CF EPSCs in PCs after C1QL1 knockdown. These results, confirmed by the analysis of the C1QL1 knock-out mouse by the Yuzaki team (Kakegawa et al., 2015), reveal that the complement-related protein C1QL1 controls the synaptic connectivity of climbing fibers on Purkinje cells ( (Sigoillot et al., 2015); ANNEXE 1) Several characteristics of the protein LGALS3 made it a an interesting candidate. It is a secreted and immune-related protein, whose mRNA is expressed in both the brainstem and cerebellum during postnatal development and peaks at postnatal day 14 in the cerebellum, a period of intense excitatory synaptogenesis in this structure (Watanabe and Kano, 2011). Furthermore, it has been shown that LGALS3 can interact with the cell adhesion molecule integrin α3β1 (Saravanan et al., 2009), integrin β1 induces the expression of LGALS3 in vitro (Margadant et al., 2012) and is expressed at the CF/Purkinje cell synapse (Su et al., 2012). My morphological analysis using the Lgals3 knock-out mouse and immunolabeling shows that while LGALS3 is expressed during postnatal development in the olivocerebellar network, it is mainly expressed by glial cells, and it is dispensable for neuronal development and synaptogenesis in this structure ((González-Calvo and Selimi, 2018); ANNEXE 2).

I then focused on the determination of the role of Sushi domain-containing proteins during the development of the olivocerebellar network. Interestingly, Sushi domains are evolutionary conserved in synapses (reviewed in (Nakayama and Hama, 2011), and a recent study had shown that the Sushi domain of SUSD4 can interact with the C1q domain in vitro (Holmquist et al., 2013a). Given the role of the C1q-containing protein C1QL1, in promoting CF/Purkinje cell synaptogenesis, I hypothesized that Sushi domain-containing proteins such as SUSD4 or MASP1/3 may play a role during the life of the CF/Purkinje cell synapse.

In the first part of the Results section, I will present my data on the role of SUSD4 that form the core of my PhD work. Using a combination of morphological, electrophysiological and cell biology analysis, I showed that SUSD4 does not affect synaptogenesis but is involved in the control of synapse transmission and plasticity. The results that I obtained suggest that SUSD4 plays this function by regulating AMPAR turnover at excitatory synapses in neurons.

In the second part of the Results section, I will present my study of the role of MASP1/3. I have shown that different isoforms of the gene coding this protein are expressed in the cerebellar cortex. My preliminary results using the Maps1/3 knock-out mouse did not reveal any defect in synaptogenesis, suggesting that if it plays a role in the olivocerebellar system, it might be by controlling the functional properties of synapses.

PART 1: Role of the Sushi Domain Protein SUSD4 in the Brain

Originally identified in proteins from the complement pathway of the innate immune system, the Sushi domains are evolutionary conserved in synapses. In invertebrates, the Sushi domaincontaining protein LEV-9 clusters acetylcholine receptors in Caenorhabditis elegans neuromuscular junction (Gendrel et al., 2009). In Classis Mammalia, the Sushi domains of the receptor GABAB1a are responsible for their axonal targeting in mice [START_REF] Biermann | The Sushi domains of GABAB receptors function as axonal targeting signals[END_REF].

Other sushi domain-containing proteins have been related with psychiatric disorders such as epilepsy and schizophrenia, like SRPX2 [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF] and CSMD1 (Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium, 2011). The Sushi domaincontaining protein 4 (SUSD4) belongs to the SUSD family (Figure 32), a poorly studied family of proteins. SUSD2 has been shown to regulate dendritic arborization and excitatory synapse number in cultured neurons (Nadjar, 2014). SUSD4 has been shown to bind to the C1Q domain [START_REF] Holmquist | Sushi domaincontaining protein 4 (SUSD4) inhibits complement by disrupting the formation of the classical C3 convertase[END_REF] and deletions of SUSD4 have been related with Fryns syndrome, which is an autosomal recessive multiple congenital neurodevelopmental disorder, in Homo sapiens [START_REF] Shaffer | The discovery of microdeletion syndromes in the post-genomic era: review of the methodology and characterization of a new 1q41q42 microdeletion syndrome[END_REF]. Our laboratory found SUSD4 expression in the olivocerebellar network.

Because of the importance of C1Q domain containing proteins in synapse formation, we decided to study the role of SUSD4 in the brain.

In the first part of this section, I will present data showing the role of SUSD4 in regulating motor coordination learning, and synaptic transmission and plasticity in the olivocerebellar network. I will also present data on the mechanism of action of SUSD4 that involves its binding to HECT ubiquitin ligases of the NEDD4 family and regulation of AMPAR levels. These data are part of an article in preparation for submission.

In the second part of this section, I will present supplementary data showing that the increase in CF transmission in juvenile SUSD4 KO mice is associated with an increased amplitude and frequency of CF-mEPSCs and a change in GluA2-containing AMPAR synaptic content. I will also show data showing a compensative change in the adult Susd4 KO in which CF transmission is not significantly different from the one recorded in wild-type controls.

In the third part of this section, I will present supplementary data on the behavior of Susd4 KO mice, showing deficits in short-term spatial memory using a hippocampal-dependent task.

Main Text:

AMPA-type glutamate receptors are responsible for fast excitatory transmission in the brain.

Fine-tuning of their number and properties underlie synapse maturation and plasticity and is central to circuit function and behavior (1). Defects in this fine-tuning could contribute to brain diseases such as epilepsy and intellectual deficiencies (2). Many molecular partners such as TARPs, GRIP1, PICK1 and others, have been found to control the insertion, anchoring and endocytosis of AMPA receptors (1). Diffusion of receptors in the plasma membrane is also essential for synaptic plasticity and modification of receptor numbers at synapses (3). Another key parameter is the ability of AMPA receptors to be removed from synapses in a controlled manner, and then either recycled or targeted to the endolysosomal compartment for degradation (4,5). The molecular mechanisms regulating the choice between recycling and degradation remain poorly understood.

The Sushi domain, also known as complement control protein domain, is evolutionary conserved and found in several proteins with synaptic function. Acetylcholine receptor clustering is regulated by Sushi domain-containing secreted proteins in Caenorhabditis elegans (6) and in Drosophila melanogaster (7). In Homo sapiens, mutations in the Sushi domain-containing secreted protein SRPX2 are associated with epilepsy and speech dysfunction, and SRPX2 knockdown leads to decreased synapse number and vocalization in mice (8). Mammalian Susd4 gene codes for a transmembrane protein with several extracellular Sushi domains and is highly expressed in the brain ((9) and Fig. 1A). It is located in a region deleted in patients with the 1q41q42 microdeletion syndrome that is associated with developmental delays and intellectual deficiency (10). SUSD4 has been shown to bind the C1Q domain, a globular domain that is found in major regulators of synapse formation and elimination such as C1QA, cerebellins and C1Qlike proteins (9). Very little is known about SUSD4 besides its ability to regulate complement activation in erythrocytes (9). In particular, whether SUSD4 has a synaptic function in the brain remains completely to be determined.

Results

SUSD4 is highly expressed in many regions of the central nervous system, including the cerebral cortex, hippocampus, cerebellum and brainstem. In situ hybridization experiments show neuronal expression at various stages of postnatal development (Fig. 1B and Fig. S1). Susd4 mRNA levels increase with brain maturation. In cultured hippocampal neurons, expression of a SUSD4 protein fused to the green fluorescent protein allowed the visualization of clusters along the dendrites and in spines (Fig. 1C). In the cerebellum, a structure where the developmental sequence leading to circuit formation and maturation is well described, Susd4 mRNA starts increasing at postnatal day 7 (P7) and reach about 15 times the levels detected at birth by P21 (Fig. 1D). At P7, a major increase in synaptogenesis occurs in the cerebellum, due to the formation of hundreds of thousands parallel fiber synapses on the distal dendritic spines of each Purkinje cell and the translocation of a single climbing fiber arising from an inferior olivary neuron that will form about 300 synapses on Purkinje cell proximal dendrites. In the brainstem, where inferior olivary neurons cell bodies are found, the increase in Susd4 mRNA arises earlier, already by P3, in accordance with the rate of synaptogenesis increasing during the first postnatal week in and out of the inferior olive (11). These results are in accordance with a putative role in synapses for Susd4.

To determine the function of SUSD4 in the mammalian brain, we analyzed the phenotype of Susd4 constitutive knock-out (KO) mice completely lacking expression of Susd4 mRNA (Fig. S2). No obvious alterations of mouse development and behavior were detected in those mutants, an observation that was confirmed by assessment of basic behavioral abilities such as piloerection and eyeblink (Table S1). Because of the high expression of SUSD4 in the olivocerebellar circuit during postnatal development and in the adult, we assessed in particular two behaviors well known for their dependence on proper function of this circuit: motor coordination and motor learning. Using a footprint test, a slightly larger print separation of the frontpaws and hindpaws in the Susd4 KO mice was detected but no differences in the stride length and stance width was found (Fig. S3). We then used the accelerated rotarod test, a classical paradigm that tests motor learning abilities, which consists in testing the mice several times per day during five consecutive days for their ability to adapt their motor coordination to the acceleration of the rotating speed and maintain themselves on the rod. The Susd4 knock-out mice performed as well as the wildtype controls on the first trial of the accelerated rotarod, indicating that there is no basic deficit in their equilibrium and motor function (Fig. 1E). However, while the wild-type mice improved their time on the rod as soon as after the third trial on the first day, and further improved with several days of training, no learning could be observed for this task in the Susd4 knock-out mice either during the first day, or in the following days. These results show that Susd4 loss of function leads to impaired motor coordination adaptation and learning in mice.

Motor coordination and learning are deficient when development of the olivocerebellar circuit, in particular excitatory synaptogenesis on Purkinje cells, is impaired (12). No deficits in the global cytoarchitecture of the cerebellum and morphology of Purkinje cells were found in Susd4 KO mice (Fig. S4). The pattern of expression of Susd4 follows the time course of synaptogenesis in the cerebellum (Fig. 1D). To reveal any defect in PC excitatory synaptogenesis, climbing fiber (CF) and parallel fiber (PF) presynaptic boutons were labeled using anti-VGLUT2 antibody and anti-VGLUT1 antibody, respectively, in cerebellar sections from juvenile mice co-labelled with an anti-calbindin to stain Purkinje cell dendrites and spines (Fig. 2A and3A). VGLUT2 immunostaining revealed the typical territory of CF presynaptic boutons on PC proximal dendrites. This territory extended up to about 80% of the molecular layer height both in control and Susd4 KO mice. In concordance, CFs had a normal morphology and translocated normally along the proximal dendrites of their Purkinje cell target (Fig. S5). VGLUT1 labeling in the molecular layer was extremely dense corresponding to the highly numerous parallel fibers contacting PC distal dendritic spines and was similar in Susd4 KO mice (Fig. 3A). High resolution microscopy and quantitative analysis confirmed that there are no significant changes in the mean density and volume of presynaptic boutons for either PC excitatory afferent following Susd4 loss-of-function (Fig. 2A and3A). Electrophysiological recordings did not detect any major deficit in activity-dependent elimination of supernumerary CFs in one-month old Susd4 KO mice when compared to controls (Fig. S5). Overall these results show that Susd4 invalidation does not impact connectivity and excitatory synaptogenesis on cerebellar Purkinje cells.

Motor coordination adaptation and learning deficits could arise from alterations in the functional properties of synapses in the cerebellum (13,14). Excitatory PC synapses from parallel fibers and CFs have very different functional properties. In particular, while climbing fiber stimulation gives a strong all or none signal, stimulation of a single parallel fiber gives only a very small EPSC in Purkinje cells and most of granule cells to Purkinje cell synapses are silent (15). Ex-vivo patch-clamp recordings of cerebellar Purkinje cells at P30 showed the presence in Susd4 KO mice of the typical all-or-none climbing fiber evoked EPSC, albeit with an increased amplitude of 41,6% compared to control mice (Fig. 2B). To estimate changes in synapse transmission and connectivity between PF and PCs, we used stimulation of increasing intensity in the molecular layer and recorded the PC response. This protocol allows the progressive recruitment of the maximum parallel fibers connecting a given Purkinje cell as shown by the plateau reached by PC responses. No difference was observed in the responses of PCs from Susd4 KO and control mice, showing that there is no major effect of Susd4 invalidation on the number and transmission of parallel fiber/Purkinje cell synapses (Fig. 3C). These results are in accordance with our morphological analysis showing normal excitatory synaptogenesis in cerebellar Purkinje cells.

Furthermore, the kinetics of the responses were not changed both for CFs and PFs (Fig. S6).

Consecutive stimulation of the climbing fiber and of the parallel fibers induced paired-pulse depression and facilitation respectively and to the same extent in Susd4 KO and control Purkinje cells, showing that presynaptic plasticity was not modified in Susd4 mutants (Fig. 2C and3C).

Long-term parallel fiber plasticity has been involved in cerebellar dependent learning (13,16).

In particular, given the increased amplitude of climbing fiber EPSCs, we expected that CF dependent PF long-term depression would be facilitated in Susd4 KO cerebella. Surprisingly, while conjunctive stimulation of CF and PF induced a 40 % decrease in the amplitude of PF transmission in control Purkinje cells, no change could be detected during the first 20 minutes following the LTD inducing protocol in mutant PCs. Only a 18 % decrease was measured after 30 minutes (Fig. 3E andS7). We then decided to test whether parallel fiber plasticity was completely defective in the absence of SUSD4. For this we applied a protocol of high frequency stimulation of parallel fibers in Purkinje cells ( 17) that could only transiently potentiate these synapses in slices from control mice. This protocol initially induced an increase in transmission of about 20% both in Susd4 KO and control Purkinje cells (Fig. 3F). However, in the case of the mutant PCs, the increase in transmission was maintained for 35 minutes while the transmission level had returned to baseline after only 15 minutes in controls, demonstrating a facilitation of long-term potentiation in cerebellar Purkinje cells lacking Susd4. Overall our results show that Susd4 loss-of-function in mice leads to impaired long-term synaptic plasticity by favoring potentiation and preventing depression of excitatory synapses.

What are the molecular mechanisms enabling control of synaptic plasticity by SUSD4? To gain insight into SUSD4 signaling partners and function, affinity-purification of synaptosomal extracts were performed using GFP-tagged SUSD4 as a bait followed by proteomic identification of SUSD4 interacting partners by LC-MS/MS (18). About fifty candidates were identified, several of which were functionally linked to ubiquitin ligase activity by GO-term analysis (Table S2, Fig. 4B, Fig. S8). In particular interaction with several members of the HECT-ubiquitin E3 ligases of the NEDD4 subfamily was confirmed by immunoblot analysis of affinity-purified extracts (Fig. 4C and Fig. S8). Removal of the intracellular domain of SUSD4, which contains two putative binding sites for HECT ubiquitin ligases (Fig. 4A), prevented this interaction confirming the specificity of SUSD4 binding. A survey of the expression of HECT-ubiquitin ligases shows that different members of the NEDD4 family are broadly expressed in the brain, however with only partially overlapping patterns (Fig. S9, Allen Brain Atlas). Nedd4 and wwp1 are the most broadly expressed and are found in neurons that also express Susd4, such as hippocampal neurons, inferior olivary neurons in the brainstem and cerebellar Purkinje cells. Thus, SUSD4 is a tether for ubiquitin ligases of the NEDD4 family and might allow precise spatial control of their activity in neurons.

Ubiquitination is a post-translational modification essential for the regulation of protein turnover and trafficking in cells. In particular ubiquitination of AMPA receptors controls their trafficking in neurons (19). NEDD4 ubiquitin ligases are known to ubiquitinate and target for degradation several key signaling molecules and transcription factors, including AMPA receptor subunits.

We thus reasoned that SUSD4 might control AMPA receptor degradation via its binding to HECT ubiquitin ligases. In agreement with this putative role, SUSD4 localized preferentially in RAB7 labeled compartments in transfected heterologous HEK293 cells (Fig. S10). Furthermore, coexpression of AMPA receptor subunit GluA2 with SUSD4 in heterologous HEK293 cells led to a 50% decrease in the total levels of GluA2 compared to co-expression with another control transmembrane protein PVRL3 (Fig. 4D). In cultured hippocampal neurons, we compared total levels of AMPA receptors after overexpression of a wild-type HA tagged SUSD4 or SUSD4 versions with point mutations that led to deficient HECT ubiquitin ligase binding (Fig. S11).

Imaging of GluA2 labeling in transfected neurons shows that overexpression of mutant SUSD4

led to an accumulation of GluA2 in dendrites that was not observed in neurons overexpressing wild-type SUSD4, in accordance with our hypothesis (Fig. 4E).

Our study shows that the transmembrane Sushi domain protein SUSD4 controls AMPA receptor degradation in neurons by binding to HECT ubiquitin ligases and that loss-of-function of SUSD4 leads to defects in long-term synaptic plasticity and motor coordination learning in mice. The choice between recycling of AMPA receptors to the membrane or targeting to the endolysosomal compartment is key for the regulation of the number of AMPA receptors at synapses, as well as for the direction and degree of activity-dependent synaptic plasticity (20,21). Recently it has been proposed that long-term depression is essentially dependent on the quantity of AMPA receptors in intracellular pools and their targeting to RAB7 compartments and degradation (22,23). However, while the molecular factors promoting AMPA receptor recycling, such as GRIP1/ABP and the retromer, have been described, those that promote targeting to RAB7 compartments and degradation remain unknown. In our Susd4 mutant mice, long-term depression was not induced and long-term potentiation was facilitated while basic transmission was not affected at parallel fiber synapses. This is in line with a role of SUSD4 in regulating activity-dependent degradation of AMPA receptors. Our results show that SUSD4 functions by binding HECT ubiquitin ligases that are known to promote degradation of proteins. Interestingly, HECT ubiquitin ligases have many substrates and their activity needs to be finely tuned, both depending on the stimulus but also spatially. Indeed, long-term plasticity needs to be induced in a synapsespecific manner in neurons to ensure proper coding during learning and memory formation.

SUSD4 is a transmembrane protein, and while it binds HECT ubiquitin ligases through its C terminal domain, it could bind other regulators through the four Sushi domains found at its Nterminus. Whether these interactions might be able to underlie the fine spatiotemporal regulation of HECT ubiquitin ligases remains to be determined. This is however an interesting hypothesis to explain the necessary spatial temporal regulation of HECT ubiquitin ligase activity and the specific degradation of their targets.

Hebbian synaptic plasticity has been proposed as a mechanism for learning and memory.

Evidence for LTP in vivo and its involvement in these processes has been clearly demonstrated.

Synaptic depression has been now suggested to be essential not only for learning and memory but also memory consolidation during sleep. There is less evidence however for the physiological role of LTD. SUSD4 is broadly expressed in the brain and during development. An exciting perspective thus lies in testing which behavioral paradigms are controlled by SUSD4-dependent and activity-dependent control of AMPA receptor degradation. 
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HA-SUSD4∆LY

HA + GluA2 HA GluA2 25um SUSD4ΔLY at DIV13. Cells were fixed at DIV17. Immunostaining against HA (red) and endogenous GluA2 (anti-GluA2, green). Observation of the GluA2 total levels suggests that the construct HA-SUSD4ΔLY, in which the interaction between SUSD4 and HECT ligases is completely disrupted, accumulates excessive GluA2 in internal compartments of the neuron. Scale bar: 25 µm. 
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Effect of SUSD4 on Transmission and GluA2 Content in Climbing Fiber

Synapses Changes with Maturation

Loss-of-function of Susd4 increases CF/PC transmission in juvenile mice, but does not change paired-pulse depression. To better understand the mechanisms that induce this increased transmission, we performed recordings of CF miniature EPSCs and found an increase in the amplitude and frequency of the delayed CF-EPSC quanta in Susd4 KO mice (Supplementary

Figure 1B

). GluA2/3 AMPA receptors are major components of the CF/PC synapse [START_REF] Zhao | Glutamate receptor targeting to synaptic populations on Purkinje cells is developmentally regulated[END_REF]. Using co-immunolabeling for GluA2 and VGLUT2, we analyzed the number and intensity distribution of GluA2 clusters surrounding each CF presynaptic bouton. Our quantitative results

showed that the clusters of GluA2 in the CF/PC synapse present a more homogeneous distribution in terms of cluster intensity in Susd4 KO than in controls, and that fewer boutons had less than one GluA2 cluster a (Supplementary Figure 1A). These data suggest an increased recruitment of GluA2 subunits in CF synapses of the Susd4 KO, and are in agreement with the results obtained using recordings of CF-miniature EPSCs.

Interestingly, the enhanced amplitude of the CF-EPSC found in juvenile Susd4 KO mice is transient, it is loss in adult mice (Supplementary Figure 2A). The kinetics (Supplementary Figure 2B) and the short-term plasticity (Supplementary Figure 2C) remains unaltered in the adult KO mice. In agreement with the results obtained in juvenile mice, Purkinje cells of adult Susd4 KO mice are mono-innervated (Supplementary Figure 2D). In the wild-type mice there is an increase in the amplitude of the CF-EPSC with aging that we observed from P30 to P90.

Susd4 KO mice presents an amplitude level in the juvenile very similar to the adult control levels.

This transient quality of the CF-EPSC phenotype is accompanied with a significant decrease in the number, area and intensity of the CF boutons [START_REF] Iyer | The role of complement system related genes in synapse formation and specificity in the olivo-cerebellar network (Paris 6)[END_REF]. Furthermore, quantitative analysis of GluA2 clusters using immunofluorescent labeling shows that there is no more difference in the number of GluA2 clusters compared to controls while the distribution in intensity remains different and less variable in the mutant. These results suggest homeostatic mechanism compensating the change in CF-EPSCs due to excess AMPARs at these synapses.

We also analyzed the transmission of the PF/PC synapse and found no differences in the inputoutput curve, the kinetics or in the presynaptic short-term plasticity in adult Susd4 KO mice when compared to the control mice (Supplementary Figure 3). This is accompanied with normal presynaptic PF boutons in the adult KO Purkinje cells as shown by anti-VGLUT1

immunostaining [START_REF] Iyer | The role of complement system related genes in synapse formation and specificity in the olivo-cerebellar network (Paris 6)[END_REF]. Interestingly, the asymptotic levels of PF-EPSC amplitude at P90 tend to be smaller than at P30 in control mice. In adult Susd4 KO mice this small decrease is not observable: the asymptotic levels of PF amplitude remain at the same level than the juvenile ones. This suggests that loss of LTD in the Susd4 KO mice abolishes a tendency to reduce the PF-EPSC amplitude with age.

Altogether, these data suggest that the CF/PC and the PF/PC cell synapse respond differently to 

Susd4 Deletion Leads to a Defect on a Hippocampal-dependent

Behavioral Task

In addition to expression in the cerebellum, we also found Susd4 expression in the hippocampus.

We decided to analyze the behavior of adult Susd4 KO mice using a test that is dependent of hippocampal function. Using the Y-maze, we found no deficit in the percentage of alternations from one arm to another (Supplementary Figure 4A), indicating that working memory is not altered in Susd4 KO mice. By adding spatial clues to the environment of the Y-maze, we tested spatial memory: mice were introduced in the maze with one arm closed for five minutes, then returned to their cages for ten minutes and finally re-introduced in the maze for a two minutes test, this time, with all arms were opened. Wild-type mice usually spend half of the test time exploring the new arm. However, Susd4 KO mice did not manage to distinguish the new and the familiar arm (Supplementary Figure 4B), indicating that Susd4 KO mice present deficits in short-term spatial memory. Given the relationship between cerebellum and hippocampus in spatial memory [START_REF] Burguière | Spatial navigation impairment in mice lacking cerebellar LTD: a motor adaptation deficit?[END_REF][START_REF] Rochefort | Cerebellum shapes hippocampal spatial code[END_REF], it will be interesting to test in the future where SUSD4 function is needed for short-term spatial memory, whether in the cerebellum or the hippocampus. 

Supplementary

Antibodies

The following primary antibodies were used: mouse monoclonal anti-CABP (1:1000; swant, Cat#300), rabbit polyclonal anti-CABP (1:1000; swant, Cat#9.03), mouse monoclonal anti-GFP The following secondary antibodies were used: donkey polyclonal anti-goat Alexa Fluor 568 

Primary hippocampal neurons

Mouse hippocampal neurons were obtained from E18 mice embryos [START_REF] Nadjar | The Susd2 protein regulates neurite growth and excitatory synaptic density in hippocampal cultures[END_REF].

1.2x10 

Plasmids

Full-length Susd4 was cloned into the mammalian expression vector pEGFP-N1 under the control of a CMV promoter to obtain a Susd4-GFP fusion construct. An N-terminal HA tag was inserted just after the signal peptide in this vector to obtain the pHA-Susd4-GFP construct. pHA-Susd4

was obtained by removal of the C terminal GFP of pHA-Susd4-GFP. The truncated form of Susd4, Susd4ΔCT was obtained using PCR to delete all the nucleotides 39bp after the transmembrane domain. Mutagenesis was performed using the QuikChange Lightning Multi sitedirected mutagenesis kit (agilent, Cat#210513) according to the manufacturer's instructions. The Susd4ΔPY contained a mutation in aminoacids 411 and 414 changing from PPAY to APAA, respectively (primers PY muta Fwd and PY muta Rev), Susd4ΔLY in aminoacids 376 and 379 changing from LPTY to APTA (LY muta Fwd and LY muta Rev). The plasmid SEPGluA2

(addgene, Cat#24001) was used to follow GluA2 and pIRES2-eGFP (addgene, Cat# 6029-1) was used as a transfection control. The plasmids Rab4a-GFP, Rab5a-GFP, Rab7a-GFP and Rab11a-GFP were kindly provided by Dr. Bruno Gould.

Methods

Ethics Statement

All animal protocols were approved by the Comité Regional d'Ethique en Experimentation Animale (no. 00057.01) and animals were housed in authorized facilities of the CIRB (# C75 05 12).

RT-PCR

For standard RT-PCR, total RNA was isolated from the cortex, cerebellum and brainstem of 2month-old Susd4 -/-mice and Susd4 +/+ littermates using the RNeasy mini kit (qiagen, Cat#74104).

Equivalent amounts of total RNA (100 ng) were reverse-transcribed using the protocol of SuperScript® VILO™ cDNA Synthesis kit (life technologies, Cat#11754-250) according to manufacturer's instructions. The primers used were "Susd4 RT Fwd" and "Susd4 RT Rev" (for sequences see primers). PCR was performed with an annealing temperature of 61°C, for 39 cycles, using the manufacturer's instructions (Taq polymerase; new england biolabs, Cat#M0273S). Quantitative RT-PCR was performed using the TaqMan universal master mix II with UNG (applied biosystems, Cat# 4440038) and the following TaqMan probes: Rpl13a (#4331182_Mm01612986_gH) and Susd4 (#4331182_Mm01312134_m1).

In situ hybridization

Fresh frozen sections of 20µm thickness were prepared from Susd4 +/+ and Susd4 -/-brains of P7 or P21 mice using a cryostat. The riboprobes were used at a final concentration of 0,05 µg/µL, and hybridization was done overnight at a temperature of 72°C. The anti-digoxigenin-AP antibody (for details see antibodies) was used at a dilution of 1:5000. Alkaline phosphatase detection was done using BCIP/NBT colorimetric revelation (roche, Cat#11681451001). The probe sequence corresponded to the nucleotide residues 287-1064 bp for mouse Susd4 (NM_144796.4) cDNA. For postnatal age P0, in situ hybridization was performed using a previously described protocol with a few modifications (Sigoillot et al., 2015b). 4% PFA/PBSfixed floating vibratome sections of 100 µm thickness were prepared from Susd4 +/+ mice. The riboprobes were used at a final concentration of 2 µg/µL. Proteinase K (10µg/mL) treatment was given for 30 seconds. The anti-digoxigenin-AP antibody was used at a dilution of 1:2000.

Behavioral tests

12-14 week-old mice were housed in groups of 3-5 in standard conditions: 12h light/dark cycle, with ad libitum food and water access. Seven days before the beginning of behavioral testing, mice were housed individually to limit variability resulting from social relationships. All behavioral testing took place in the light cycle.

Footprint analysis

The fore and hind paws of mice were dipped in blue and pink non-toxic paint, respectively. Mice were allowed to walk through a rectangular plastic tunnel (9cm W x 57cm L x 16cm H), whose floor is covered with a sheet of white paper. Habituation was done the day before the test. 5

footsteps were considered for the analysis. Length measurements were made using ImageJ.

S.H.I.R.P.A. protocol

Mice performed a series of tests to ensure their general good health and motor performance and habituate them to manipulation (Crawley, 2000). The test included observation of appearance, spontaneous behavior, neurological reflexes, anxiety assessed by elevated plus maze, basic motor coordination in open field, balance rotarod and muscular strength. The individuals presenting deficits during the S.H.I.R.P.A. protocol were not used for further behavioral testing.

Rotarod

Mice were first habituated to the rotarod apparatus, three days before the acceleration test. The habituation protocol consists of 5 minutes at 4 r.p.m. To evaluate motor coordination, mice were placed on immobile rotarod cylinders, which ramped up from 0 to 45 r.p.m. in 10 minutes. The timer was stopped when the mouse fell off the cylinder or did a whole turn with it. For a given session, this procedure was repeated three times per day separated by 60 minutes during five consecutive days. The time and speed values of each trial were noted and then introduced directly in the software GraphPad for statistical analysis: Tukey post-hoc test and two-way repeated measures ANOVA.

Y-maze

To evaluate working memory, mice were positioned at the extremity of one of the arms (arm 1)

of an opaque Y-maze during 8 minutes. The percentage of alternations was measured as (number of alternations x 100) / number of entries. To evaluate spatial memory, mice were placed at the extremity of a transparent Y-maze with one arm closed for five minutes and spatial clues positioned all around the maze. Mice were returned to their cages and recovered for 10 minutes.

Mice were, then re-introduced at the same starting arm of the Y-maze this time with all arms opened. For these two tests, the trajectories of the mice were tracked and analyzed using software and macros developed in Dr. Laure Rondi-Reig Laboratory. Guillaume Dugué and Charly Rousseau (wavemetrics.com/project/SpAcAn). CF-delayed EPSC quanta superposed events were discarded by the waveform. A threshold of 10pA for minimal amplitude was used to select the events. Data were obtained from 10 neurons from 4 animals for Susd4 +/+ and 8 neurons from 3 animals for Susd4 -/-. For each neuron a minimum of 100 events were studied by analyzing consecutive traces. 

Electrophysiology

Transfection of cells

Immunohistochemistry

Immunostaining was performed on 30µm-thick parasagittal brain sections obtained using a freezing microtome after intracardiac perfusion of the mice with 4% PFA in PBS. Sections were washed three times for five minutes in PBS, then blocked with 4% DS /PBS for 30 minutes. The primary antibodies were diluted in 1% DS/ 1% Triton X-100/ PBS. The sections were incubated in the primary antibody solution overnight at 4ºC and then washed three times for five minutes in PBS 1% Tx. Sections were incubated for 1h at room temperature in the secondary antibody diluted in PBS 1% DS 1% Tx solution. The sections were then incubated for 15 minutes at room temperature with the nuclear marker Hoechst 33342 in PBS 0.2% Tx. Then, the sections were washed three times for five minutes in PBS 1% Tx and recovered in PBS. The sections were finally mounted with Prolong Gold between microscope slides and coverslips (menzel-gläser, Cat#15165252).

Image acquisition and quantification

In situ hybridization images were acquired using a brightfield microscope (DMRB, leica) using 10x (pixel size 670nm) objective. The immunofluorescence image stacks were acquired using a confocal microscope (SP5, leica), using 63x objective (1,4NA, oil immersion, pixel size: 57nm

for in vitro imaging, pixel size: 228nm for 63x; 76nm, 57nm, 45nm for higher magnifications for in vivo imaging). The pinhole aperture was set to 1 Airy Unit and a z-step of 200nm was used.

Laser intensity and photomultiplier tube (PMT) gain was set so as to occupy the full dynamic range of the detector. Images were acquired in 16-bit range. Deconvolution was performed for the VGLUT1 images with Huygens 4.1 software (Scientific Volume Imaging) using Maximum Likelihood Estimation algorithm from Matlab. 40 iterations were applied in classical mode, background intensity was averaged from the voxels with lowest intensity, and signal to noise ratio values were set to a value of 25. VGLUT1 and VGLUT2 synaptic puncta were analyzed using the Matlab software developed by Dr. Andréa Dumoulin. The number, area and intensity of puncta were quantified by this program using the mask of each puncta generated by the Multidimensional Image analysis software (MIA) from Metamorph. For each animal, puncta parameters were measured from four equidistant images within a 35-image stack at 160 nm interval, acquired from three different lobules (n=12). Synaptic contacts were analyzed using ImageJ-customized macro as follow. The background noise was subtracted and the CABP and the VGLUT1 objects found above a user-defined threshold were selected. Image calculator was used to extract the signal common to CABP and VGLUT1 images: the number and volume of these puncta were quantified with the 3D Object counter plugin from ImageJ.

Affinity-purification of SUSD4 interacting partners from synaptosomes

GFP-tagged or HA-tagged SUSD4 proteins were coupled to either GFP-trap beads (chromotek, ABIN509397) or Protein G-sepharose beads coupled to anti-HA antibody (for details see antibodies). HEK293 cells transfected with the different constructs were solubilized for 1h at 4°C under gentle rotation in lysis buffer (10 mM Tris-HCl pH7.5, 10 mM EDTA, 150 mM NaCl, 1%

Triton X100, 0.1% SDS) supplemented with a protease inhibitor cocktail and MG132. Then, lysates were sonicated for 10 sec, further incubated for 30 minutes at 4°C and clarified by centrifugation at 6,000 rpm during 8min, and supernatants were collected. GFP-Trap was done according to the instructions of GFP-Trap®_A (chromotek, ABIN509397). Protein G Sepharose beads were incubated with anti-HA antibody at a concentration of 5 µg/60 µL of beads.

Synaptosomes were prepared from cerebella from P30 Susd4 -/-and Susd4 +/+ mice. Cerebella were homogenized at 4°C in 10 volumes (w/v) of 10mM Tris buffer (pH7.4) containing 0.32M sucrose and protease inhibitor cocktail (1:100; sigma, Cat#110205). The resulting homogenate was centrifuged at 800 g for 5min at 4ºC to remove nuclei and cellular debris. Synaptosomal fractions were purified by centrifugation for 20 min at 20,000 r.p.m. (SW41Ti rotor) at 4ºC using Percollsucrose density gradients (2-6-10-20%; v/v). Each fraction from the 10-20% interface was collected, washed in 10 mL of a 5 mM HEPES buffer pH 7.4 (NaOH) containing 140 mM NaCl, 3 mM KCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 1 mM NaH2PO4, 5 mM NaHCO3, 10 mM D(+)-Glucose by centrifugation. The suspension was immediately centrifuged at 1x10 4 g at 4ºC for 10 minutes. Synaptosomes in the pellet were resuspended in 100 µL in lysis buffer (10 mM Tris-HCl pH7.5, 10 mM EDTA, 150 mM NaCl, 1% Tx) supplemented with a protease inhibitor cocktail (1:100) and MG132 (100µM; enzo, Cat#BML-PI102). Then, lysates were sonicated for 10 sec, and further incubated for 30 minutes at 4°C. Lysates were incubated with either anti-HA-ProteinG sepharose beads or SUD4-GFP_GFP trapped beads for three hours at 4°C. After three washes with lysis buffer, affinity-purified proteins were eluted in Laemmli buffer for 10 minutes at 75°C.

Co-Immunoprecipitation of SUSD4 constructs with HECT ubiquitin ligases

Proteins from HEK293 cell lysates were solubilized for 1h at 4°C under gentle rotation in lysis buffer (10 mM Tris-HCl pH7.5, 10 mM EDTA, 150 mM NaCl, 1% Tx and 0,1% SDS) supplemented with a protease inhibitor cocktail (1:100) and MG132 (100 µM). Then, lysates were sonicated for 10 sec, further incubated for 30 min at 4°C and clarified by a centrifugation at 6,000 rpm for 8min. Supernatants were collected and protein concentration measured using the BCA protein assay. Proteins (800 µg-1mg) from lysates were incubated with 5 µg of rat monoclonal anti-HA antibody (for details see antibodies), for 1h at 4°C and then 3h at 4°C with 60 µL of protein G-sepharose beads (sigma; Cat#10003D). Precipitates were washed 3 times with 1 mL lysis buffer and proteins were eluted by boiling the beads 10 min in βME-reducing sample buffer before SDS-PAGE.

Western Blot analysis

Proteins were first separated on a 4-12% NuPAGE Bis-Tris Gel according to Invitrogen protocols, then electrotransferred using TransBlot® Transfer Medium (Bio-Rad) to PVDF membrane (Immobilon-P transfer membrane, millipore, Cat#IPVH00010). Membranes were blocked in PBS supplemented with Tween 0.2% (PBST) and non-fat milk 5% and incubated with various antibodies in PBST-milk 5%. After washing in PBST, membranes were incubated with Horseradish Peroxidase-conjugated secondary antibodies in PBST-milk 5%. Bound antibodies were revealed using ECL plus detection reagents (sigma, Cat#GERPN2209).

Mass spectrometry analysis

Spectral data were analyzed via MaxQuant 1.5.5.1 software. RefProteome_MOUSE-cano_2017_03.fasta database from UniProtKB were used with next variable modifications:

Oxydation (M) and Acetyl (Protein N-term). Go-analysis was done with the plugin Cluego v2. 3.3 (Cytoscape 3.4).

Quantification and statistical analysis

Data generated with ImageJ were imported in GraphPad Prism for statistical analysis. Concerning electrophysiology recordings, data generated with WinWCP were imported to Igor Pro for statistical analysis. All the values are given as mean ± s.e.m. Normality of populations were assessed using Kolmogorov-Smirnov normality test. In the case of two column analyses, the differences between the two groups were assessed using two-tailed Student's t-test or Welch's unequal variances t-test (indicated in the legends). Groups were considered significantly different when at least a 95% confidence level (P < 0.05) was obtained (* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001). When groups did not fit the Normal distribution, Mann-Whitney U test was used (CF-EPSC). For the grouped analysis and when distributions passed the normality test, two-way repeated measures ANOVA followed by Bonferroni post-hoc test was performed to assess the interaction between the two parameters. Differences in cumulative probability were assessed with the Kolmogorov-Smirnov distribution test.

PART 2: Masp1/3 is Expressed in the Olivocerebellar System

Introduction

Several proteins originally described in the immune system have now been found in the Central Nervous System (CNS) where they play an alternative role (reviewed in (Alexander et al., 2008;Bitzer-Quintero and González-Burgos, 2012;Rutkowski et al., 2010;[START_REF] Zabel | From development to dysfunction: microglia and the complement cascade in CNS homeostasis[END_REF]).

Interestingly, extracellular CUB and Sushi domains are evolutionary conserved in synapses (reviewed in (Nakayama and Hama, 2011). For example, the neuromuscular junction of Caenorhabditis elegans needs CUB and Sushi domains for its proper function. The secreted protein LEV-9 (containing 8 Sushi domains) and the transmembrane protein LEV-10 (presenting 5 CUB domains) are both required for the aggregation of the acetylcholine receptors (Gally et al., 2004;Gendrel et al., 2009). In mice, Purkinje cell synapses contain the brain angiogenesis inhibitor receptor 3 (BAI3) that has one extracellular CUB domain. The binding partner of BAI3 is a secreted immune-related protein from the C1q-like subfamily, C1QL1. Both, receptor and ligand, are required for the formation of the climbing fiber/Purkinje cell synapse in the olivocerebellar system (Kakegawa et al., 2015;Sigoillot et al., 2015).

Mannose-binding lectin-associated serine proteases (MASPs) are secreted proteolytic enzymes of the serine-protease superfamily that are responsible for the activation of the complement lectinpathway from the innate immune system (Takahashi et al., 2010). There are several MASP proteins encoded by two genes. The protein MASP2 is the product of the Masp2 gene, while the Masp1/3 gene encodes four different isoforms by alternative splicing. MASP2, MASP1 and MASP3 proteins present the same structural organization (Figure 1): at the amino-terminus domain, two CUB (C1r/C1s, urchin-epidermal, bone morphogenetic protein) domains are separated by one EGF (epidermal growth factor)-like domain. This CUB/EGF-like/CUB segment mediates the homodimerization of the MASPs (Kjaer et al., 2013). The EGF domain is found in immune-related proteins, like C1s, and synaptic proteins, like AGRIN or Neurexins 1-3. The carboxyl-terminus domain contains two Sushi (also called, complement-control protein, CCP) domains and one serine protease (SP) catalytic domain. The third isoform of MASP1/3 codes a protein called MAP44 in Homo sapiens that does not contain the SP domain and has only one Sushi domain (Gytz Ammitzbøll et al., 2013). The fourth isoform is the smallest, with no SP and no Sushi domains. It is not expressed in Homo sapiens and it remains unknown whether it is expressed in Ordo Rodentia.

Given that the products of Masp1/3 contain both CUB and Sushi domains, we hypothesized that Masp1/3 could play a role in the regulation of excitatory synapse formation and/or function in the olivocerebellar network.

Results

Masp1/3 expression in the olivocerebellar system during development

The gene Masp1/3 produces four different isoforms: Masp1, Masp3, Map44 and the isoform 4

(Figure 1). We analyzed the expression pattern of each isoform in the olivocerebellar network during development, using RTqPCR to measure relative expression to the ubiquitous gene Rpl13a. Liver extracts were used as a positive control, because the liver is the primary site of expression of the Homo sapiens MASP genes (Matsushita et al., 1998). In the liver, the most abundant isoform is Masp1, followed by Masp3 and then isoform 4. Map44 is comparatively very little expressed. In contrast, Map44 is the most abundant isoform in both cerebellum and brainstem extracts. Masp3 is also expressed in both tissues, while levels of the isoform 4 are very low. Masp1 is barely detectable in the cerebellum or brainstem (Figure 2). Map44 presents an interesting developmentally regulated expression profile. In the brainstem, it is expressed at high levels until P14, and decreases thereafter. In the cerebellum its expression decreases starting at P0, peaks again at P14 then goes back to P0 levels. P14-P15 is a crucial time point in Purkinje cell synaptogenesis when competition between climbing fibers and parallel fibers is at its highest for PC territory (Watanabe and Kano, 2011).

Map44 is expressed in Purkinje neurons and in inferior olivary neurons

Masp1/3 mRNA expression profile in the mouse brain has been reported in The Allen Brain Atlas database using an in situ hybridization probe that recognizes three of the four Masp1/3 isoforms (Masp1, Masp3 and Map44). Masp1/3 mRNA is found in different brain regions including the olfactory bulb, cortex, hippocampus but also cerebellum and brainstem (Figure 3 A; http://mouse.brain-map.org/gene/show/16943). Masp1/3 mRNA is highly expressed in a subset of cerebellar Purkinje cells and at a lower level in molecular layer interneurons. It is expressed in different nuclei in the brainstem, including the inferior olive. To determine the pattern of expression specific for the two most highly expressed isoforms in the cerebella and brainstem, we designed specific probes for Masp3 and Map44 for in situ hybridization experiments. While

Masp3 mRNA expression was difficult to detect (Figure 3 B), Map44 was found in both cerebellar Purkinje cells and inferior olivary neurons (Figure 3 C). These data suggest that Map44 is the major isoform expressed by neurons in the olivocerebellar network.

Excitatory synaptogenesis is not apparently affected in the absence of MASP1/3

The mRNA expression level of Map44 presents a peak at P14 in the cerebellum, corresponding with a moment of high excitatory synaptogenesis in the cerebellar cortex, and decreases at P21

in the cerebellum and in the brainstem, coinciding with the end of synaptogenesis. To study the role of MAP44 in the olivocerebellar system, we used a mouse with a deletion of exons 1-4 and of ~60% of exon 5 in the Masp1/3 gene. This deletion suppresses all four Masp1/3 isoforms (https://www.jax.org/strain/024759). The global architecture of the cerebellum of these mice is not affected. Immunostaining with an antibody against CaBP that stains specifically Purkinje cells revealed a comparable morphology in both genotypes, Masp1/3 WT and KO, indicating that Masp1/3 is dispensable for neurogenesis and differentiation of Purkinje cells. At the synaptic level, immunohistochemistry using synaptic markers labeling both presynaptic boutons from the parallel and the climbing fibers (VGluT1 and VGluT2, respectively) did not reveal any qualitative difference in the labeling pattern in the molecular layer of mutant and control cerebella (Figure 4). VGluT1 immunostaining that labels the PF/Purkinje cell presynaptic boutons revealed a dense immunostaining of the molecular layer in both mutant and control cerebella (Figure 4 B-C).

VGluT2 immunostaining labels the other PC excitatory input, the presynaptic boutons of the CFs that contact the proximal part of the Purkinje cell dendritic tree (Figure 4 

Discussion

Here we show for the first time that Map44, the third isoform of the gene Masp1/3, is expressed in the mouse cerebellum and brainstem during development. It is interesting that the isoform 4

and Map44, which are the isoforms the most expressed in the cerebellum and brainstem, are the less abundant in the liver. In the liver, the serine protease function is needed for the function of MASP1 and MASP3 in the proteolytic activity of the complement-lectin pathway activation (Takahashi et al., 2010). The SP catalytic domain is absent in Map44 which is the most abundant isoforms in the CNS. These data indicate that the expression of different Masp1/3 isoforms is differentially regulated in different tissues and suggest different functions of the isoforms.

MAP44 is an immune-related secreted protein that contains EGF-like, CUB and Sushi domains.

These three domains are evolutionary conserved in synapses. Map44 is expressed both in a subset of Purkinje cells and in inferior olivary neurons, which give rise to the CFs and synapse on Purkinje cells. Our qualitative analysis of the Masp1/3 mutant mouse showed no major defects in the development of the cytoarchitecture of the cerebellum and of Purkinje cell excitatory connectivity. Map44 expression level is very high from E17 until P14, and then strongly decreases in the brainstem. This pattern is very different than the one described for the synaptogenic actor C1ql1, known for its role in the CF/Purkinje cell synaptogenesis (Kakegawa et al., 2015;Sigoillot et al., 2015b). C1QL1 mRNA levels are low until P3 and then significantly increase and remain high in the adult. Thus, MAP44 might play a role in other processes than synaptogenesis related to circuit development and function in the olivocerebellar network. In particular, there is a transitory decrease in Map44 expression levels at P3 and P7 in the cerebellum, a developmental stage that corresponds to intense refinement of the CF/PC connectivity in terms of homosynaptic competition. A potential role for MAP44 in this process could be studied by ex vivo patch-clamp recordings of Purkinje cells.

Perspectives

Our preliminary analysis of the cerebellar morphology and PC connectivity in Masp1/3 KO mice did not reveals any major defects. Further characterization of the mutant phenotype is needed to

have a definitive answer about the processes that are controlled by MAP44 during cerebellar development. In particular, besides quantitative analysis of synaptic morphology, electrophysiology experiments using patch clamp recordings of Purkinje cells are warranted to determine whether MAP44 plays a role in CF/Purkinje cell transmission and developmental pruning. MASP1/3 naturally binds to Mannose-Binding Lectin (MBL) forming a complex that can recognize the pathogen and promotes the protease activity. This complex is composed by the MASP homodimer interacting with multiple MBL (Kjaer et al., 2013). MBL and C1QL1 share similar structures. It will be interesting to test whether MAP44 interacts functionally and biochemically with the C1QL1 protein. These experiments will shed more light on the role of MAP44 during the life of the excitatory synapse in the CNS.

Experimental Procedures

Materials

Animals MASP1/3 KO mice: Masp1/3 -/-and Masp1/3 +/+ mice littermates (C57BL/6NTac background)

were obtained by breeding heterozygotes. This strain, named B6N(Cg)-Masp1 tm1.1(KOMP)Vlcg /J (stock 024759) was generated by the knock-out mouse phenotyping program (KOMP2) at The Jackson Laboratory using embryonic stem cells provided by the international knock-out mouse consortium. A deletion of 28622bp was created between positions 23491999-23520620 of Chromosome 16 (Genome Build37). Subsequent genotyping of mice was performed using PCR to detect the wild-type allele (primers Masp1/3 wt R and Masp1/3 wt F) or the targeted allele (primer Masp1/3 KO R and Masp1/3 KO F; for sequences see primers).

Antibodies

The following primary antibodies were used: mouse monoclonal anti-CABP 

Methods

Ethics Statement

All animal protocols were approved by the Comité Regional d'Ethique en Experimentation Animale (no. 00057.01) and animals were housed in authorized facilities of the CIRB (# C75 05 12).

Immunohistochemistry

Immunostaining was performed on 30µm-thick parasagittal brain sections obtained using a freezing microtome from brains of mice perfused with 4% Paraformaldehyde in Phosphate Buffered Saline (PBS) solution. Sections were washed three times for five minutes in PBS, then blocked with PBS 4% donkey serum (DS; abcam, Cat#ab7475) for 30 minutes. The primary antibodies were diluted in PBS, 1% DS, 1% Triton X-100 (Tx; sigma-aldrich, Cat#x100). The sections were incubated in the primary antibody solution over night at 4ºC and then, washed three times for five minutes in PBS 1% Tx. Sections were incubated in the secondary antibody, diluted in PBS 1%DS 1%Tx solution, for 1h at room temperature. The sections were then incubated for 15 minutes with the nuclear marker Hoechst 33342 (sigma-aldrich, Cat#H6024). Then, the sections were washed three times for five minutes in PBS 1%Tx and recovered in PBS. The sections were finally mounted with Prolong Gold (invitrogen, Cat#P36960). Mannan-binding lectin serine peptidase 1 

Sushi Domains in the Nervous System

Sushi domains have been identified in several complement-related proteins, like the complement receptor C1R and the complement protein C2, to list a few. In these cases, the Sushi domain is known to be involved in recognition processes, including the binding of several complement factors to C3b and C4B [START_REF] Reid | Structure-function relationships of the complement components[END_REF]). In addition, there are non-complement proteins containing Sushi domains. Interestingly, Sushi domain proteins are evolutionarily conserved in the nervous system, from invertebrates to Classis Mammalia, and are either transmembrane, like SEZ-6 (Figure 30) and CSMD1 (Figure 33), or secreted, like Hig (Figure 28) and SRPX2 (Figure 31). The aim of this study was to analyze two genes coding for Sushi domain containing proteins, namely Susd4 and Masp1/3. Both have been described to play roles in the complement pathway of the innate immune system, but their roles in the nervous system was unknown. The Susd4 gene encodes a transmembrane protein containing four Sushi domains (Figure 32) that has been shown to inhibit the complement system in CHO (Chinese hamster ovary) cells (Holmquist et al., 2013a). The gene Masp1/3 produces 4 different isoforms (Figure 1 Results PART 2) coding for secreted proteins: MASP1, MASP3, MAP44 and the unnamed Isoform 4. MASP1 and MASP3 are known actors of the complement system from the innate immune system [START_REF] T-Takahashi | Mannose-binding lectin (MBL)-associated serine protease (MASP)-1 contributes to activation of the lectin complement pathway[END_REF]. In the present study we show for the first time that Susd4 and Map44 mRNA are highly expressed in the mouse CNS. Our in situ hybridization experiments show that both Susd4 and Map44 are expressed in neurons of different regions of the mouse CNS. Their expression pattern shares common localizations: cerebellum and brainstem. Precisely Susd4 and Map44 are expressed in Purkinje cells and inferior olivary neurons. In addition, Map44 is also expressed in cerebellar granule cells. This result suggested a potential role of SUSD4 and MAP44 in the nervous system.

Many neuronal Sushi domain proteins play a role during development. For example, the protein SRPX2 is required for neuronal migration and synaptogenesis [START_REF] Salmi | Tubacin prevents neuronal migration defects and epileptic activity caused by rat Srpx2 silencing in utero[END_REF][START_REF] Sia | The human language-associated gene SRPX2 regulates synapse formation and vocalization in mice[END_REF] and the proteins SEZ-6 and CSMD3 are involved in dendritic development [START_REF] Gunnersen | Sez-6 proteins affect dendritic arborization patterns and excitability of cortical pyramidal neurons[END_REF][START_REF] Mizukami | CUB and Sushi multiple domains 3 regulates dendrite development[END_REF]. Initially, we thought that SUSD4 and MAP44 could also play a developmental function in the CNS given our RT-qPCR data that outlined a developmentally regulated expression for both genes. In the cerebellum, Susd4 mRNA levels start increasing by P7 to reach about 15 times the levels detected at birth by P21. At P7, a major increase in synaptogenesis occurs in the cerebellum (Watanabe and Kano, 2011). The parallel fiber /Purkinje cell synaptogenic actor, CBLN1 (Matsuda et al., 2010;[START_REF] U-Uemura | Direct interaction of GluRdelta2 with Shank scaffold proteins in cerebellar Purkinje cells[END_REF], presents a comparable expression profile. Indeed, Cbln1 mRNA reaches maximum levels at P21 after a sharp increase between P7 and P14 (Mahesh Iyer, 2015). Concerning Map44 mRNA expression in the cerebellum, it presents a transitory decrease at P3 and P7, peaks at P14, then decreases from P14 to P21. This differs from the Cbln1 and Susd4 mRNA profiles. The cerebellar extracts used for RTqPCR are composed mainly by granular cells, where Cbln1 is highly expressed (Hirai et al., 2005), but also contain Purkinje cell mRNAs. Susd4 and Map44 expression is strong in Purkinje cells, while Map44 is additionally slightly expressed in granular cells. The similar expression profile for Susd4 and Cbln1 could suggest a postsynaptic role for SUSD4 in parallel fiber/Purkinje cell synaptogenesis. Map44 cerebellar expression profile is not likely to be related to parallel fiber synaptogenesis, however, its P14 peak could indicate a role for MAP44 in the developmental process of climbing fiber/Purkinje cell synapse elimination, which is intense between P14 and P21 (Watanabe and Kano, 2011). In the brainstem, the expression of Susd4 increases earlier, already by P3, in accordance with earlier synaptogenesis in and out of this structure (Hashimoto et al., 2009), then peaks at P14 and its expression decreases to P0 values in the adult. The expression of Map44 in this structure is very high from E17 until P14 and then decreases by half by P21. These patterns are very different than the one described for the synaptogenic actor C1ql1, known for its role in the climbing fiber/Purkinje cell synaptogenesis (Kakegawa et al., 2015;Sigoillot et al., 2015b). C1ql1 expression in the brainstem increases three times from P3 to P7, when it peaks, and then is reduced slightly until P21, but is still maintained at high levels (Sigoillot et al., 2015). These differences suggest that SUSD4 or MAP44 play no roles in climbing fiber/Purkinje cell synaptogenesis. However, the extracts from the brainstem contains more than inferior olivary neurons, and both Map44 and Susd4 are not specifically expressed in the inferior olivary neurons of the brainstem, contrary to C1ql1 which is inferior olive specific (Sigoillot et al., 2015). Overall, these results suggest that SUSD4 and MAP44 play different roles during cerebellar development in the olivocerebellar network. Our high-resolution microscopy and quantitative analysis of Susd4 mutant together with our qualitative analysis of the Masp1/3 mutant mouse indicates no major defects in the development of the cytoarchitecture of the cerebellum and of Purkinje cell excitatory connectivity. During development, each Purkinje cell is contacted by 3-5 CFs at birth, of which all but one will be pruned through a process of activity-dependent elimination (Watanabe and Kano, 2011). Electrophysiological recordings confirmed that there was no deficit in this process and the selective stabilization of a single climbing fiber in one-month old Susd4 knock-out mice, suggesting no involvement of SUSD4 in activity-dependent elimination of CFs. Concerning Masp1/3, further characterization of Masp1/3 mutant mice is needed to have a definitive answer about the processes that are controlled by Masp1/3 isoforms during cerebellar development. In particular, besides a highresolution microscopy and quantitative analysis of synaptic morphology, future work will explore climbing fiber/Purkinje cell synapse pruning in these mutants using electrophysiology experiments by patch clamp recordings in Purkinje cells. To conclude, our data suggest that SUSD4 and MASP1/3 isoforms are not required for developmental processes, like the Sushi domains containing R1a subunit of the GABAB receptor which is involved in receptor surface stabilization [START_REF] Hannan | Sushi domains confer distinct trafficking profiles on GABAB receptors[END_REF].

SUSD4 Controls Activity-dependent AMPAR Degradation.

In the present study, we demonstrate a role for the Sushi domain-containing protein 4, SUSD4, in the activity-dependent degradation of GluA2-containing AMPA-type receptors though its interaction with HECT ubiquitin ligases. Our proteomic analyses identified HECT E3 ligases (NEDD4, NEDD4L, ITCH and WWP1) as major interacting partners of SUSD4. We show that SUSD4 localizes to a subset of spines and in dendrites of cultured neurons and in late endosomes in heterologous cells. We also show that SUSD4 regulates GluA2 levels in neurons through its interaction with HECT ubiquitin ligases of the NEDD4 family. In vivo, loss of SUSD4 abolishes learning of motor coordination and long-term synaptic depression. Altogether, our results show that SUSD4 regulates the activity-dependent degradation of GluA2-containing AMPARs that is essential for synaptic plasticity, memory and learning.

In the mice CNS, Susd4 mRNA expression is detected in different regions, such as cerebellum, hippocampus and cerebral cortex. The behavior of Susd4 mutant mice presents normal physical characteristics, sensorimotor reflexes and motor basic responses. The gait of Susd4 KO mice assessed using footprint analysis, presents no differences in the stance or stride of the fore and hindlimbs but a small difference in the print separation between forepaws and hindpaws. This small difference in print separation does not seems to be relevant for motor coordination, because Susd4 KO mice demonstrate no differences in the rotarod test compared to littermate control mice during the first trial. However, the learning of motor coordination adaptation is disrupted in the KO, as assessed by several trials per day over several days in the accelerated rotarod test. While a defect in functioning of the cerebellum affects rotarod performance, deficits elsewhere in the CNS can also lead to defective motor learning. Indeed, Susd4 mRNA is expressed in other CNS regions related with motor learning, like the motor cortex and striatum. To definitely confirm that the motor learning deficit in Susd4 mice is related to deficient plasticity in the cerebellum, it would be interesting to analyze motor learning using a cerebellar-specific test, like the adaptation of the vestibulo-ocular reflex [START_REF] Gutierrez-Castellanos | Impact of aging on long-term ocular reflex adaptation[END_REF]. Future studies should also invalidate Susd4 specifically in Purkinje cells in mice, or rescue its expression specifically in the cells of interest using viral strategies in Susd4 KO mice.

Our data show that SUSD4 is necessary for the learning of motor coordination and classically, errors in motor coordination have been directly related to deficits on cerebellar plasticity. Indeed, regulation of AMPAR trafficking plays crucial roles in many forms of long-term synaptic plasticity. The expression of cerebellar LTD relies on GluA2-containing AMPARs internalization [START_REF] Steinberg | Targeted in vivo mutations of the AMPA receptor subunit GluR2 and its interacting protein PICK1 eliminate cerebellar long-term depression[END_REF] and it is required, together with cerebellar LTP, for motor learning [START_REF] Aiba | Deficient cerebellar long-term depression and impaired motor learning in mGluR1 mutant mice[END_REF][START_REF] Gutierrez-Castellanos | Motor Learning Requires Purkinje Cell Synaptic Potentiation through Activation of AMPA-Receptor Subunit GluA3[END_REF]. Our findings using the mutant that cannot interact with HECT ligases (SUSD4ΔLY) show an increase of endogenous GluA2containing AMPARs in cultured neurons, suggesting the abolishment of AMPAR degradation.

In accordance, the absence of SUSD4 leads to accumulation of AMPAR at internal stores. Our data suggest that cerebellar LTD requires activity-dependent AMPAR degradation. It is known that activity trigger exocytosis of AMPARs [START_REF] Kennedy | Syntaxin-4 defines a domain for activity-dependent exocytosis in dendritic spines[END_REF] as well as AMPAR ubiquitination regulating the sorting of AMPAR to favor degradation [START_REF] Widagdo | Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation[END_REF]. Also, sorting from early to late endosomes is required to maintain cerebellar LTD [START_REF] Kim | Timely regulated sorting from early to late endosomes is required to maintain cerebellar long-term depression[END_REF]. Our findings indicate that the absence of SUSD4 will promote the displacement of the equilibrium between activity-dependent AMPAR degradation and recycling to recycling.

How can the loss of the transmembrane protein SUSD4 affect the number of AMPA-type receptors at synapses and long-term synaptic plasticity? Our mass spectrometry analysis of affinity-purified SUSD4 complexes identified HECT E3 ubiquitin ligases from the NEDD4 family. Some HECT ligases have been shown to control the ubiquitination of GluA1-containing AMPARs, which regulate surface localization of AMPA-type receptors [START_REF] Schwarz | Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis and sorting pathway[END_REF][START_REF] Zhu | Epilepsyassociated gene Nedd4-2 mediates neuronal activity and seizure susceptibility through AMPA receptors[END_REF]. It is known that GluA2 can be ubiquitinated at its C-terminus [START_REF] Widagdo | Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation[END_REF]. HECT ligases are activated by interaction between their WW domains and clusters of PY motif in their binding partners [START_REF] Mund | Substrate clustering potently regulates the activity of WW-HECT domain-containing ubiquitin ligases[END_REF]. None of the CTD sequences of the AMPAR subunits present a PY motif. Thus, our hypothesis is that SUSD4 is the tether that allows HECT ubiquitin ligases to modify AMPARs. Indeed, we found partial colocalization between SUSD4 and GluA2 in hippocampal cultured transfected neurons. Additional experiments using proximity ligation assays would help us to confirm that SUSD4 localizes close to GluA2. SUSD4 could thus regulate endocytosis and/or degradation of AMPARs by modulating the activity of HECT ubiquitin ligases. Our preliminary data indicate that there is an inverse correlation between the amount of SUSD4 and GluA2 in dendritic spines, in agreement with a role in degradation. In accordance with a role of SUSD4 in AMPAR degradation, our subcellular localization experiments in HeLa cells show that SUSD4 is more localized in the RAB7 compartment (late endosomes and lysosomes) than in the RAB5 (clathrin-coated pits) or RAB4 (early endosomes) ones. Interaction of SUSD4 with HECT ubiquitin ligases could also regulate AMPARs endocytosis. Indeed, overexpression of NEDD4 reduces the GluA1 surface and synaptic levels due to enhanced endocytosis, and also reduces the accumulation of internalized GluA1 in late endosomes [START_REF] Schwarz | Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis and sorting pathway[END_REF][START_REF] Scudder | Synaptic strength is bidirectionally controlled by opposing activity-dependent regulation of Nedd4-1 and USP8[END_REF]. In addition to the HECT E3 ligases, our mass spectrometry analysis identified AP-2 complex subunits, precisely AP2A1, AP2B1 and AP2B2, as SUSD4 interacting partners. The AP-2 complex plays an important role in the sorting of receptors from the cell surface to endosomes, which regulate many processes in neurons, including the cell surface distribution of AMPARs [START_REF] Yap | Harnessing the power of the endosome to regulate neural development[END_REF]. It is known that the use of peptides disrupting the GluA2/AP-2 interaction results in increased AMPARs at the surface, increased amplitude and frequency in miniature EPSCs [START_REF] Kastning | Molecular determinants for the interaction between AMPA receptors and the clathrin adaptor complex AP-2[END_REF] and lack of LTD [START_REF] Lee | Clathrin adaptor AP2 and NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking and hippocampal LTD[END_REF]. Loss of SUSD4 results in a similar phenotype: increased amplitude and frequency of CF-mEPSC and lack of CF-dependent PF-LTD. However, a role of SUSD4 in favoring AMPAR endocytosis alone does not explain the stronger amplitude of the CF-EPSCs.

Cerebellar LTP depends on changes in the pore properties of GluA3-containing AMPA receptors [START_REF] Gutierrez-Castellanos | Motor Learning Requires Purkinje Cell Synaptic Potentiation through Activation of AMPA-Receptor Subunit GluA3[END_REF], contrary to hippocampal LTP, which depends in the amount of surface AMPARs [START_REF] Malinow | AMPA receptor trafficking and synaptic plasticity[END_REF]. However GluA3 homo-tetramer AMPARs are not very stable [START_REF] Zhao | Preferential assembly of heteromeric kainate and AMPA receptor amino terminal domains[END_REF], and PF/PC synapses contain GluA2/3 receptors. Our findings of a facilitated LTP in PF/PC synapses of Susd4 KO mice could thus be explained because of an increase in the amount of GluA2/3 at the synaptic surface due to a decrease in GluA2 targeting to degradation. Taken together, it is likely that the machinery constituted by SUSD4 and HECT ligase could promote the activity-dependent GluA2 ubiquitination and targeting to degradation, and thereby control LTD and LTP. Which member of the HECT E3 ligases is required for the AMPAR degradation at Purkinje cell synapses remains to be determined. Given the widespread expression of HECT ubiquitin ligases and of SUSD4, the SUSD4 control of GluA2-containing AMPAR degradation might be a general mechanism in the CNS. We thus believe that our research about SUSD4 will be valuable in solving the molecular mechanisms for the AMPAR turnover and its consequences in transmission, plasticity and learning.

Mutations in Sushi domain proteins have been related to neurological and psychiatric disorders such as schizophrenia [START_REF] Donohoe | Neuropsychological effects of the CSMD1 genome-wide associated schizophrenia risk variant rs10503253[END_REF], epilepsy [START_REF] Royer | Molecular evolution of the human SRPX2 gene that causes brain disorders of the Rolandic and Sylvian speech areas[END_REF][START_REF] Shimizu | A novel giant gene CSMD3 encoding a protein with CUB and sushi multiple domains: a candidate gene for benign adult familial myoclonic epilepsy on human chromosome 8q23.3-q24.1[END_REF][START_REF] Shimizu-Nishikawa | Cloning and characterization of seizure-related gene, SEZ-6[END_REF] and intellectual disability [START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF]. Many of these Sushi domain proteins are located at synapses and their synaptic roles are being discovered [START_REF] Gunnersen | Sez-6 proteins affect dendritic arborization patterns and excitability of cortical pyramidal neurons[END_REF][START_REF] Mizukami | CUB and Sushi multiple domains 3 regulates dendrite development[END_REF][START_REF] Sia | The human language-associated gene SRPX2 regulates synapse formation and vocalization in mice[END_REF]. Also, several proteins form the postsynaptic PSD95-related proteome are related to schizophrenia [START_REF] Fernández | Targeted tandem affinity purification of PSD-95 recovers core postsynaptic complexes and schizophrenia susceptibility proteins[END_REF], showing a strong interaction between neurological/psychiatric disorders and mutations/deletions in synaptic proteins. Because deletions of SUSD4 have been found in patients with autism [START_REF] Shaffer | The discovery of microdeletion syndromes in the post-genomic era: review of the methodology and characterization of a new 1q41q42 microdeletion syndrome[END_REF] or presenting intellectual disability [START_REF] Kantarci | Findings from aCGH in patients with congenital diaphragmatic hernia (CDH): a possible locus for Fryns syndrome[END_REF], we expected a synaptic localization for SUSD4. We showed that a tagged form of SUSD4 localizes in a subset of dendritic spines in transfected hippocampal cultured neurons. SUSD4 also co-localizes with the late-endosomal and lysosomal marker RAB-7 in HeLa cells. It is known that lysosomes are found in dendrites as well as inside ~7% of spines [START_REF] Goo | Activity-dependent trafficking of lysosomes in dendrites and dendritic spines[END_REF]. Preliminary data in hippocampal cultured neurons transfected with a double tagged form of SUSD4 (HA-SUSD4-GFP) strongly suggests that SUSD4 is localized inside the spine, rather than at the surface (data not shown). Experiments using subcellular markers such as EEA1 (early endosome antigen 1) and LAMP1 (lysosome Associated Membrane Protein 1) in cultured neurons will help us to determine the precise subcellular localization of SUSD4. Finally, it will be important to localize the endogenous SUSD4 protein. Given our difficulties in generating antibodies of sufficient quality for these experiments, we are turning to endogenous tagging of the protein using the CRISPR/Cas9 technology (collaboration with Dr. Soderling, Duke University).

Conclusion and Future Directions.

This study has investigated two Sushi domain proteins, we have shown their expression in the CNS and we have demonstrated a new role for SUSD4 in the activity-dependent control of AMPA-type receptor degradation. Our study provides a new molecular mechanism to control the amount of AMPA receptors during the life of excitatory synapses, synaptic plasticity and learning.

To properly understand the role of SUSD4 in the precise control of the number of AMPARs at the surface, an analysis of the number of AMPAR at the synaptic surface in the absence and presence of SUSD4 should be performed. Because the dynamics of the receptors are important for plasticity, it would be interesting to use single-molecule super-resolution imaging to follow individual GluA2 molecules depending on different modifications of neuronal activity.

More experiments in particular on the Masp1/3 mutant mice, are needed to understand the neuronal function of MAP44. While the physical characteristics of these mice are normal, further behavioral analysis is required. MASP1 and MASP3 present two Sushi domains, one CUB domain and one Serine Protease domain. The Serine protease domain, that is lacking in MAP44, is necessary for their role in the complement system: destroy pathogens. MASP1 and MASP3 naturally bind to Mannose-Binding Lectin (MBL) forming a complex that can recognize the pathogen and promotes the protease activity. This complex is composed by the MASP homodimer interacting with multiple MBL (Kjaer et al., 2013). It is very likely that MAP44 can also dimerize and form a complex with MBL. MBL share similar structures with C1QL1, a synaptogenic actor of the Climbing fiber/Purkinje cell synapse, and CBLN1, a synaptogenic component of the synapse Parallel fiber/Purkinje cell. Because we found Map44 expression both postsynaptically and presynaptically (in Purkinje cells, granule cell and inferior olivary neurons), it will be interesting to test whether MAP44 interacts functionally and biochemically with the CBLN1 and C1QL1 proteins. These experiments will shed more light on the role of MAP44 during the life of the excitatory synapse in the CNS. 

SUMMARY

Precise patterns of connectivity are established by different types of afferents on a given target neuron, leading to well-defined and non-overlapping synaptic territories. What regulates the specific characteristics of each type of synapse, in terms of number, morphology, and subcellular localization, remains to be understood. Here, we show that the signaling pathway formed by the secreted complement C1Qrelated protein C1QL1 and its receptor, the adhesion-GPCR brain angiogenesis inhibitor 3 (BAI3), controls the stereotyped pattern of connectivity established by excitatory afferents on cerebellar Purkinje cells. The BAI3 receptor modulates synaptogenesis of both parallel fiber and climbing fiber afferents. The restricted and timely expression of its ligand C1QL1 in inferior olivary neurons ensures the establishment of the proper synaptic territory for climbing fibers. Given the broad expression of C1QL and BAI proteins in the developing mouse brain, our study reveals a general mechanism contributing to the formation of a functional brain.

INTRODUCTION

In the nervous system, each type of neuron is connected to its afferents in a stereotyped pattern that is essential for the proper integration of information and brain function. A neuron can receive several convergent inputs from different neuronal populations with specific characteristics. The number and the subcellular localization of synapses from each afferent on a target neuron are determined by a complex developmental process that involves recognition, repulsion, elimination of supernumerary synapses, and/or guidance posts [START_REF] Sanes | Many paths to synaptic specificity[END_REF][START_REF] Shen | Genetics and cell biology of building specific synaptic connectivity[END_REF]. How these precise patterns of connectivity are established is likely to vary depending on the neuronal population and remains a poorly understood question.

Several classes of adhesion proteins, such as cadherins, immunoglobulin-superfamily (IgSF) proteins, neuroligins, and leucine-rich repeats transmembrane (LRRTM) proteins, have been involved in synapse formation, maturation, and function [START_REF] Shen | Genetics and cell biology of building specific synaptic connectivity[END_REF]. In addition, secreted proteins, such as WNTs [START_REF] Salinas | Wnt signaling in the vertebrate central nervous system: from axon guidance to synaptic function[END_REF], pentraxins [START_REF] Sanes | Many paths to synaptic specificity[END_REF][START_REF] Shen | Genetics and cell biology of building specific synaptic connectivity[END_REF][START_REF] Sia | Interaction of the N-terminal domain of the AMPA receptor GluR4 subunit with the neuronal pentraxin NP1 mediates GluR4 synaptic recruitment[END_REF], or CBLNs [START_REF] Yuzaki | Cbln1 and its family proteins in synapse formation and maintenance[END_REF], can regulate synapse formation and function, both in an anterograde and retrograde manner. This molecular diversity and functional redundancy is in agreement with the idea that a specific set of molecular pathways defines each combination of afferent-target neuron in the vertebrate brain [START_REF] O'rourke | Deep molecular diversity of mammalian synapses: why it matters and how to measure it[END_REF][START_REF] Sperry | Chemoaffinity in the orderly growth of nerve fiber patterns and connections[END_REF].

Molecular signaling pathways regulate different aspects of synapse specificity. Adhesion proteins, such as IgSF members sidekicks in the retina [START_REF] Yamagata | Dscam and Sidekick proteins direct lamina-specific synaptic connections in vertebrate retina[END_REF], can have an instructive role for the choice of the synaptic partners and also determine the balance of inhibitory versus excitatory connectivity, as illustrated by the studies of neuroligins [START_REF] Su ¨dhof | Neuroligins and neurexins link synaptic function to cognitive disease[END_REF]. Further specificity resides in the definition of non-overlapping territories for inhibitory and excitatory synapses on a given neuron. For example, Purkinje cells receive two types of excitatory inputs (parallel fibers from granule cells and climbing fibers from inferior olivary neurons) and two types of inhibitory inputs (from basket cells and stellate cells), which form synapses on separate and non-overlapping territories. Adhesion proteins from the L1 Ig subfamily have been shown to control the specific subcellular localization of each inhibitory synapse [START_REF] Ango | Ankyrin-based subcellular gradient of neurofascin, an immunoglobulin family protein, directs GABAergic innervation at purkinje axon initial segment[END_REF][START_REF] Ango | Bergmann glia and the recognition molecule CHL1 organize GABAergic axons and direct innervation of Purkinje cell dendrites[END_REF]. A very recent study of Ce-Punctin, an ADAMTSlike secreted protein, in the invertebrate nervous system has shown that specific isoforms are secreted by cholinergic and inhibitory inputs and control the proper localization of corresponding synapses at the neuromuscular junction (Pinan- [START_REF] Pinan-Lucarre | C. elegans Punctin specifies cholinergic versus GABAergic identity of postsynaptic domains[END_REF]. Thus, in addition to adhesion proteins, the specific secretion of some factors could play an important role in defining synapse specificity.

In the vertebrate brain, the complement C1Q-related proteins comprise several subfamilies: proteins related to the innate immunity factor C1Q, some of which have been involved in synapse elimination (Stevens et al., 2007), CBLNs known for promoting synapse formation [START_REF] Yuzaki | Cbln1 and its family proteins in synapse formation and maintenance[END_REF], and the C1Q-like (C1QL) subfamily. Proteins of this last subclass were recently shown to be high-affinity binding partners of the adhesion G-protein-coupled receptor (GPCR) brain angiogenesis inhibitor 3 (BAI3) and to promote synapse elimination in cultured hippocampal neurons [START_REF] Bolliger | The cell-adhesion G protein-coupled receptor BAI3 is a high-affinity receptor for C1q-like proteins[END_REF]. Our understanding of the function of brain angiogenesis inhibitor receptors in synaptogenesis is limited. The BAI3 receptor has been identified in biochemical preparations of synapses both in the forebrain [START_REF] Collins | Molecular characterization and comparison of the components and multiprotein complexes in the postsynaptic proteome[END_REF] and in the cerebellum [START_REF] Selimi | Proteomic studies of a single CNS synapse type: the parallel fiber/purkinje cell synapse[END_REF], and recently, BAI1 was shown to promote spinogenesis and synaptogenesis through its activation of RAC1 in cultured hippocampal neurons [START_REF] Duman | The adhesion-GPCR BAI1 regulates synaptogenesis by controlling the recruitment of the Par3/Tiam1 polarity complex to synaptic sites[END_REF]. Interestingly, the BAI proteins have been associated with several psychiatric symptoms by human genetic [START_REF] Derosse | The genetics of symptom-based phenotypes: toward a molecular classification of schizophrenia[END_REF][START_REF] Liao | Identification and characterization of three inherited genomic copy number variations associated with familial schizophrenia[END_REF]o r functional studies [START_REF] Okajima | Antidepressant-like behavior in brain-specific angiogenesis inhibitor 2-deficient mice[END_REF] and could thus directly be involved in the synaptic defects found in these disorders.

In the present study, we explored the role of the C1QL/BAI3 signaling pathway in the establishment of specific neuronal networks using a combination of expression and functional studies in the developing mouse brain. Our results show that the temporally and spatially controlled expression of C1QL1 and the presence of its receptor, the adhesion-GPCR BAI3, in target neurons are key determinants of excitatory synaptogenesis and innervation territories in the vertebrate brain.

RESULTS

The Spatiotemporal Expression Pattern of the C1QL Ligands and Their BAI3 Receptor Is in Agreement with a Role in Neuronal Circuit Formation The adhesion-GPCR BAI3 has been found at excitatory synapses by biochemical purifications [START_REF] Collins | Molecular characterization and comparison of the components and multiprotein complexes in the postsynaptic proteome[END_REF][START_REF] Selimi | Proteomic studies of a single CNS synapse type: the parallel fiber/purkinje cell synapse[END_REF]. In transfected hippocampal neurons, BAI3 is highly enriched in spines and is found to colocalize with and surround clusters of the postsynaptic marker PSD95 using immunocytochemistry (Figure S1). Together with the fact that BAI receptors can modulate RAC1 activity, a major regulator of the actin cytoskeleton, in neurons [START_REF] Duman | The adhesion-GPCR BAI1 regulates synaptogenesis by controlling the recruitment of the Par3/Tiam1 polarity complex to synaptic sites[END_REF]Lanoue et al., 2013), these data suggest a function for the BAI3 receptor in the control of synaptogenesis. To play this role, the timing and pattern of BAI3 expression should be in agreement with the timing of synaptogenesis. In situ hybridization experiments showed that Bai3 mRNAs are highly expressed in the mouse brain during the first 2 postnatal weeks, in regions of intense synaptogenesis such as the hippocampus, cortex, and cerebellum (Figure 1A). In the cerebral cortex, a gradient of Bai3 expression is observed with the highest level at postnatal day 0 (P0) in the deep layers and at P7 in the most superficial layer, reminiscent of the insideout development of this structure. At these stages, Bai3 is also expressed in the brainstem, in particular in the basilar pontine nucleus and the inferior olive, and in the cerebellum (Figure 1A). In the adult mouse brain, Bai3 expression decreases in many regions, such as in the brainstem (assessed by qRT-PCR; Figure 1B) and becomes restricted to a few neuronal populations, such as cerebellar Purkinje cells, pyramidal cells in the hip-pocampus, and neurons in the cerebral cortex (Figures 1A and S2).

Secreted C1QL proteins of the C1Q complement family can bind the BAI3 receptor with high affinity [START_REF] Bolliger | The cell-adhesion G protein-coupled receptor BAI3 is a high-affinity receptor for C1q-like proteins[END_REF] and could thus regulate its synaptic function. In situ hybridization experiments (Figure 1), in accordance with previously published data [START_REF] Iijima | Distinct expression of C1q-like family mRNAs in mouse brain and biochemical characterization of their encoded proteins[END_REF], show that C1ql mRNAs, in particular C1ql1 and C1ql3, are highly expressed during the first 2 postnatal weeks in various neuronal populations. C1ql3 mRNA is found in the cortex, lateral amygdala, dentate gyrus, and deep cerebellar nuclei. C1ql1 is very highly expressed in the inferior olive at all stages, including in the adult. It is also found at P0 and P7 in neurons of the hippocampus, cerebral cortex, and in few other neurons of the brainstem. By qRT-PCR, we also detected C1ql1 expression in the cerebellum, with a peak at P7 at a level that is 5-fold less than in the brainstem. This transient cerebellar expression is in agreement with previous in situ hybridization data that showed expression of C1ql1 in the external granular layer of the developing cerebellum [START_REF] Iijima | Distinct expression of C1q-like family mRNAs in mouse brain and biochemical characterization of their encoded proteins[END_REF].

This expression analysis shows that C1QL proteins are produced in neurons that are well-described afferents of neurons expressing BAI3, such as inferior olivary neurons that connect Purkinje cells (PCs). It also indicates that different C1QL/BAI3 complexes could control synaptogenesis in various regions of the brain. The C1QL3/BAI3 complex is prominent in the cortex and hippocampus, whereas the C1QL1/BAI3 complex might be particularly important for excitatory synaptogenesis on cerebellar PCs. Indeed, the expression pattern of the C1QL1/BAI3 couple correlates with the developmental time course of excitatory synaptogenesis in PCs: these neurons receive their first functional synapses from the climbing fibers, the axons of the inferior olivary neurons, on their somata around P3, at a time when C1ql1 mRNA expression starts to increase sharply (Figures 1A and 1B), and when Bai3 mRNA is already found in PCs (Figures 1 andS2). PCs are subject to an intense period of synaptogenesis with their second excitatory inputs, the parallel fibers, starting at P14, when Bai3 expression in the cerebellum reaches its maximum (Figure 1B). Given the welldescribed timing and specificity of PC excitatory connectivity, we focused our studies on the olivocerebellar network to identify the function of the C1QL/BAI3 complexes during the formation of neuronal circuits.

The Adhesion-GPCR BAI3 Promotes the Development of Excitatory Synaptic Connectivity on Cerebellar PCs

Inferior olivary neurons send their axons to the cerebellum, where they start forming functional synapses on somata of PCs at around P3. These projections mature into climbing fibers (CFs) while PCs develop their dendritic arbor during the second postnatal week. Starting at P9, a single CF translocates and forms a few hundred synapses on thorny spines of PC proximal dendrites (Hashimoto et al., 2009). Each PC also receives information from up to 175,000 parallel fibers (PFs) through synapses formed on distal dendritic spines, in particular during the second and third postnatal weeks [START_REF] Sotelo | Cerebellar synaptogenesis: what we can learn from mutant mice[END_REF]. To test the role of the BAI3 receptor during the development of the olivocerebellar network, we developed an RNAi approach: two different short hairpin RNAs targeting different regions of the Bai3 mRNA Cell Reports 10, 820-832, February 10, 2015 ª2015 The Authors 821 (shBAI3) were designed and selected after testing their efficiency in transfected HEK293 cells (data not shown). A lentiviral vector was then used to drive their expression in neurons both in vivo and in vitro, together with the expression of enhanced GFP (eGFP; under the control of the ubiquitous PGK1 promoter). In mixed cerebellar cultures transduced at 4 days in vitro (DIV4), both shRNAs led to about 50% knockdown of Bai3 by DIV7 and did not affect the expression level of another PC-expressed gene, Pcp2, confirming their specificity (Figure S3A). Knockdown of Bai3 was still present after 10 days in culture (Figure S3A). Morphological analysis in mixed cerebellar cultures confirmed that both shRNAs against Bai3 induced the same phenotype (cf. below). Because one of the shRNA constructs was more efficient (similar levels of knockdown with half the amount of lentiviral particles), it was chosen for in vivo experiments.

Recombinant lentiviral particles driving either shBAI3 or a control non-targeting shRNA (shCTL) were injected in the molecular layer of the cerebellum of mouse pups at P7, when the most intense period of PF synaptogenesis starts and just before the translocation of the strongest CF (Hashimoto et al., 2009). Bai3 knockdown induced visible deficits in the connectivity between CFs and their target PCs visualized at P21 using an antibody against VGLUT2, a specific marker of CF presynaptic boutons in the molecular layer (Figure 2). The extension of the CF synaptic territory on arbors of PCs expressing shBAI3 was reduced by about 35% when compared to shCTL-expressing PCs (Figures 2A and2C). This effect is cell-autonomous because it is not observed in non-eGFP PCs in the transduced region (Figure S4A). Quantification of synaptic puncta revealed a reduction in number (507.75 ± 109.94 versus 217.10 ± 37.21; *p % 0.05, Student's unpaired t test) and volume (about 30%) of VGLUT2 clusters on shBAI3-PCs when compared to shCTL-PCs (Figure 2). These morphological changes were accompanied by a deficiency in CF transmission, as shown by the reduced whole-cell currents elicited by CF stimulation in PCs recorded in acute cerebellar slices from P18 to P23 mice (Figure 2D; shCTL = À2,122.54 ± 204.77 pA, n = 5 cells; shBAI3 = À1,478.6 ± 186.24 pA, n = 8 cells; Student's t test; *p < 0.05). A reduced spine density was also evident at P21 in distal dendrites of shBAI3-PCs (Figure 3A), suggesting a potential defect in PF connectivity. To confirm this, we recorded PF-EPSCs of PCs and input-output relationships were examined. Their amplitudes gradually increased with PF stimulus intensity but reached a plateau for much smaller values of stimulation in BAI3-deficient PCs than in control PCs (Figure 3B). The high density of PF synapses in the cerebellar molecular layer impedes precise morphological quantifications of synaptic defects in transduced PCs in vivo. We thus turned to mixed cerebellar cultures that recapitulate PF synaptogenesis with similar characteristics as in vivo because, in this system, PCs develop highly branched dendrites studded with numerous spines on which granule cells form synapses. The effect of Bai3 knockdown on PF/PC spinogenesis and synaptogenesis was assessed at DIV14, 10 days post-transduction, by co-immunolabeling followed by high-resolution confocal imaging and quantitative analysis. An antibody against the soluble calcium-binding protein CaBP allowed us to label PC dendrites and spines, and an antibody against the vesicular transporter VGLUT1 was used to label specifically the PF presynaptic boutons (Figure 3C). A reduced spine density and a decreased mean spine head diameter was measured on 3D-reconstructed dendrites after transduction of PCs with either of the two shRNAs targeting Bai3 (32% and 22% for shRNA no. 1 and shRNA no. 2, respectively, when compared to shCTL; cf. Figures 3D andS5). A significant reduction in the density of PF contacts was also revealed in shBAI3-PCs compared to controls, at a level similar to the one observed for spine density (24% and 22% for shRNA no. 1 and shRNA no. 2, respectively; cf. Figures 3E andS5C). Both shRNAs against Bai3 induced similar defects. These reductions in spine and synapse density were not observed in non-transduced (non-eGFP) PCs in transduced mixed cultures, showing that the effect of Bai3 knockdown was cell-autonomous (Figures S4B andS4C). These results show that the adhesion-GPCR BAI3 regulates PF connectivity on PCs by controlling spinogenesis and synaptogenesis.

Thus, the adhesion-GPCR BAI3 is a general promoter of excitatory synaptogenesis during development of the olivocerebellar circuit, given that it controls the connectivity of both PF and CF excitatory inputs on cerebellar PCs.

The Ligand C1QL1 Is Indispensable for CF/PC Synaptogenesis In the developing olivocerebellar circuit, C1ql1 is expressed at high levels by inferior olivary neurons. The deficits in CF/PC synaptogenesis induced by knockdown of the adhesion-GPCR BAI3 suggested that the secretion of its ligand C1QL1 by CFs could also regulate this process. An RNAi approach was developed to target C1ql1 by designing and selecting a shRNA efficient for C1ql1 knockdown (shC1QL1) in transfected HEK293 cells (data not shown). To enable transduction of neurons in vitro and in vivo, this shRNA was then integrated in a lentiviral vector co-expressing eGFP under the ubiquitous PGK1 promoter. qRT-PCR analysis showed that a 90% reduction in C1ql1 mRNA expression was induced by DIV7, 3 days posttransduction, an effect that was maintained at DIV14 (Figure S3B). C1ql1 expression levels could be entirely restored by co-transduction with lentiviral particles driving the expression of a resistant C1ql1 cDNA construct under the PGK1 promoter, but not by a wild-type C1ql1 construct (Figure S3B).

The morphology and function of CF/PC synapses were assessed after injection of lentiviral particles driving shC1QL1 in the inferior olive of P4 neonates (Figure S6). This stage corresponds to the beginning of CF synaptogenesis on PC somata and precedes their translocation on PC dendrites (Figure S6). Compared to control shCTL-CFs that extended to 61% of the PC dendritic height by P14, there was a small but significant reduction in the extension of shC1QL1-CFs to about 56% (Figures 4A and 4B). There was little difference in the proportion of translocating CFs at P9 (11/35 for shCTL, 8/31 for shC1QL1, and 14/46 for shC1QL1+C1QL1 Rescue; Figure S6C). These results suggest that C1ql1 knockdown in inferior olivary neurons has only a small effect on the ability of CFs to translocate. In contrast, the extension of the synaptic territory of shC1QL1-CFs, as assessed by anti-VGLUT2 immunolabeling, was decreased by half compared to control shCTL-CFs (30% and 60% of PC dendritic height, respectively; Figure 4). The mean number of VGLUT2-positive clusters per transduced CF was also reduced by 50% by C1ql1 knockdown (Figure 4). Co-transduction with lentiviral particles driving the expression of the resistant C1ql1 construct could partially rescue these phenotypes, showing that they were dependent on C1ql1 expression (Figure 4). To confirm these synaptic phenotypes at the electrophysiology level, CF-EPSCs were recorded in PCs in acute slices from animals injected with shC1QL1 and shCTL lentiviral particles. Recordings were performed in lobule II, a region targeted by transduced CFs. A 49% decrease in CF transmission was observed in PCs from animals injected with shC1QL1 particles when compared to PCs from animals injected with shCTL particles (Figure 4C; shCTL = À1,771.27 ± 220.87 pA, n = 8 cells; shC1QL1 = À907.59 ± 131.67 pA, n = 8 cells; Mann Whitney U test; *p < 0.05). All together, these results show that C1ql1 expression by CFs is indispensable for their normal connectivity on PCs.

Restriction of C1ql1 Expression to CFs in the Cerebellum Is Necessary for Their Proper Innervation of the Target PC

The translocation of the ''winner'' CF on PC proximal dendrites starts at around P9 and continues until about P21, when the CF acquires its final synaptic territory (Figure 2; Hashimoto et al., 2009). At P7, just before CF translocation, the expression of C1ql1 decreases in the cerebellum whereas it starts to increase in the brainstem to reach a plateau by P14 (Figure 1). To assess whether the specific expression pattern of C1ql1 contributes to the acquisition of the final innervation territory of CFs on PCs, we misexpressed C1ql1 in the cerebellum, by injecting lentiviral particles driving expression of a C1ql1 cDNA (under the control of the PGK1 promoter) in the molecular layer at P7 (Figure 5). The synaptic territory of CFs on PC dendrites was significantly reduced at P14 by C1ql1 misexpression when compared to eGFP controls (VGLUT2 puncta extending to 45% and 60% of PC height, respectively). Thus, the restricted and specific expression of C1ql1 by inferior olivary neurons that is progressively established during development is necessary for the development of the proper synaptic territory of the ''winner'' CF on the PC dendritic arbor.

The Ligand C1QL1 Promotes PC Spinogenesis in a BAI3-Dependent Manner The deficits in PF spinogenesis and synaptogenesis induced by knockdown of the adhesion-GPCR BAI3 cannot be explained by its role in controlling CF/PC synaptogenesis. Because BAI3 has been identified at the PF/PC synapses [START_REF] Selimi | Proteomic studies of a single CNS synapse type: the parallel fiber/purkinje cell synapse[END_REF] and C1ql1 is transiently expressed in the cerebellum (Figure 1B; [START_REF] Iijima | Distinct expression of C1q-like family mRNAs in mouse brain and biochemical characterization of their encoded proteins[END_REF], the C1QL1/BAI3 signaling pathway could directly regulate PC spinogenesis and PF synaptogenesis. We tested this hypothesis in cerebellar mixed cultures because the expression pattern of C1ql1 in this system is similar to the pattern observed in vivo, with a peak at DIV7 (Figure S7). As for its receptor BAI3, the effects of C1ql1 knockdown were assessed at DIV14, 10 days post-transduction, using CaBP and VGLUT1 immunostaining, high-resolution confocal imaging, and quantitative analysis. Our results show a 47% reduction in PC spine density, a small but significant increase in spine head diameter, but no effect on the mean spine length in shC1QL1-treated cultures compared to shCTL-treated ones (Figure 6). No change in the density of VGLUT1 contacts on PC spines was detected, suggesting that the proportion of PFs able to synapse on the available spines remains stable and that the reduction in spine density is overcome by an increase in the contact ratio between PFs and PCs in our culture system. All these effects were rescued by the concomitant expression of the resistant C1ql1 cDNA construct, but not by a wild-type C1ql1 cDNA driven by the same PGK1 promoter (Figure 6). Thus, C1QL1 secretion in the cerebellum modulates spine production in PCs, thereby regulating the amount of postsynaptic sites available for innervation by PFs.

C1QL proteins bind the BAI3 receptor with high affinity [START_REF] Bolliger | The cell-adhesion G protein-coupled receptor BAI3 is a high-affinity receptor for C1q-like proteins[END_REF], suggesting that C1QL1 could regulate spinogenesis in PCs through the adhesion-GPCR BAI3. In this case, the simultaneous knockdown of both proteins should not induce an additive phenotype. Knockdown of both Bai3 and C1ql1,by co-transduction of cerebellar cultures with a mixture of lentiviral particles, led to a 30% reduction in spine density, similar to the one observed for knockdown of Bai3 only (Figure 7). Co-transduction of the control shCTL together with either shBAI3 or shC1QL1 induced the same level of spine reduction compared to shBAI3 or shC1QL1 alone (about 30% and 50%, respectively; 3, 6, and 7), showing that there was no non-specific effect of co-transduction itself on spine density. A non-specific effect of shC1QL1 and shCTL co-expression prevented the interpretation of the data on spine morphology (Figure 7B). The level of reduction in spine density after double knockdown corresponds to the one detected for Bai3 knockdown alone and is smaller than for C1ql1 knockdown alone. Thus, whereas C1QL1 and BAI3 do not control spine density independently, their regulation of this process is complex.

DISCUSSION

Each neuron receives synapses from multiple types of afferents with specific morphological, quantitative, and physiological characteristics. These patterns are stereotyped for each type of neuronal population and are key to the proper integration of signals during brain function. Here, we show that the signaling pathway formed by the secreted protein C1QL1 and the adhesion-GPCR BAI3 regulates the development of proper excitatory connectivity on cerebellar PCs. First, the BAI3 receptor promotes both PF and CF connectivity on PCs and is thus a general regulator of excitatory synaptogenesis. Second, the C1QL1 protein is indispensable for proper CF/PC synaptogenesis and the development of the proper synaptic territory, but not for CF translocation. C1QL1 also modulates the production of the final number of distal dendritic spines by PCs, thereby regulating the number of available contact sites for PFs. Given the broad expression of the C1QL/BAI3 pathway in the developing brain, our study informs about a general mechanism used for the control of brain connectivity.

Most excitatory synapses are made on dendritic spines. In the cerebellum, studies of mouse mutants such as weaver and reeler indicate that PCs can generate spines through an intrinsic program [START_REF] Sotelo | Cerebellar synaptogenesis: what we can learn from mutant mice[END_REF]. Whereas models involving the incoming axons in the process of spine induction have been put forward in other neuronal types such as cortical or hippocampal pyramidal cells, current data do not exclude an intrinsic program for spinogenesis in these neurons [START_REF] Salinas | Wnt signaling in the vertebrate central nervous system: from axon guidance to synaptic function[END_REF][START_REF] Yuste | Genesis of dendritic spines: insights from ultrastructural and imaging studies[END_REF]. In all cases, the regulation of the actin cytoskeleton, in particular through modulation of RhoGTPases such as RAC1, is essential for the proper morphology and maturation of dendritic spines and associated synapses [START_REF] Luo | Actin cytoskeleton regulation in neuronal morphogenesis and structural plasticity[END_REF]. The BAI receptors can regulate RAC1 activity both in neurons [START_REF] Duman | The adhesion-GPCR BAI1 regulates synaptogenesis by controlling the recruitment of the Par3/Tiam1 polarity complex to synaptic sites[END_REF]Lanoue et al., 2013) and other cell types [START_REF] Park | BAI1 is an engulfment receptor for apoptotic cells upstream of the ELMO/Dock180/Rac module[END_REF]. Our results show that, as BAI1 in cultured hippocampal neurons [START_REF] Duman | The adhesion-GPCR BAI1 regulates synaptogenesis by controlling the recruitment of the Par3/Tiam1 polarity complex to synaptic sites[END_REF], the adhesion-GPCR BAI3 regulates spinogenesis in distal dendrites of PCs in vivo. PCs produce two types of spines: a small number of thorny spines on the proximal dendrites that are contacted by CFs and very dense spines on the distal dendrites that are contacted by PFs. In the adult cerebellum, PCs generate spines of the distal type in their proximal dendrites if the CF is removed through lesions or activity blockade [START_REF] Rossi | Reciprocal trophic interactions in the adult climbing fibre-Purkinje cell system[END_REF], showing an intrinsic ability to produce spines of this type. The adhesion-GPCR BAI3 could be part of this intrinsic program because its expression is maintained at high levels in adult PCs, contrary to many other neurons. Transient expression of C1ql1 in the external granular layer (Figure 1; [START_REF] Iijima | Distinct expression of C1q-like family mRNAs in mouse brain and biochemical characterization of their encoded proteins[END_REF], by a yet-tobe defined cell type, during PC growth can modulate to a certain extent the number of spines produced in PCs, suggesting a local extrinsic regulation of the number of available contact sites for PFs.

Various classes of membrane adhesion proteins regulate the proper formation of mature excitatory synapses, including cadherins, neuroligins, and SynCAM [START_REF] Shen | Genetics and cell biology of building specific synaptic connectivity[END_REF]. Besides the well-described role of neurotrophins, increasing evidence also shows a role for other classes of secreted proteins, such as WNTs [START_REF] Salinas | Wnt signaling in the vertebrate central nervous system: from axon guidance to synaptic function[END_REF] or complement C1Q-related proteins [START_REF] Yuzaki | Cbln1 and its family proteins in synapse formation and maintenance[END_REF]. The complement C1Q-related family is composed of three different subfamilies: the classical C1Qrelated; the cerebellins (CBLN); and the little-studied C1QL proteins. The classic C1Q complement protein promotes synapse elimination in the visual system (Stevens et al., 2007). Secretion of CBLN1 by granule cells is essential for the formation and stability of their synapses with PCs by bridging beta-neurexin and the glutamate receptor delta 2 (GluRd2) (Hirai et al., 2005;Matsuda et al., 2010;Uemura et al., 2010). CBLN1 can also stimulate the maturation of presynaptic boutons to match the size of the postsynaptic density [START_REF] Ito-Ishida | Presynaptically released Cbln1 induces dynamic axonal structural changes by interacting with GluD2 during cerebellar synapse formation[END_REF]. Our results now show that expression of C1QL1 by inferior olivary neurons and of its receptor BAI3 by the target PCs is necessary for the development of CF/PC synapses. Thus, the C1QL and CBLN subfamilies play similar and essential roles during brain development by promoting synaptogenesis between neurons that secrete them and target neurons that express their receptors. Their distinct and non-overlapping expression patterns ensure proper connectivity between different neuronal populations, suggesting that C1QL and CBLN subfamilies are part of the potential ''chemoaffinity code'' contributing to synapse specificity during circuit formation [START_REF] Sanes | Many paths to synaptic specificity[END_REF][START_REF] Sperry | Chemoaffinity in the orderly growth of nerve fiber patterns and connections[END_REF].

Interestingly, these two subfamilies of complement C1Qrelated proteins have distinct types of receptors, both at the structural and functional level: the BAI3 receptor is an adhesion-GPCR that binds C1QL proteins and controls RAC1 activation, whereas GluRd2, the receptor for CBLN1, has a structure homologous to the glutamate ionotropic receptors and is coupled intracellularly to various signaling molecules such as PDZ proteins or the protein phosphatase PTPMEG [START_REF] Yuzaki | The ins and outs of GluD2-why and how Purkinje cells use the special glutamate receptor[END_REF]. GluRd2 becomes restricted to the PF/PC synapses after P14 and is necessary for synapse formation and maintenance between PFs and PCs. Its removal in genetically modified mice decreases the number of PF/PC synapses and consequently increases the synaptic territory of CFs [START_REF] Uemura | Regulation of long-term depression and climbing fiber territory by glutamate receptor delta2 at parallel fiber synapses through its C-terminal domain in cerebellar Purkinje cells[END_REF]. Thus, each excitatory input of PCs is characterized by a member of a specific C1Q-related subfamily that controls synaptogenesis on PCs through a different signaling pathway. Both GluRd2 and BAI3 receptors are expressed early in PCs and remain highly expressed in the adult: whether and how these two signaling pathways functionally interact to regulate synaptogenesis remains to be determined.

The subcellular localization of synapses between different types of inputs on a given target neuron is precisely controlled. For example, PFs contact PCs on spines of distal dendrites, whereas CFs make their synapses on proximal dendrites. What regulates this level of specificity, essential for proper integration of signals in the brain, is poorly understood. Adhesion proteins have been involved, such as cadherin-9 for excitatory synapses in the hippocampus [START_REF] Williams | Cadherin-9 regulates synapse-specific differentiation in the developing hippocampus[END_REF]orL1family proteins for inhibitory synapses in cerebellar PCs [START_REF] Ango | Ankyrin-based subcellular gradient of neurofascin, an immunoglobulin family protein, directs GABAergic innervation at purkinje axon initial segment[END_REF]. Studies of mutant mouse models, together with experiments involving lesions or modulation of activity, have demonstrated that PFs and CFs compete to establish their non-overlapping innervation pattern on cerebellar PCs [START_REF] Cesa | Axonal competition in the synaptic wiring of the cerebellar cortex during development and in the mature cerebellum[END_REF][START_REF] Rossi | Reciprocal trophic interactions in the adult climbing fibre-Purkinje cell system[END_REF]. Whereas PF/PC synaptogenesis has already begun on the developing dendrites, a single CF starts translocating at P9 on the PC primary dendrite (Hashimoto et al., 2009). These data suggest an active mechanism for the control of CF translocation and synaptic territory. C1ql1 expression highly increases in inferior olivary neurons and becomes restricted to CFs in the olivocerebellar network starting at P7. Removing either C1QL1 from inferior olivary neurons or BAI3 from PCs or misexpressing C1ql1 in the cerebellum during postnatal development reduces the extent of the synaptic territory of CFs on their target PCs, showing that the secreted protein C1QL1 and its receptor the adhesion-GPCR BAI3 promote CF synaptic territory. The adhesion-GPCR BAI3 is also located at PF/PC synapses and modulates the number of distal dendritic spines where those synapses are formed. Thus, the proper territory of innervation on PCs could be controlled by the competition of excitatory afferents for a limited amount of BAI3 receptor sites. A deficient C1QL1/BAI3 pathway is not enough to prevent CF translocation (Figures 2 and4) and does not induce PF invasion of the CF territory (data not shown). Eph receptor signaling has been shown to prevent invasion of the CF territory by PFs given that its deficit induces spinogenesis and PF synaptogenesis in the proximal dendrites [START_REF] Cesa | Eph receptors are involved in the activity-dependent synaptic wiring in the mouse cerebellar cortex[END_REF]. Thus, CF synaptogenesis and translocation on PCs are controlled by different signaling pathways during development.

The C1QL/BAI3 signaling pathway might regulate synapse specificity in multiple neuronal populations that display segregation of synaptic inputs. In the hippocampus, mossy fibers from the dentate gyrus connect pyramidal cells on thorny excrescences close to the soma, whereas entorhinal afferents form their contacts on distal portions of the dendrites. C1ql3 is expressed by granule cells in the dentate gyrus and could thus control the segregation pattern of inputs on the dendritic tree of hippocampal pyramidal cells through interaction with the BAI3 receptor. Recently, the importance of secreted proteins in defining synapse specificity has also been highlighted in the invertebrate nervous system by the study of Ce-Punctin (Pinan-Lucarre ´et al., 2014). Thus, the timely and restricted expression of secreted ligands and their interaction with receptors that regulate spinogenesis, synaptogenesis, and synaptic territory constitute a general mechanism that coordinates the development of a specific and functional neuronal connectivity.

EXPERIMENTAL PROCEDURES

All animal protocols and animal facilities were approved by the Comite Ŕe ´gional d'Ethique en Expe ´rimentation Animale (no. 00057.01) and the veterinary services (C75 05 12).

cDNA and RNAi Constructs

The shRNA sequences were 5 0 tcgtcatagcgtgcatagg3 0 for CTL, 5 0 ggtgaag ggagtcatttat3 0 for Bai3, and 5 0 ggcaagtttacatgcaaca3 0 for C1ql1. They were subcloned under the control of the H1 promoter in a lentiviral vector that also drives eGFP expression under the control of PGK1 promoter [START_REF] Avci | Thyroid hormone triggers the developmental loss of axonal regenerative capacity via thyroid hormone receptor a1 and kru ¨ppel-like factor 9 in Purkinje cells[END_REF]. The C1ql1 WT cDNA construct (mouse clone no. BC118980) was cloned into the lentiviral vector pSico (Addgene) under the control of the PGK1 promoter. The eGFP sequence of the original pSico was replaced by the cerulean sequence. The C1ql1 Rescue is a mutated form of C1ql1 WT with three nucleotide changes (T498C, A501C, and C504T) that do not modify the amino acid sequence.

In Vivo Injections

Injections of lentiviral particles in the cerebellum were performed in the vermis of anesthetized P7 Swiss mice at a 1.25-mm depth from the skull to target the molecular and PC layers and at 1.120 mm for Figure 5. Injections of lentiviral particles in the inferior olive were performed in anesthetized P4 Swiss mice, on the left side of the basilar artery in the brainstem. Calibration of the injections showed that this procedure led to transduction of parts of the principal 

Introduction

Many proteins initially identified in the immune system are also expressed in the developing and adult central nervous system (CNS) and contribute to a variety of processes during the formation and refinement of neural circuits. Immune system molecules play roles in neurogenesis, neuronal migration, axon guidance and synaptic plasticity (Reviewed in [1,2]).

For example, the complement system proteins C1Q and C3, and the transmembrane major histocompatibility complex molecule class I (MHC-I) participate in the promotion of synapse elimination in the developing retinogeniculate pathway and in the vertebrate neuromuscular junction [3,4]. C1Q-related proteins such as the cerebellins and the C1Q-like proteins are known to be essential for synaptogenesis [5][6][7][8]. All these immune and immune-related proteins are expressed in neurons [3][4][5][6][7][8].

Galectins are a class of secreted lectins that play roles in various organs including the immune system. Galectins have been involved in inflammation, tumorigenesis, cancer, cell growth and metastasis [9][10][11][12]. They regulate cell migration, adhesion to the extracellular matrix, and cellsurvival depending on their intra-or extracellular location [13]. The mammalian galectin family of soluble lectins is composed of fifteen members, all of which share a homologous carbohydrate recognition domain (CRD) that typically binds β-galactoside residues [14]. There are three architectural types of galectins: proto, tandem-repeat and chimera. The proto-galectins 2,5,7, present two homologous CRD (homodimers); the tandem-repeat-galectins 6,8, are composed by two distinct CRD (heterodimers). Both proto and tandem-repeat galectins have only carbohydrates as ligands.

The pleiotropic LGALS3 is the only chimera type of galectins, and is particular in that in addition to the CRD domain, it contains a domain that enables its interaction with noncarbohydrate ligands [15] and the formation of pentamers and heterogeneous complexes with multivalent carbohydrates [16].

LGALS3 has been shown to interact with a broad collection of partners and to play roles at different time points during the life of the cell, including growth, adhesion, differentiation, cell-cycle and apoptosis [15]. Finally LGALS3 is involved in various pathologies such as cancer, inflammation and heart disease [17][18][19].

The role of LGALS3 in the central nervous system remain poorly understood.

LGALS3 has been proposed to play a role in brain pathology. Its expression is increased in microglial cells upon various neuroinflammatory stimuli as, for instance, after ischemic injury [20,21].

LGALS3 binds the toll-like receptor 4 (TLR4) and promotes activation of microglia, a function that might promote the inflammatory response and neuronal death after ischemia [18]. The expression of LGALS3 also increases in reactive astrocytes in the injured cerebral cortex [19].

The role of LGALS3 in normal brain development and function has little been explored.

LGALS3 is expressed in the subventricular zone, precisely in astrocytes around neuroblasts, and loss of LGALS3 reduces neuronal migration from the subventricular zone to the olfactory bulb in vivo [22].

LGALS3 plays also a role in oligodendrocyte differentiation and contributes to myelin function [23]. It has been shown that LGALS3 is not expressed in neurons in the olfactory bulb [22] or that it is only expressed in neurons under conditions of acute brain inflammation in the hippocampus [18] or in the injured cerebral cortex [19]. However, recently,

LGALS3 has been reported to be expressed in hippocampal neurons and to play a role in memory formation through its interaction with integrin α3 [START_REF] Chen | Galectin-3 Negatively Regulates Hippocampus-Dependent Memory Formation through Inhibition of Integrin Signaling and Galectin-3 Phosphorylation[END_REF].

LGALS3 can interact with the cell adhesion molecule integrin α3β1 [START_REF] Saravanan | Galectin-3 promotes lamellipodia formation in epithelial cells by interacting with complex N-glycans on alpha3beta1 integrin[END_REF], and integrin β1 induces the expression of LGALS3

in vitro [START_REF] Margadant | Epigenetic Regulation of Galectin-3 Expression by β1 Integrins Promotes Cell Adhesion and Migration[END_REF]. While integrins have been involved in synaptogenesis and synapse modulation, the role of LGALS3 in these processes has not been explored so far.

In this study, we investigated the expression and the role of Lgals3 during development of the olivocerebellar network in the mouse. The connectivity and physiology of this neuronal network, and its development, have been well described, making it an ideal model to study the molecular mechanisms regulating the development of neuronal networks. Our data show that while LGALS3 is expressed during postnatal development in the olivocerebellar network, it is mainly expressed by glial cells, and it is dispensable for neuronal development and synaptogenesis in this structure.

Material and methods

Ethics Statement

All animal protocols were approved by the Comité Regional d'Ethique en Experimentation Animale (# 00057.01).

Animals Immunohistochemistry

Immunostaining was performed on 30µm-thick parasagittal sections obtained using a freezing microtome from brains of mice perfused with 4% paraformaldehyde in phosphate buffered saline (PBS) solution. Sections were washed three times for five minutes in PBS, then blocked with PBS 4% donkey serum (DS; abcam, Cat#ab7475) for 30 minutes. The primary antibodies were diluted in PBS, 1% DS, 1% Triton X-100 (Tx; sigma-aldrich, Cat#x100). The sections were incubated in the primary antibody solution overnight at 4ºC and then washed three times for five minutes in PBS 1%Tx. Sections were incubated in the secondary antibody, diluted in PBS 1%DS 1%Tx solution, for 1h at room temperature. The sections were then incubated for 15 minutes with the nuclear marker Hoechst 33342 (sigma-aldrich, Cat#H6024), followed by three washes for five minutes in PBS 1%Tx and recovered in PBS. The sections were mounted with Prolong Gold (invitrogen; Cat#P36960).

Image acquisition and analysis

Imaging was performed using confocal microscopy (SP5, leica). The pinhole aperture was set to 1 Airy Unit and a z-step of 500 nm was used. The software ImageJ was used to measure the area of the cerebellum from images of staining obtained with the nuclear marker Hoechst, and the area and the length of the molecular layer using images of the anti-CABP staining.

Statistical Analysis

Data generated with ImageJ were imported in GraphPad Prism for statistical analysis. Values are given as mean ± s.e.m. Normality was assessed using the Kolmogorov-Smirnov normality test. Differences between two groups were tested using the two-tailed Student's t-test. Groups were considered significantly different when at least a 95% confidence level (P<0.05) was obtained.

Results

Lgals3 mRNA is expressed in the cerebellum and brainstem during postnatal development.

The expression level of Lgals3 mRNA in the cerebellum was measured using quantitative RT-PCR at different time points during late embryonic and postnatal development. The expression of Lgals3 mRNA is developmentally regulated in the cerebellum (Fig 1A). It peaks at P14 when it quadruples compared to the levels detected at E17 and P0 and returns to the levels detected during the first postnatal week by P21, a stage when neurogenesis, differentiation and synaptogenesis in the cerebellum is to a large extent complete [START_REF] Hashimoto | Synapse elimination in the developing cerebellum[END_REF]. This developmentally regulated expression profile is similar to the mRNA expression profile of the adhesion G protein coupled receptor BAI3, that was recently shown to regulate Purkinje cell synaptogenesis [5,7].

This pattern thus suggested a role for LGALS3 during cerebellar Purkinje cell development and excitatory synaptogenesis. Cerebellar architecture and excitatory synaptogenesis are not affected by Lgals3 invalidation.

To study the role of LGALS3 in the development of the cerebellum, we analyzed mice invalidated for the Lgals3 gene [START_REF] Colnot | Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion and green fluorescent protein reporter gene insertion[END_REF]. The general architecture of the cerebellum, the different layers and folia, was normal in those mice (Fig 1B). Quantitative analysis showed a slight decrease (less than 10%) in the mean area of the cerebellum and in the mean area and length of the molecular layer in adult Lgals3 knockout (KO) mice when compared to Lgals3 wild-type (WT) mice (mean cerebellar area: 10.39x10 6 ±1.72x10 5 µm 2 versus 9.62x10 6 ±2.34x10 These small differences were associated with a decrease in body weight in adult KO (mean body weight ± s.e.m.: 26.033±0.07 g for WT, 24.003±0.66 g for KO; n=5 animals per genotype, P=0.027, Student's t-test). These results show that lack of LGALS3 does not have a major effect on neurogenesis and neuronal morphogenesis in the cerebellum.

Lgals3 expression peaks at postnatal day 14 (Fig 1A), a period of intense synaptogenesis in the cerebellar cortex, and LGALS3 potentially interacts with integrin β1 that is present at the Climbing fiber (CF)-Purkinje cell synapse [START_REF] Saravanan | Galectin-3 promotes lamellipodia formation in epithelial cells by interacting with complex N-glycans on alpha3beta1 integrin[END_REF][START_REF] Su | Target-derived matricryptins organize cerebellar synapse formation through α3β1 integrins[END_REF] LGALS3 is expressed in glia in the cerebellum

The lack of effect on cerebellar morphology and synaptogenesis of Lgals3 The cerebellar white matter contains both oligodendrocytes and astrocytes. Previous studies have detected LGALS3 expression in Schwann cells of the peripheral nervous system [START_REF] Reichert | Peripheral nerve injury induces Schwann cells to express two macrophage phenotypes: phagocytosis and the galactose-specific lectin MAC-2[END_REF] and in oligodendrocytes at different stages of maturation [23]. LGALS3 expression in astrocytes in the cerebellar white matter. Co-immunostaining of parasagittal cerebellar slices using anti-LGALS3 (red), astrocyte marker anti-GFAP (green) and the nuclear marker Hoechst (blue). (C) LGALS3 expression in some microglial cells of the molecular layer. Immunostaining anti-LGALS3 (red) in parasagittal sections of mice CX3CR1 eGFP/eGFP , microglial CX3CR1-GFP (green) and the nuclear marker Hoechst (blue).

Scale bar 50µm and 20µm for the magnification. Data are representative of three independent experiments. Legends: 4V, 4 th ventricle; GL, granular layer; ML, molecular layer and WM, white matter.

Discussion

The role of LGALS3 in the development of the CNS remains poorly studied. We show that during postnatal development, LGALS3 is expressed in the choroid plexus in the fourth ventricle, as well as in a subset of glial cells in the cerebellar cortex. This expression is dispensable for the development of the normal cytoarchitecture of the cerebellum and excitatory synaptogenesis in Purkinje cells.

LGALS3 expression has been described previously in pathological conditions in the mammalian brain, in particular after ischemia [20,21].

LGALS3 is expressed by a subset of proliferating astrocytes that contribute to reactive gliosis [19]. In the normal brain, high expression of LGALS3 has been found in the subventricular zone, rostral migratory stream and olfactory bulb [22] and in the subependymal zone of the lateral ventricles [19]. Our results are in concordance, showing high expression of LGALS3 in the choroid plexus beneath the cerebellum and in the subependymal zone of the fourth ventricle. In the brain parenchyma, some studies have reported neuronal expression of LGALS3 in the hippocampus and cerebellum [START_REF] Chen | Galectin-3 Negatively Regulates Hippocampus-Dependent Memory Formation through Inhibition of Integrin Signaling and Galectin-3 Phosphorylation[END_REF][START_REF] John | mRNA Transcriptomics of Galectins Unveils Heterogeneous Organization in Mouse and Human Brain[END_REF][START_REF] Yoo | Neuroanatomical distribution of galectin-3 in the adult rat brain[END_REF], while others did not detect any neuronal expression [19,[START_REF] Kobayashi | Early microlesion of viral encephalitis confirmed by galectin-3 expression after a virus inoculation[END_REF]. In the cerebellum in particular, low levels of mRNA expression were reported in Purkinje cells and granule cells in an analysis of Allen Brain Atlas data by John and Mishra [START_REF] John | mRNA Transcriptomics of Galectins Unveils Heterogeneous Organization in Mouse and Human Brain[END_REF]. Our results

showed very low to undetectable expression of LGALS3 in cerebellar neurons, in agreement with previous results [START_REF] Kobayashi | Early microlesion of viral encephalitis confirmed by galectin-3 expression after a virus inoculation[END_REF][START_REF] Mahoney | Stabilization of neurites in cerebellar granule cells by transglutaminase activity: identification of midkine and galectin-3 as substrates[END_REF]. However high levels of LGALS3 were found in subsets of astrocytes and subsets of microglia in the cerebellar cortex. This is in accordance with previous results showing expression of LGALS3 by microglia [18] and astrocytes in vitro [23].

LGALS3 has been involved in myelination [23]. Our results show some expression of LGALS3 in oligodendrocytes of the cerebellar white matter during postnatal development. Together with its expression in astrocytes of the white matter, this suggests an implication of LGALS3 in the crosstalk between astrocytes and oligodendrocytes during myelination (reviewed in [START_REF] Domingues | Oligodendrocyte, Astrocyte, and Microglia Crosstalk in Myelin Development, Damage, and Repair[END_REF]).

Several reasons suggested a role for Lgals3 during synaptogenesis. First, LGALS3 is a secreted and immune-related protein with a developmentally regulated mRNA expression profile that coincides with the timing of excitatory synaptogenesis in the cerebellum. These characteristics are shared by C1QL1 and CBLN1, two major synaptogenic proteins of the CF-Purkinje cell and PF-Purkinje cell synapses respectively [5-8][5-8]. Second, LGALS3 promotes neural cell adhesion and neurite outgrowth in cultured neurons [START_REF] Pesheva | Galectin-3 promotes neural cell adhesion and neurite growth[END_REF]. Third it has been shown that LGALS3

interacts functionally with integrins, adhesion proteins known to play roles in synaptogenesis and synapse modulation. Integrin α3β1 is necessary for the organization of the cerebellar excitatory synapse CF-Purkinje cell [START_REF] Su | Target-derived matricryptins organize cerebellar synapse formation through α3β1 integrins[END_REF],

LGALS3 can interact with integrin α3β1 [START_REF] Saravanan | Galectin-3 promotes lamellipodia formation in epithelial cells by interacting with complex N-glycans on alpha3beta1 integrin[END_REF], and integrin β1 induces the expression of LGALS3 in culture [START_REF] Margadant | Epigenetic Regulation of Galectin-3 Expression by β1 Integrins Promotes Cell Adhesion and Migration[END_REF]. Our analysis of the Lgals3 knockout mouse did not find any major perturbation of Purkinje cell excitatory synaptogenesis in the absence of LGALS3. Our data thus indicate that either LGALS3 plays no role in synaptogenesis, or that other proteins play redundant functions.

Our results do not exclude a role for LGALS3 in regulating synapse maturation and function.

In particular, microglia have been involved in synapse elimination during development of the visual system [3], and LGALS3 promotes phagocytosis of PC12 cells by microglia [START_REF] Nomura | Activated Microglia Desialylate and Phagocytose Cells via Neuraminidase, Galectin-3, and Mer Tyrosine Kinase[END_REF].

Activity-dependent synapse refinement of the CF-Purkinje cell synapse happens largely during the first three postnatal weeks [START_REF] Hashimoto | Synapse elimination in the developing cerebellum[END_REF]. Given LGALS3 expression in microglial cells in the cerebellar cortex during this period, it would be interesting to test whether LGALS3 is involved in climbing fiber synapse elimination, in particular, through its interaction with integrin α3β1, a known regulator of CF synaptogenesis. LGALS3
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Figure 1 :

 1 Figure 1: Synaptic structure. (A-B) Ultrastructure of synapses. (A) Gray's Type I synapse and (B) Gray's Type II synapse. Electron microscopy pictures from (Gray, 1959). (C-D) Schematic representations of Type I (C) and Type II (D) synapses with examples of specific markers in green (Type I) or magenta (Type II). Legends: a, thin processes; b, synaptic cleft; c, dense processes; pre, presynaptic terminal and post, postsynaptic terminal.

Figure 2 :

 2 Figure 2: Changes during the life of the excitatory synapse. From left to right. The birth of the synapse at the first contact between two neurons is mediated by adhesion molecules. Then,

Figure 4 :

 4 Figure 4: Long-term synaptic plasticity. Postsynaptic LTD and LTP trigger the removal and insertion, respectively, of AMPAR at synapses.

Figure 5A .

 5A Each subunit contains four different domains: the amino-terminus domain (NTD, also called ATD, encoded by 9/16 exons) which drives receptor assembly; the ligand binding domain (LBD) composed of two domains, S1 and S2, which are the core of the domain ensuring glutamate binding; the transmembrane domain (TMD) composed of three membrane-spanning domains (M1-3) and one cytoplasmic re-entrant loop (P loop; also called M2); and an intracellular tail, the carboxyl-terminus domain (CTD),

  but not GluA1. The glycine codon (IGA) replaces the genomically encoded arginine (AGA) in GluA2-4. This reduces desensitization and speeds up recovery from desensitization. Third, alternative splicing leads to different subunits: the flip version (exon14) is shorter by a stretch of 38 amino acids than the flop (exon 15) subunit. Flip variants predominate during embryogenesis and continue to be expressed in adult, and flop forms are less abundant during embryogenesis and then up-regulated to the same level as the flip form in adults. The flip forms of most subunits desensitize more slowly and less profoundly than the flop forms (for review, see[START_REF] Greger | Structural and Functional Architecture of AMPA-Type Glutamate Receptors and Their Auxiliary Proteins[END_REF]).

Figure 5 :

 5 Figure 5: Structure of AMPA receptor subunits. (A) Schematic diagram of an AMPAR subunit, presenting the four main domains: NTD, amino-terminus domain; LBD, ligand binding domain (S1, N-terminal part, and S2, C-terminal part); TMD, the transmembrane domain, and CTD, carboxyl-terminus domain: M1-3, transmembrane and P, a pore loop. The mRNA editing sites are indicated in red (Q/R and R/G) or in green (flip/flop). (B) Structure of an AMPAR colored to show sequence conservation between receptor paralogs and orthologs (teal indicates low levels and magenta high levels of conservation). The receptor NTD and CTD are highly

Figure 6 :

 6 Figure 6: Expression of AMPAR subunits in the adult mouse brain. Immunohistochemistry showing AMPARs subunits protein expression in sagittal slices of the adult brain of Mus musculus. (A) GluA1, (B) GluA2, (C) GluA3 and (D) GluA4. Lack of immunostaining in mutant mice invalidated for the corresponding gene (Gria1-4 KO mice) shows the specificity of the antibodies. From (Yamasaki et al., 2011).

Figure 7 :

 7 Figure 7: Assembly of dimers of AMPAR subunits and conformations. (A) Diagram of the preferential binding of AMPAR NTDs to form dimers, where 1 is GluA1, 2 is GluA2, 3 is GluA3 and 4 is GluA4. The arrows represent the equilibrium between two different conformations, with the preferential binding indicated by the color, in decreasing order from high to low preference: bold black, regular black, regular grey and dashed grey. From (Zhao et al., 2017). (B) Two subunits of an AMPAR tetramer with their S1 and S2 domains. Binding of glutamate (red) to the receptor is followed by a conformational change leading to open and desensitized states. The figure presents the four different conformations of gating of the AMPARs: resting, bound, open and desensitized. This figure represents only two of the four subunits, to facilitate the display.From[START_REF] Armstrong | Measurement of conformational changes accompanying desensitization in an ionotropic glutamate receptor[END_REF].

Figure 8 :

 8 Figure 8: CTD sequences of the different AMPAR subunits. The long-tailed sequences are presented on the top and the short-tailed at the bottom.The different binding sites are signaled using different colors. Also, the important residues for phosphorylation (and its respective kinases) and for ubiquitination are presented in cyan and red, respectively. Adapted from[START_REF] Scholz | AMPA receptor signaling through BRAG2 and Arf6 critical for long-term synaptic depression[END_REF][START_REF] Widagdo | Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation[END_REF].

  recycling or degradation. The main events of the AMPARs dynamics are schematically represented in the diagram of Figure 9. At the end of this chapter a more detailed diagram will be presented.

Figure 9 :

 9 Figure 9: General mechanisms of AMPAR dynamics. The different AMPAR pools are signaled using a color code: blue, intracellular; grey, extrasynaptic; and yellow, synaptic.

Figure 10 :

 10 Figure 10: AMPAR exocytosis. Sequential steps in the SNARE-mediated AMPAR exocytosis.

Figure 11 :

 11 Figure 11: AMPAR exocytosis events at the dendritic shaft and at the spine. (A-B) mCherry (upper) and SEPGluA1 (lower) images of spines undergoing stimulation. Stimulated regions are shown by open arrowhead. Exocytosis is shown by closed arrowhead. From (Patterson et al., 2010). (A) Example of transient spine exocytosis (left) and example of sustained spine exocytosis (right). (B) Example in a dendrite immediately beneath a spine, showing movement of fluorescence into the stimulated spine (left). Another example that is 2 µm away (right). Scale bar: 1 µm. (C) Syntaxin 4 marks sites of exocytosis at the spine. TfR-SEP (top row) and surface syntaxin 4-HA (middle row) signals were imaged during spontaneous exocytic events. Scale bar: 500 nm. From (Kennedy et al., 2010).

Figure 12 :

 12 Figure 12: Lateral diffusion of GluA2-containing AMPAR. (A-C) Single-molecule fluorescence detection of GluA2-containing AMPARs. Simultaneous images of (A) a neurite of a living neuron, (B) the synaptic marker FMl-43 on a green channel and (C) diffraction limited spot image of a single Cy5-anti-GluA2 antibody (Scale bar: l µm). (D) Examples of AMPAR trajectories of individual molecules. 1, Cy5-anti-GluA2 fixed on a coverslip, 2-5 correspond to living neurons. The trajectories recorded in synaptic regions are indicated in green. The trajectories recorded in extrasynaptic domains are indicated in red. From[START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF].

Figure 13 :

 13 Figure 13: Proteins in the neck of the spine. Staining of 17DIV hippocampal neurons with βIII spectrin antibody (magenta) and phalloidin (cyan). From (Efimova et al., 2017).

Figure 14 :

 14 Figure 14: Steps in AMPARs clathrin-mediated endocytosis. Sequential steps in clathrinmediated AMPAR endocytosis.

Figure 15 .

 15 Figure 15. Endophilin is another accessory protein for the clathrin-mediated endocytic pathway required for the membrane constriction, fission and uncoating. There are five endophilin genes

Figure 15 :

 15 Figure 15: Dynamics of AMPARs clathrin-mediated endocytosis. (A-B) The endocytic zone is stably positioned close to the PSD (A) Dendritic branch of a hippocampal neuron (17DIV) coexpressing PSD95-GFP and clathrin-DsRed. The asterisk and arrowhead mark points along the dendrite that the authors used for the kymograph analysis. Scale bar: 4 µm. (B) Kymograph analysis of fluorescence intensity along the dendritic branch (horizontal) over time (vertical)during a time lapse with images acquired every 14 s. From[START_REF] Lu | Postsynaptic positioning of endocytic zones and AMPA receptor cycling by physical coupling of dynamin-3 to Homer[END_REF].

Figure 16 :

 16 Figure 16: AMPARs recycling. Schematic steps of the intracellular AMPAR sorting for recycling.

Figure 17 :

 17 Figure 17: AMPAR turnover. Details see text.

  ). The anterior lobe is composed of the lobules I, II, III, IV and V. The superior posterior lobe contains the lobules VI and VII. The inferior posterior lobe consists of the lobules VIII and IX, and the flocculonodular lobe is composed of the lobule X. The flocculonodular lobe can be divided into the paraflocculus and flocculus. The posterior view of the cerebellum allows the distinction of the regions called "Crus I" and "Crus II", which are the hemispheric regions of the lobule VI. The other hemispheric structures are the simplex and paramedial, which are the lateral regions of the anterior and posterior lobes, respectively. There are different types of deep cerebellar nuclei (DCNs), three in Ordo Rodentia: dentate, interposed and fastigial. The emboliform and globose nuclei in Homo sapiens form the interposed nucleus in rodents. These nuclei receive information from the cerebellar cortex, the forebrain and the body.

Figure 18 :

 18 Figure 18: Schematic cerebellar organization in adult mice. Caudal view (top), Sagittal section from the vermis (left) and half coronal section (right). The different lobules are numbered I to X. The green rectangle limits the vermis between the two hemispheres.

Figure 19 .

 19 Figure 19. Organization of the Inferior olive in adult mice. (A) Scheme of the location of the inferior olive. (B) Two-photon fluorescence image of GFP-expressing cells in the inferior olive from adult Igsf9-eGFP transgenic mice. Legend: IO, inferior olive; Cb, cerebellum; 4V, 4 th ventricle; DMG, dorsomedial group; DMC, dorsomedial cell column; DAO, dorsal accessory olive; EF, efferent fibers; MAO, medial accessory olive and PO, principal olive. From[START_REF] Pätz | The transgenic mouse line Igsf9-eGFP allows targeted stimulation of inferior olive efferents[END_REF] 

  interneurons whose somata are located at the top of the granular cell layer, very close to the Purkinje cell layer. Lugaro cells receive information from the collateral axons of the PCs, and innervate stellate cells, basket cells and Golgi cells.

Figure 20 :

 20 Figure 20: The cerebellar cortex. Drawings of cerebellar cortex neurons (Santiago Ramón y Cajal, 1685; left). Schematic representation of the Purkinje cell and its afferents (right). The Purkinje cell receives four different inputs: two inhibitory (from the stellate and the basket cells) and two excitatory (from the parallel fibers and from the climbing fibers). The parallel fibers are the axons of granule cells, whose somata are located in the granular layer and the climbing fibers are the axons of inferior olivary neurons, which are located in the inferior olive of the brainstem. A representation of the inferior olive in the mouse brain is presented in the inset. Legends: A, molecular layer; B, granular layer; C, white matter; a, Purkinje cells; b, basket cells; d, terminal arborization of the axons of the basket cells; e, stellate cells; f, Golgi cells; g, granule cells; h, mossy fibers; i, parallel fibers; j, bergman glia; n, climbing fibers; m, microglia and o, collateral axons of the Purkinje cell.

  Purkinje cell is the sole output of the cerebellar cortex and projects to the deep cerebellar nuclei (DCN). The PCs from the cerebellar hemispheres innervate the dentate DCN. The interposed DCN (which is the smaller nucleus) receives inhibitory information from axons of PCs from the paravermis of the cerebellum, and the fastigial DCN (which is the more medial nucleus) receives inhibitory afferent signal from the PCs of the vermis. The PCs from the flocculus synapse on the vestibular nuclei. The DCN neurons are the major output of the cerebellum. The neurons from the dentate nuclei inform the cerebral cortex via the thalamus. The neurons from the interposed nucleus innervate the medial descending tracts (through the reticular formation), and the neurons from the fastigial nucleus contact the lateral descending tracts, via the red nucleus. The DCN neurons from the vestibular nucleus innervate the vestibulospinal tracts. Other cerebellar efferences consist of the fibers from the flocculo-nodular system, that directly innervate the vestibular nuclei of the Medulla oblongata.The two major excitatory inputs to the cerebellum are the mossy fibers and the climbing fibers.The DCN are mostly innervated by the mossy fibers, which bring information from the CNS. The PCs are directly contacted by the climbing fibers arriving from the brainstem. The climbing fibers also send collaterals to the DCN. The cerebellum can be divided into three subregions depending on the region from which it receives mossy fibers afferences: cerebrocerebellum (lateral hemispheres), spinocerebellum (vermis) or vestibulocerebellum (flocculo-nodular system). The cerebrocerebellar afferent signals arrive from the cerebral cortex, particularly the premotor and supplementary motor cortex through the pontine nuclei. The mossy fibers from the cortex innervate the dentate DCN (which is the more lateral and the bigger nucleus) and the PFs of the cerebellar hemispheres. The spinocerebellum inputs come from the spinocerebellar tract, the reticular formation and the vestibular nuclei. These three regions directly innervate the PFs of the vermis and also the interposed and fastigial nuclei. The vestibulocerebellum or flocculo-nodular system is innervated by the vestibular labyrinth. The different mossy fiber inputs (dashed lines) and the Purkinje cell outputs (dotted lines) are schematically represented in the Figure21.

Figure 21 : 1 . 4 .

 2114 Figure 21: Cerebellar afferent and efferent signals. The inputs (top) and outputs (bottom) of the cerebellum are signaled. The dotted lines indicate the inhibitory efferent signal of the Purkinje cells. The dashed line represents the excitatory afferent signal of the mossy fibers to the DCNs and the corresponding region of the cerebellum.

Figure 22 :

 22 Figure 22: Topography of climbing fiber projections in relationship to the molecular patterning of cerebellar Purkinje cells. (A) Reconstruction of the Aldolase C compartments throughout the cerebellar cortex. The positive compartments are drawn in grey and the negative in white. (B) Map of the IO innervation to the cerebellar cortex. (C) Representation of the IO from four different perspectives. The color code indicates the different groups of innervating IONs. Legend: BETA, subnucleus β; DAO, dorsal accessory olive; DC, dorsal cap; DMCC, dorsomedial cell column; DMG, dorsomedial group; MAO, medial accessory olive, PO, principal olive and VLO, ventrolateral outgrowth. From[START_REF] Sugihara | Molecular, topographic, and functional organization of the cerebellar cortex: a study with combined aldolase C and olivocerebellar labeling[END_REF].

  IONs innervate almost the totality of Purkinje cells, and send an efferent copy (the axon bifurcates) to the deep cerebellar nuclei. Sugihara and Shinoda did several series of elegant tracing experiments to show that the different regions of the IO specifically innervate different compartments of the cerebellar cortex (Sugihara and Shinoda, 2004). There is a correlation between the Aldolase C compartments and the olivocerebellar topography, meaning that the innervation of the axons coming from different regions of the IO can be related to the different bands of the Aldolase C compartmentation. The resultant two-dimensional map of the olivocerebellar connectivity is presented in Figure 22, in parallel with the Aldolase C compartments. The color code indicates the localization of the ION's group of afferences in the inferior olive (Figure 22C) as well as the localization of the climbing fibers innervating the cerebellar cortex (Figure 22B).

  Once the tangential migration ends, there is a radial migration of the post-mitotic GCs along the axons of the Bergman glia. This radial migration can last until P15. The migrating GCs present a bipolar morphology: the future somatodendritic compartment descends to the granular layer while the future axon remains in the molecular layer where the axon begins its bifurcation to its final Tform. The main stages in the time course for the CF/PC synapse formation are presented in Figure 23.

Figure 23 :

 23 Figure 23: Time course for cerebellar excitatory synaptogenesis. (bottom; adapted from (Watanabe and Kano, 2011)).

Figure 24 :

 24 Figure 24: Excitatory transmission of the Purkinje cell inputs. Electrophysiological properties of the Climbing fiber/Purkinje cell synapse (left, in purple) and of the Parallel fiber/Purkinje cell synapse (right, in red) including: excitatory postsynaptic currents (A-B) and short-term plasticity (C-D;[START_REF] Konnerth | Synaptic currents in cerebellar Purkinje cells[END_REF]).

Figure 25 :

 25 Figure 25: Long term plasticity of the parallel fiber/Purkinje cell synapse. Molecular mechanisms producing LTD (left) and LTP (right; adapted from (Gutierrez-Castellanos et al., 2017)

Figure 26 :

 26 Figure 26: Sushi domain sequence and structure. Consensus term for the Sushi domain, the first sequence correspond to β-2-glycoprotein 1 from Bos Taurus (top) and three-dimensional structure of the sushi domain (Norman et al., 1991). Legend: t, turnlike (A, C, D, E, G, H, K, N, Q, R, S or T); u, tiny (A, G or S); h, hydrophobic (A, C, F, G, H, I, K, L, M, R, T, V, W or Y); s, small (A, C, D, G, N, P, S, T or V); p, polar (C, D, E, H, K, N, Q, R, S or T); a, aromatic (F, H, W or Y); l, aliphatic (I, L or V); o, alcohol (S or T) and '.', any amino acid. Adapted from smart.embl.de and prosite.expasy.org.
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Figure 27 :

 27 Figure 27: Sushi domain-containing protein LEV-9 and its partner LEV-10. Schematic representation of LEV-9 and LEV-10. Adapted from[START_REF] Gally | A transmembrane protein required for acetylcholine receptor clustering in Caenorhabditis elegans[END_REF] Gendrel et al., 2009).

Figure 28 :

 28 Figure 28: Sushi domain-containing proteins Hig and Hasp. Schematic representation of the proteins Hig and Hasp. Adapted from[START_REF] Hoshino | hikaru genki, a CNS-specific gene identified by abnormal locomotion in Drosophila, encodes a novel type of protein[END_REF][START_REF] Nakayama | The Matrix Proteins Hasp and Hig Exhibit Segregated Distribution within Synaptic Clefts and Play Distinct Roles in Synaptogenesis[END_REF].

Figure 29 :

 29 Figure29:The Sushi domains of the GABAB receptor. Schematic representation of the isoforms R1a, R1b and R1j and the subunit R2 of the GABAB receptor. Adapted from[START_REF] Lee | Intron 4 containing novel GABAB1 isoforms impair GABAB receptor function[END_REF][START_REF] Tiao | The sushi domains of secreted GABA(B1) isoforms selectively impair GABA(B) heteroreceptor function[END_REF].

Figure 31 :

 31 Figure 31: Sushi domain-containing protein SRPX2. Schematic representation of the protein SRPX2. Adapted from[START_REF] Roll | SRPX2 mutations in disorders of language cortex and cognition[END_REF].

Figure 32 :

 32 Figure 32: Members of the SUSD family of proteins. Schematic representation of the proteins SUSD1-4. Adapted from (Mahesh Iyer, 2015).

  and involved ~18,000 patients and ~34,000 controls (Schizophrenia Psychiatric Genome-Wide Association Study (GWAS)Consortium, 2011). This data suggests a role for Sushi domain in the proper function of the CNS in Homo sapiens.

Figure 33 :

 33 Figure 33: Members of the CSMD family of proteins. Schematic representation of the proteins CSMD1-3. Adapted from[START_REF] Hoshino | hikaru genki, a CNS-specific gene identified by abnormal locomotion in Drosophila, encodes a novel type of protein[END_REF][START_REF] Nakayama | The Matrix Proteins Hasp and Hig Exhibit Segregated Distribution within Synaptic Clefts and Play Distinct Roles in Synaptogenesis[END_REF].

Fig. 1 .

 1 Fig. 1. SUSD4, a neuronal protein, controls motor learning. (A) Domain organization of the protein SUSD4 presenting four cytoplasmic Sushi domains (SD) and one transmembrane (TM) domain. (B) Expression of Susd4 mRNA in one month old wild-type mice assessed by in situ hybridization in a coronal section (left) showing Susd4 expression in the cerebral cortex (Ctx) and in the dentate gyrus (DG) and CA3 regions of the hippocampus and in a parasagittal section (right) showing expression in cerebellar Purkinje cells and inferior olivary neurons (IONs) in the brainstem. Scale bars: 500 µm. (C) Localization of SUSD4-GFP in cultured hippocampal neurons transfected at DIV13 and immunostained at DIV17 for GFP (green) and Map2 (dendrite marker, in red). Legends: P0-21, postnatal day 0-21; 3mo, three months old. Scale bars: 5 µm. (D) Expression of Susd4 mRNA relative to the housekeeping gene Rpl13a in the cerebellum and in the brainstem assessed by RTqPCR during postnatal development in mice. Mean ± s.e.m. (n=3). (E) Motor coordination learning of mice on an accelerated rotarod (measured as the time spent on the rod per trial) during five consecutive days with three trials per day. Mean ± s.e.m. (WT n=11 and KO n=7).

Fig. 3 .

 3 Fig. 3. Absence of SUSD4 induces loss of long-term depression and facilitation of long-term potentiation of parallel fiber/Purkinje cell synapses. (A) Analysis of the Parallel fiber synapses using immunostaining of the presynaptic boutons using an anti-VGLUT1 antibody (in green) and of Purkinje cells with an anti-calbindin antibody (in red). Quantifications of the mean number and the mean area of the VGLUT1 clusters do not detect any differences between Susd4 KO and wild-type mice. Mean ± s.e.m. (WT n=5 and KO n=7). Scale bar: 30 .m (B) Set-up for the electrophysiological experiments. Purkinje cells were patch-clamped and recorded in 300 .m parasagittal cerebellar slices, after electrical stimulation of the parallel fibers and/or climbing fibers. (C) Input-output curve of the responses of the Purkinje cells to parallel fiber stimulation of increasing intensity in juvenile Susd4 KO and control mice. Mean ± s.e.m. (WT n=21 cells from 8 mice and KO n=15 cells from 6 mice). (D) Short-term plasticity of parallel fiber/Purkinje cell synapses, as assessed by the paired pulse ratio, are not changed in the absence of SUSD4. The two peaks were obtained by stimulating the parallel fibers at 50 ms of interval. Mean ± s.e.m. (WT n=21 cells from 8 mice and KO n=15 cells from 6 mice). (E) Climbing fiber-dependent long-term depression of Parallel fiber/Purkinje cell synapses is lost in Susd4 KO mice. Mean ± s.e.m. (WT n=8 cells from 7 mice and KO n=8 cells from 6 mice). The LTD induction protocol

Fig. 4 .

 4 Fig. 4. SUSD4 controls GluA2 levels by interacting with HECT ubiquitin ligases. (A) Two putative PY binding motifs for the WW domain of the HECT ubiquitin ligases are present in the intracellular C-terminus sequence of the SUSD4 protein motifs (LP_Y and PP_Y). Sequences for the SUSD4 mutant constructs are shown: without the C-terminus (ΔCT) or with point mutations in the LP_Y motif (ΔLY) or in the PP_Y motif (ΔPY) or in both (ΔPY/LY). (B) Network diagram representing the GO term analysis of major SUSD4 interactors identified by mass spectrometry via affinity-purification of cerebellar synaptosome extracts from P30 wild-type mice. (C) Affinity purification of P30 mouse cerebellar synaptosomes using HA-SUSD4, HA-SUSD4ΔCT or control GFP. Representative immunoblots show the interaction of HA-SUSD4 with HECT ubiquitin ligases of the NEDD4 family via its C-terminal region. (D) Overexpression of SUSD4, but not of a control transmembrane protein PVRL3, in HEK293 cells transfected with SEPGluA2 leads to a decrease of total GluA2 content as measured by fluorescence intensity of GFP immunofluorescence. Mean ± s.e.m. (Total SEPGluA2 Intensity N=5, Welch's test, *** P=0.0001). (E) Hippocampal neurons transfected with HA-SUSD4, HA-SUSD4ΔPY and HA-

Fig. S2 .

 S2 Fig. S2. Characterization of Susd4 KO mice. (A) Structure of the 131.7 kb Susd4 gene and localization of the deletion in the Susd4 KO mouse. (B) Susd4 expression by RT-PCR in cortex (cx), cerebellum (cb) and brainstem (bs) in control and Susd4 KO mice. (C) In situ hybridization for Susd4 mRNA at P30 in the brains of control and Susd4 KO mice. Scale bar: 500 µm.

  Fig. S4. Normal cerebellar cytoarchitecture in P30 Susd4 KO mice. Parasagittal sections of adult wild-type and KO cerebella were stained with Hoechst (top) and Calbindin immunostaining (bottom) and used for quantitative analysis of the mean area of the cerebellum. (Mean ± s.e.m; WT n=3 and KO n=3 mice), and of the height of the molecular layer (Mean ± s.e.m. WT n=5 and KO n=6 mice), respectively. Scale bar: 500 µm (Top) and 30 µm (Bottom).

  Fig. S7: Detailed long-term depression induction. (A) Representative trace of the climbing fiber-dependent parallel fiber long-term depression induction protocol. (B) Zoom of the CF-EPSC spikelets (circle) and quantification of the number of spikelets in wild-type and P30 Susd4 KO mice. (C) Measurement of the PF-EPSP area during the LTD induction protocol. The x axis represents the time (ms). (D) Measurement of the CF-EPSP area during the LTD induction protocol. The x axis represents the time (ms). (E) Measurement of the CF-EPSP hyperpolarization area during the LTD induction protocol. The x axis represents the time (ms). Mean ± s.e.m. (WT n=8 cells from 7 mice and KO n=8 cells from 6 mice).

Fig. S9 .

 S9 Fig. S9. Expression of HECT ligases in adult mice brain. (A) Schematic representation of four SUSD4 interactors which are HECT ubiquitin ligases: NEDD4, NEDD4L, ITCH and WWP1. Legends: NT, N-terminus; HECT, Homologous to the E6-AP C-terminus domain and CT, Cterminus. (B-E) Nedd4 (B), Itch (C), Wwp1 (D) and Nedd4l (E) mRNA expression in the adult mice brain. From Allen Brain Atlas (www.brain-map.org).

Supplementary Figure 1 :

 1 SUSD4 loss of function, and indicate that the CF/PC synapse is more sensitive to SUSD4 dependent control of GluA2 degradation during the late maturation of the CF/PC synapse, leading to changes in transmission, while only plasticity is affected but not basic transmission at PF/PC synapses. Increased GluA2 synaptic levels in the absence of SUSD4. (A) Morphological analysis of GluA2 (green) clusters around climbing fiber boutons (red, vGluT2) in juvenile (left) and adult (right) Susd4 KO mice. Relative frequency of the number of GluA2 puncta per VGluT2 bouton, relative frequency of the mean intensity of the GluA2 puncta and mean (± s.e.m.) volume of GluA2 puncta per VGluT2 puncta. Student t-test, * P=0.0234 (1mo: WT n=6 and KO n=5 mice; 3mo: WT n=5 and KO n=6). (B) Increased delayed CF-EPSC quanta in juvenile Susd4 KO. Delayed CF-EPSC quanta were assessed by desynchronization of the CF-EPSC by addition of strontium. Representative sample traces are presented. The quantification frequency of the events (counted as event per trial) present an increase in the KO. The cumulative probability for the event amplitude shows that Susd4 KO mice present an increase compared to the wild-type littermates. Mean ± s.e.m. (WT n=10 cells from 4 mice and KO n=8 cells from 3 mice).

2 :

 2 No changes in climbing fiber/Purkinje cell synapse transmission in Susd4 KO adult mice. (A) No changes of the climbing fiber elicited EPSC amplitude in adult (P90) Susd4 KO mice. Sample traces of the Purkinje cell recordings after electric stimulation of Climbing fiber. Quantification of the first peak amplitude indicates no differences between genotypes. (B) Climbing fiber/Purkinje cell synapse EPSC kinetics: decay and rise time. (C) Climbing fiber/Purkinje cell synapse short-term synaptic plasticity. There are no differences in the paired pulse ratio from Susd4 KO mice compared to control mice. (D) Climbing fiber present the same percentage of mono-innervation in P90 Susd4 KO mice. Assessed by the number of steps from climbing fiber EPSCs from Purkinje cell patch clamp recordings with electrical stimulation of the climbing fiber. Presented as percentage of cells mono-innervated in P90 wildtype and KO mice. Mean ± s.e.m. (WT n=21 cells from 9 mice and KO n=10 cells from 4 mice).

3 :

 3 Parallel fiber/Purkinje cell synapse normal transmission in Susd4 KO adult mice. (A) Input-output curve of the parallel fiber/Purkinje cell synapse. The amplitude of the elicited EPSCs increase with the intensity of the stimulus in adult Susd4 KO mice as in the control mice. (B) Parallel fiber/Purkinje cell synapse EPSC kinetics: decay and rise time. (C) Parallel fiber/Purkinje cell synaptic short-term plasticity present no changes in the absence of SUSD4. The paired pulse ratio was measured as the amplitude of the first peak divided by the amplitude of the first peak. The two peaks were obtained by stimulating the parallel fibers with 50 ms of interval. Mean ± s.e.m. (WT n=22 cells from 9 mice and KO n=12 cells from 5 mice).

Figure 4 :

 4 Impaired spatial navigation in Susd4 KO adult mice. (A) Alternation test: mice were introduced in the three arms opened opaque Y-maze to quantify the % of alternations to assure the working memory. Susd4 KO adult mice present no deficits in the % of alternations. Examples of trajectories are shown with quantifications of the number of alternations, number of entries and percentage of alternation. Mean ± s.e.m. (WT n=16 and KO n=13 mice; Student's t-test; ** P=0.0049; * P=0.0314). (B) Spatial memory test: mice were introduced into the transparent one-arm closed Y-maze, surrounded with visual clues for five minutes (representative trajectories, left). Then, mice were returned to its cages for ten minutes. Finally, mice were re-introduced in the three arms opened Y-maze for the two minutes test (trajectories at right). Control mice spend the double of the time in the new arm, Susd4 KO adult mice didn't recognize the new from the familiar arms. The latency for the first entry is presented and the preference for the first arm visited. The number of entries and the permanence time during the five minutes of habituation are presented. Mean ± s.e.m. (WT n=12 and KO n=9 mice; Tukey multiple comparisons test showing significance '*' or not after Two-way ANOVA). -mice were generated and maintained on C57BL/6J background by Lexicon Genetics, Incorporated. Out of the 8 Susd4 exons, coding exon 1 (NCBI accession NM_144796.2) and the preceding non-coding exon (NCBI accession BM944003) were targeted by homologous recombination. This resulted in the deletion of a 1.3 kb sequence spanning the transcription initiation site and exon 1. Genotyping of mice was performed using PCR to detect the wild-type allele (primer 62 and primer 63, for sequences see oligonucleotides) or the mutant allele (primer 83 and primer 84). Oligonucleotides Primer 62 (CTG TGG TTT CAA CTG GCG CTG TG); primer 63 (GCT GCC GGT GGG TGT GCG AAC CTA); primer 83 (TTG GCG GTT TCG CTA AAT AC); primer 84 (GGA GCT CGT TAT CGC TAT GAC); PY muta Fwd (GGA GCC GGG GGC GGC TGG AGC GCT CTG GTC A); PY muta Rev (TGA CCA GAG CGC TCC AGC CGC CCC CGG CTC C); LY muta Fwd (CCT CAC GGA CAG TAC CGG GGC TGG CGG CTA CTC CGA CAC TT); LY muta Rev (GGA GTG CCT GTC ATG GCC CCG ACC GCC GAT GAG GCT GTG AA); Susd4ΔCT NheI Fwd (GCG CTA GCG ATG TAT CCT TAT GAT GTT CCT G); Susd4ΔCT NotI Rev (TAG CGG CCG CTA TTA GGG GGG GAA GTG GGC CTT); Susd4 RT Fwd (TGT TAC TGC TCG TCA TCC TGG) and Susd4 RT Rev (GAG AGT CCC CTC TGC ACT TGG).

( 1 :

 1 1000; abcam, Cat#ab1218), rabbit polyclonal anti-GFP (1:1000; abcam, Cat#ab6556), mouse monoclonal anti-GluA2 (clone 6C4; 1:500; Millipore, Cat#MAB397), rabbit polyclonal anti-GluA2/3 (1:500; millipore, Cat#AB1506), rabbit polyclonal anti-GluRδ1/2 (1:1000; millipore, Cat#AB2285), rat monoclonal anti-HA (1:1000; roche life science, Cat#11867423001), rabbit monoclonal anti-ITCH (1:1000; cell signaling technology, Cat#12117), mouse monoclonal anti-MAP2 (1:200; sigma, Cat#M2320), rabbit polyclonal anti-NEDD4 (1:10000; millipore, Cat#07-049), rabbit polyclonal anti-NEDD4L (1:1000; cell signaling technology, Cat#4013), mouse monoclonal anti-PSD95 (1:200; thermofisher, Cat#MA1-046), guinea pig polyclonal anti-VGLUT1 (1:5000; millipore, Cat#AB5905), guinea pig polyclonal anti-VGLUT2 (1:5000; millipore, Cat#AB2251) and rabbit polyclonal anti-WWP1 (1:2000; proteintech; Cat#13587-1-AP).

( 1 :

 1 1000; invitrogen, #A11057), donkey anti-mouse Alexa Fluor 488 (1:1000; invitrogen, #R37114), donkey polyclonal anti-Mouse Alexa Fluor 568 (1:1000; invitrogen, #A10037), donkey polyclonal anti-Rabbit Alexa Fluor 488 (1:1000; invitrogen, #A21206), donkey polyclonal anti-Rat Alexa Fluor 594 (1:1000; invitrogen, #A21209), donkey polyclonal anti-Rat Alexa Fluor 568 (1:1000; abcam, #175475), goat polyclonal anti-Guinea Pig Alexa Fluor 488 (1:1000; invitrogen, #A110-73), goat polyclonal anti-Guinea Pig Alexa Fluor 647 (1:1000; invitrogen, #A21450), goat polyclonal anti-Mouse HRP (1:20000; jackson immune research laboratories, #115-035-174), goat polyclonal anti-rat HRP (1:20000; jackson immune research laboratories, #112-035-175) and mouse polyclonal anti-rabbit HRP (1:20000; jackson immune research laboratories, #211-032-171). The following conjugated antibodies were used: sheep polyclonal anti-digoxigenin alkaline phosphatase (1:2000 -1:5000; roche, Cat#11093274910), mouse monoclonal anti-βactin (clone AC-15) HRP (1:25000; abcam, Cat#ab49900), rabbit polyclonal anti-GFP Alexa Fluor 647 (1:1000; invitrogen, Cat#A31852), mouse monoclonal anti-GluA2 (clone 6C4) Alexa Fluor 488 (1:1000; Millipore, Cat#MAB397A4) and mouse monoclonal anti-HA (clone 2-2.2.14) DyLight 650 (1:1000; thermofisher, Cat#26183-D650). Cell lines HEK293H (gibco, Cat#11631-017) and HeLa cells (sigma; Cat#14591C) were maintained at 37ºC and 5% CO2 in Dulbecco's Modified Eagle's Medium (DMEM) high glucose, glutamax concentration (life technologies, Cat#31966047) supplemented with 10% fetal bovine serum (gibco, Cat#16141-079), and 1% penicillin/streptomycin (gibco, Cat#15140122). For the western blot experiments, 1x10 6 cells were plated in each well of a 6-well plate. For the immunolabeling experiments, 5x10 5 cells were plated in each well of a 12-well plate.

6 (

 6 Responses to PF and CF stimulation were recorded in Purkinje cells of lobule VI in acute parasagittal and horizontal (LTP experiments) cerebellar slices from Susd4 -/-juvenile (from P25 to P35), or adult (>P60) mice. Susd4 +/+ littermates were used as controls. Mice were anesthetized by exposure to isoflurane 4% and sacrificed by decapitation. The cerebellum was dissected in ice cold oxygenated (95% O2 and 5% CO2) Bicarbonate Buffered Solution (BBS) containing (in mM): NaCl 120, KCl 3, NaHCO3 26, NaH2PO4 1.25, CaCl2 2, MgCl2 1 and D(+)-glucose 35. Parasagittal cerebellar slices (300 µm) were cut with a vibratome (microm, HM650) in a slicing solution containing (in mM): N-Methyl-D-Glucamine 93, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, D(+)-Glucose 25, MgCl2 10, sodium ascorbate 5, Thiourea 2, sodium pyruvate 3, N-acetyl-cystein 1, Kynurenic acid 1 and CaCl2 0.5 (pH 7.3). Immediately after cutting, slices were allowed to briefly recover at 37°C in the oxygenated sucrose-based buffer containing (in mM): sucrose 230, KCl 2.5, NaHCO3 26, NaH2PO4 1.25, D(+)-glucose 25, CaCl2 0.8 and MgCl2 8. D-APV and minocycline at a final concentration of 50 µM and 50 nM, respectively, were added to the sucrose-based and cutting buffers. Slices were allowed to fully recover in bubbled BBS at 34°C for at least 30 minutes before starting the experiments. All experiments were carried out at room temperature. Patch clamp borosilicate glass pipettes with 4-7 MΩ resistance were filled with the following internal solutions: [1.] Cesium metanesulfonate solution (CsMe solution, for EPSP elicited from CF and PF), containing (in mM) CsMeSO3 135, NaCl 6, MgCl2 1, HEPES 10, MgATP 4, Na2GTP 0.4, EGTA 1.5, QX314Cl 5, TAE 5 and Biocytin 2.6 (pH 7.3). [2.] CsMe S-solution (for CFmEPSC), containing (in mM): CsMeSO3 140, MgCl2 0.5, HEPES 10, MgATP 4, Na2GTP 0.5, BAPTA 10 and Neurobiotin 1% (pH 7.35). [3.] Potasium Metanesulfonate Ksolution (KMe-solution, for CF-EPSP), containing (in mM): KMeSO4 135, NaCl 6, MgCl2 1, HEPES 10, 2Na2 creatine-phosphate 10, BAPTA 10, MgATP 4, Na2GTP 0.4 and Biocytin 2.pH 7.3). [4.] Potasium Gluconate solution (KGlu solution, for PF long-term plasticity), containing (in mM): K Gluconate 136, KCl 10, HEPES 10, MgCl2 1, Sucrose 16, MgATP 4 and Na2GTP 0.4 (pH 7.35). The pipette access resistance was compensated 60-100%. Stimulation electrodes with 5 MΩ resistances were pulled from borosilicate glass pipettes and filled with BBS. The IsoStim A320 (WPI Inc, USA) stimulator was used to elicit CF and PF responses in Purkinje cells. Patch-clamp experiments were conducted in voltage clamp (except for the LTP and LTD induction protocols made under current clamp) mode using a MultiClamp 700B amplifier (Molecular Devices Inc, USA). Currents were low-pass filtered at 2 kHz and digitized at 20 kHz. Recordings were performed at room temperature on slices continuously perfused with oxygenated BBS. For the CF and PF EPSC experiments, to isolate the AMPARs current, the BBS was in presence of (in mM) picrotoxin 0.1, TEA 10, D-AP5 10, CGP52432 0.001, JNJ16259685 0.002, DPCPX 0.0005 and AM251 0.001. CF and PF EPSCs were monitored at a holding potential of -10 mV. During CF recordings, the stimulation electrode was placed in the granule cell layer below the clamped cell; CF-mediated responses were identified by the typical all or none response and strong depression displayed by the second response elicited during paired pulse stimulations (20 Hz). The number of CFs innervating the recorded PC was estimated from the number of discrete CF-EPSC steps. PF stimulation was achieved by placing the stimulation electrode in the molecular layer at the minimum distance required to avoid direct stimulation of the dendritic tree of the recorded PC. All the recordings were registered using the software WinWCP (www.spider.science.strath.ac.uk). The input-output curve was obtained by incrementally increasing the stimulation strength. Peak EPSC values for PF were obtained following averaging of three consecutive recordings, values for CF-EPSC correspond to the first recording. The amplitude and kinetics of the EPSC recordings were analyzed using the software WinWCP. Short-term plasticity experiments were analyzed using the software Spyder (https://pythonhosted.org/spyder/) and the source code was kindly provided by Dr. Philippe Isope and Dr. Antoine Valera. Long-term plasticity was analyzed with the software Igor Pro 6.05 (wavemetrics.com/products/igorpro). Climbing Fiber delayed EPSC quantal events elicited after desynchronization of CF-EPSC by changing extracellular Ca ++ for Sr ++ at a final concentration of 10 mM, were detected and analyzed from WinWCP recordings using the software Igor Pro 6.05 and its open source collection SpAcAn (Spontaneous Activity Analysis) created by

  HEK293 or HeLa cells were transfected 24 hours after plating with the indicated plasmids (1µg plasmid DNA) by using Lipofectamine 2000 (life technologies, Cat#11668) in a final volume of 1mL. Hippocampal neurons at DIV13 were incubated for 30min in Neurobasal medium containing 4uL Lipofectamine 2000 and 0.5µg plasmid DNA in a volume of 200µL. After transfection, neurons were maintained in the incubator for 48h. Immunocytochemistry 48 hours after transfection, cells were fixed with cold 4% paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS) solution for 15 minutes at room temperature. Primary hippocampal neurons were fixed with 100% MeOH for 10 minutes at -20ºC, then rinsed with 1xPBS and incubated with 4% Donkey serum (DS, abcam, Cat#ab7475) and 0.2% Triton X-100 (Tx; sigmaaldrich, Cat#x100) in PBS. Primary and secondary antibodies were diluted in 1% DS/0.2% Tx/PBS and incubated one hour at room temperature. Three PBS 0.2% Tx washes were performed before and after each antibody incubation. Nuclear counterstaining was performed with Hoechst 33342 (sigma-aldrich, Cat#H6024) for 15 min at room temperature. The coverslips were finally mounted with Prolong Gold (invitrogen, Cat#P36960) on microscope slides (thgeyer, Cat#8037/1).

  E). The pattern of VGluT2 immunostaining was similar in both Masp1/3 WT and KO mice, showing the formation of synaptic contact all along the PC proximal dendrite in accordance with normal translocation and synaptogenesis of the climbing fiber on Purkinje cells. Immunostaining for the postsynaptic AMPA-type receptors subunits 2 and 3 (GluA2/3); which are present in both PF/ and CF/Purkinje cell synapses did not reveal any major defects in the Masp1/3 KO mice (Figure 4 F). Altogether these results indicate a normal development of the cytoarchitecture and of the connectivity in the absence of Masp1/3.

  (1:1000; swant, Cat#300), rabbit polyclonal anti-CABP (1:1000; swant, Cat#9.03), rabbit polyclonal anti-GluA2/3 (1:500; millipore, Cat#AB1506), guinea pig polyclonal anti-VGLUT1 (1:5000; millipore, Cat#AB5905) and guinea pig polyclonal anti-VGLUT2 (1:5000; millipore, Cat#AB2251). The following secondary antibodies were used: donkey polyclonal anti-mouse Alexa Fluor 488 (1:1000; invitrogen, Cat#R37114), donkey polyclonal anti-rabbit Alexa Fluor 488 (1:1000; invitrogen, Cat#A21206), goat polyclonal anti-guinea pig Alexa Fluor 647 (1:1000; invitrogen, Cat#A21450), donkey polyclonal anti-mouse Alexa Fluor 568 (1:1000; invitrogen, Cat#A10037), goat polyclonal anti-guinea pig Alexa Fluor 488 (1:1000; invitrogen, Cat#A11073) and goat polyclonal anti-guinea pig Alexa Fluor 594 (1:1000; Invitrogen, Cat#A11076). The following conjugated antibody was used: sheep polyclonal anti-digoxigenin alkaline phosphatase(1:2000 -1:5000; roche, Cat#11093274910). wt F (19273) CCT CCT CTA CCA CGC TCT GT Masp1/3 wt R(19274) GGA TTC CAA GTT GAA GTG CAT

Figure 1 :

 1 Figure 1: Four isoforms are coded by the Masp1/3 gene. The exon/intron organization (left) and protein domains (right) are shown for each isoform.

Figure 2 :Figure 3 :

 23 Figure 2: mRNA expression of the Masp1/3 isoforms during development. Expression of Masp1, Masp3, Map44 and isoform 4 was assessed at different developmental stages with RTqPCR on mRNA extracts from mouse cerebellum (left panel), brainstem (central panel) and liver (right panel). Expression levels are normalized to the ubiquitous gene Rpl13a. n=3. Data are presented as mean ± s.e.m. E17, embryonic day 17, P0-P21, postnatal day 0-21.

Figure 4 : 3 .

 43 Figure 4: Normal pattern of excitatory innervation in Purkinje cells in the absence of MASP1/3. Qualitative analysis using immunostaining for CaBP labeling Purkinje cells, VGluT1 labeling PF presynaptic boutons (A-C), for VGluT2 labeling CF presynaptic boutons (D-E), for the postsynaptic GluA2/3 (F) in Masp1/3 KO and WT mice.

Figure 1 .

 1 Figure 1. Developmentally Regulated Expression of the Bai3 and C1ql Genes in the Mouse Brain (A) In situ hybridization experiments were performed using probes specific for Bai3, C1ql1, and C1ql3 on coronal (left) and sagittal (right) sections of mouse brain taken at postnatal day 0 (P0), P7, and adult. Ctx, cortex; DCN, deep cerebellar nuclei; DG, dentate gyrus; Hp, hippocampus; IO, inferior olive; LA, lateral amygdala; PC, Purkinje cell. The scale bars represent 500 mm; each scale bar applies to the whole column. (B) Expression of Bai3 and C1ql1 was assessed at different stages of mouse brain development with qRT-PCR on mRNA extracts from brainstem and cerebellum (E17, embryonic day 17; P0-P14, postnatal day 0 to 14). Expression levels are normalized to the Rpl13a gene. n = 3 samples per stage. Data are presented as mean ± SEM. See also Figure S2.

Figure 2 .

 2 Figure 2. The Adhesion-GPCR BAI3 Promotes Synaptogenesis and the Innervation Territory of CFs on PCs (A and B) Defects in CF synapses were assessed at P21 after stereotaxic injections at P7 of recombinant lentiviral particles driving expression of shRNA against Bai3 (shBAI3) or control shRNA (shCTL). Immunostaining for vesicular glutamate transporter 2 (VGLUT2) was used to label specifically CF synapses on transduced PCs (eGFP positives). (A) Representative images of VGLUT2 extension. Pial surface: white dashed line. The scale bar represents 40 mm. (B) Representative images of VGLUT2 cluster morphology. The scale bar represents 10 mm. (C) The extension of VGLUT2 clusters relative to PC height, their mean number, and volume were quantified using Image J. n R 22 cells, n = 3 animals per condition. Data are presented as mean ± SEM; unpaired Student's t test or two-way ANOVA followed by Bonferroni post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001. (D) Electrophysiological recordings of P18-P23 PCs transduced with recombinant lentiviral particles driving expression of either shBAI3 or shCTL. CF-mediated whole-cell currents are shown in the left panel. Averages of five stimuli for two representative cells are shown. Traces were recorded at À10 mV following CF stimulation. Total CF-mediated EPSCs were quantified and plotted in the bar graph shown in the right panel. Bars represent mean ± SEM. Unpaired Student's t test; *p < 0.05. See also Figures S3A and S4A.

Figure 4 .

 4 Figure 4. The C1QL1 Protein from Inferior Olivary Neurons Promotes CF/PC Synaptogenesis (A) Defects in CF/PC synapses were assessed at P14 after C1ql1 knockdown. Stereotaxic injections of recombinant lentiviral particles driving expression of a shRNA against C1ql1 (shC1QL1), a control shRNA (shCTL), or shC1QL1 together with a C1ql1 rescue cDNA were performed in the inferior olive of P4 mice. Immunostaining for VGLUT2 antibody was used to visualize CF synapses. eGFP-positive CFs correspond to transduced inferior olivary neurons. The scale bar in the left panel represents 20 mm and in the right panel represents 10 mm. (B) Extension of CFs (eGFP) or of CF synapses (VGLUT2) relative to PC height, as well as the number of CF synapses, were quantified using Image J. n = 4-8 animals and n R 95 CFs per condition. Data are presented as mean ± SEM; one-way ANOVA followed by Kruskal-Wallis post hoc test or Dunn's test; *p < 0.05; **p < 0.01; ***p < 0.001. (C) Top CF-induced EPSCs recorded in PCs located in the target zone of virally transduced CFs (cf. text). Bottom panel: summary bar graphs showing the averaged peak amplitude of CF-EPSCs for each condition. Bars represent mean ± SEM values. Mann Whitney U test; *p < 0.05. See also Figure S6.

Figure 5 .

 5 Figure 5. Misexpression of C1ql1 Reduces the Synaptic Territory of CFs on PCs C1ql1 misexpression in the cerebellum was performed using stereotaxic injections in the vermis of P7 mice of lentiviral particles, driving the expression of GFP (eGFP) alone or together with C1QL1 (C1QL1 WT). CF extension was imaged at P14 after immunostaining for VGLUT2 (CF synapses) and CaBP (entire PC). n = 6 animals per condition. Data are presented as mean ± SEM; unpaired Student's t test with Welch's correction; ***p < 0.001. The scale bar represents 40 mm.

Figures

  Figures 3, 6, and 7), showing that there was no non-specific effect of co-transduction itself on spine density. A non-specific effect of shC1QL1 and shCTL co-expression prevented the interpretation of the data on spine morphology (Figure7B). The level of reduction in spine density after double knockdown corresponds to the one detected for Bai3 knockdown alone and is smaller than for C1ql1 knockdown alone. Thus, whereas C1QL1 and BAI3 do not control spine density independently, their regulation of this process is complex.

Figure 6 .

 6 Figure 6. Transient C1QL1 Secretion in the Cerebellum Promotes PC Spinogenesis (A) The role of cerebellar C1QL1 was assessed in mixed cultures using an RNAi approach. Neurons were transduced at DIV4 with recombinant lentiviral particles driving expression of control shRNA (shCTL) or shC1QL1, a mixture of recombinant lentiviral particles driving either shC1QL1 space and wild-type C1ql1 (knockdown condition), or shC1QL1 and C1ql1 Rescue cDNA (control condition). High-resolution confocal imaging was performed at DIV14 after immunostaining for calbindin (CaBP) and VGLUT1 (specific for PF synapses). The scale bar represents 5 mm. (B) Effects of C1ql1 knockdown on spine density, head diameter, and length, as well as on the number of VGLUT1 synaptic contacts were quantified. n R 30 cells, three to four independent experiments. Data are presented as mean ± SEM; one-way ANOVA followed by Newman-Keuls or Kruskal-Wallis post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001. Spine density was significantly reduced in all conditions when compared to the shCTL condition. See also Figure S3B.

Figure 7 .

 7 Figure 7. The Modulation by C1QL1 of PC Spinogenesis Depends on Normal Levels of the BAI3 Receptor(A) The functional interaction between C1QL1 and BAI3 was assessed by simultaneous reduction of their expression in cerebellar cultures using an RNAi approach. Neurons were transduced at DIV4 with a mixture of recombinant lentiviral particles driving either shC1QL1 and shBAI3 (double knockdown), shBAI3 and shCTL (Bai3 knockdown alone), shC1QL1 and shCTL (C1ql1 knockdown alone), or double amounts of shCTL. Analysis was performed using high-resolution confocal imaging at DIV14 after immunostaining for calbindin (CaBP). The scale bar represents 5 mm. (B) Quantitative analysis of spine density performed using Neuron Studio. n R 30 cells, three to four independent experiments (data are presented as mean ± SEM; one-way ANOVA followed by Newman-Keuls post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001). Spine density was significantly reduced in all conditions when compared to the shCTL condition.

1 .

 1 Figure S1, related to Figure 2 and 3. BAI3 is localized in spines and partially colocalized with the postsynaptic density in cultured hippocampal neurons. DIV20 hippocampal neurons co-transfected at DIV18 with BAI3 and mCherry constructs were immunostained for BAI3 and the postsynaptic density marker PSD95. Higher magnifications of regions (a-c) are shown in the insets on the bottom right. Scale bars, 5µm and 0.5µm for insets.

Figure

  Figure S3, related to Figures 2, 3 and 6. Characterization of knockdown and rescue efficiency for our RNAi approach in cerebellar mixed cultures. (A) Expression of Bai3 and Pcp2 mRNAs was assessed using quantitative RT-PCR on extracts from cerebellar mixed cultures. Transduction was performed at days in vitro 4 (DIV4) with lentiviruses driving the expression of two different shRNAs directed against Bai3, or the control shCTL and analysis at DIV7 (left) or DIV14 (right). Expression levels are normalized to the Rpl13a gene. Note that twice as many lentiviral particles are used for shBAI3#2. (B) Expression of C1ql1 and Pax6 mRNAs was assessed using quantitative RT-PCR on cerebellar mixed cultures at DIV7 or DIV14, respectively after 3 days or 10 days of transduction by lentiviruses driving the expression of a shRNA directed against C1ql1 alone or in combination with lentiviruses expressing C1ql1 WT or C1ql1 Rescue, or the shCTL as control. Expression levels are normalized to the Rpl13a gene. N=3-7 independent experiments (Data are presented as mean ± SEM; One-way ANOVA followed by Newman-Keuls posthoc test, *p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001).

3 .

 3 Figure S4, related to Figure2 and 3. Cell autonomous role of BAI3 in Purkinje cells. (A) P21 immunostaining for vesicular glutamate transporter 2 antibody (VGluT2), a marker specific for climbing fiber synapses, on non-transduced PCs (GFP negative) or transduced PCs (GFP positive). Stereotaxic injections of recombinant lentiviral particles driving expression of a small hairpin RNA against Bai3 (shBAI3) or control shRNA (shCTL) were performed at P7. Normal VGluT2 extension was observed in GFP-negative cells in contrast to the decreased extension visible on GFP-positive PCs. Granule cells are GFP-positives in the region of both GFP positive and negative cells. Pial surface: white dashed lines. Scale bar, 30µm. (B) Cerebellar mixed cultures were transduced at DIV4 with recombinant lentiviral particles driving expression of GFP together with a shRNA targeting Bai3 (shBAI3) or a control shRNA (shCTL). Dendritic spines and parallel fiber synapses in transduced Purkinje cells (GFP) or non-transduced PCs (Non-GFP) were imaged at DIV14 after immunostaining for calbindin (CaBP) and vesicular glutamate transporter 1 antibody (VGluT1). Scale bar: 5µm. (C) Quantitative assessment of the number and morphology of spines was performed in cultured Purkinje cells using the NeuronStudio software. Quantitative assessment of the number and size of vGluT1 synaptic contacts was performed using ImageJ. N≥18 cells per condition, 3 independent experiments (Data are presented as mean ± SEM; One-way ANOVA followed by Newman-Keuls posthoc test, *p < 0.05; **p < 0.01; ***p < 0.001).

3 .

 3 Figure S5, related to Figure 3. Data obtained with a second shRNA targeting BAI3 show similar effects on Parallel fiber/Purkinje cell spinogenesis and synaptogenesis in vitro. (A) Cerebellar mixed cultures were transduced at DIV4 with lentiviral particles driving expression of GFP together with a small hairpin RNA targeting Bai3 (shBAI3#2) or a control shRNA (shCTL). Dendritic spines and parallel fiber synapses in transduced Purkinje cells (GFP positive) were imaged at DIV14 after immunostaining for calbindin (CaBP) and vesicular glutamate transporter 1 antibody (VGluT1), respectively. Scale bar: 5µm (B) Quantitative assessment of the number and morphology of Purkinje cell spines was performed using the NeuronStudio software. N≥40 cells per condition, 4 independent experiments (Data are presented as mean ± SEM; unpaired Student t test and Mann-Whitney U test for spine length, **p ˂ 0.01; ***p ˂ 0.001). (C) Quantitative assessment of the number and size of vGluT1 synaptic contacts in DIV14 transduced Purkinje cells was performed using ImageJ. N≥40 cells per condition, 4 independent experiments (Data are presented as mean ± SEM; unpaired Student t test, *p ˂ 0.05; **p ˂ 0.01).

Figure

  Figure S6, related to Figure 4. C1ql1 knockdown in the IONs does not induce obvious effects on pre-existing somatic synapses. (A) Site of injection in the brainstem (green cross). (B) eGFP expression was visible in inferior olivary neurons (CaBP labeling) at P14 after injection of lentiviral particles driving expression of eGFP in the inferior olive (red rectangle and lower panel). eGFP is also visible in climbing fibers (upper panel, white arrows) in the cerebellum (green rectangle). Cb, Cerebellum, ION, Inferior Olivary Neuron. Scale bars, 100 µm. (C) Climbing fiber/Purkinje cell synapses on PC somata were visualized at P9 using immunostaining for vesicular glutamate transporter 2 antibody (VGluT2). Stereotaxic injections of recombinant lentiviral particles driving expression of shRNA against C1ql1 (shC1ql1), control shRNA (shCTL) or shC1ql1 together with C1ql1 Rescue cDNA (control condition) were performed at P4. Scale bar, 20μm.

Figure S7, related to Figure 1 .

 1 Figure S7, related to Figure 1. C1ql1 expression in cerebellar cultures. Expression of C1ql1 was assessed at different stages of cerebellar culture development using quantitative RT-PCR on cell extracts (days in vitro, DIV0 to 21). Expression levels are normalized to the Rpl13a gene. N=2 samples per stage. Data are presented as mean ± SEM.

Fig 1 .

 1 Fig 1. The cerebellar architecture is not affected in Lgals3 null mice. (A) Lgals3 mRNA

  . To analyze the possible role of LGALS3 in excitatory synapse formation we used immunolabeling with the pre-synaptic marker VGLUT2, to label the CF presynaptic boutons, and with the pre-synaptic marker VGLUT1, specific for the parallel fiber (PF) presynaptic boutons in the cerebellar cortex. At P15, VGLUT2 clusters are found on the somato-dendritic region of Purkinje cells, in particular on proximal dendrites both in Lgals3 KO and Lgals3 WT mice (Fig 2A). Smaller VGLUT2 clusters corresponding to maturing PF-Purkinje cell synapses [31] are found in distal dendrites, in particular in the upper part of the molecular layer, in both genotypes. In adult mice, when CF and PF synapses are mature, VGLUT2 clusters are only found on the Purkinje cells proximal dendrites and extend to about 4/5 th of the molecular layer height both in Lgals3 KO and WT cerebella (Fig 2B). The pattern of VGLUT1 immunostaining is similar in Lgals3 KO mice and control littermates, with a sparse staining of distal dendrites at P15 (Fig 2C) and a dense staining non-overlapping with the VGLUT2 clusters at P65 (Fig 2D). These qualitative data show that both PF and CF excitatory synaptogenesis in cerebellar Purkinje cells is not affected by Lgals3 invalidation.

Fig 2 .

 2 Fig 2. No changes in excitatory Purkinje cell synapses in Lgals3 knockout mice. (A and B)

  Fig 3A). At P15, the highest expression of LGALS3 was found in the choroid plexus located

Fig 3 .

 3 Fig 3. LGALS3 expression in the cerebellum and brainstem during postnatal

  Co-immunostaining experiments using an antibody against the oligodendrocyte specific marker OLIG-2 show some LGALS3 expression in OLIG-2 positive oligodendrocytes (Fig 4A), while co-immunostaining experiments with an anti-GFAP antibody to label astrocytes showed extensive colocalization of LGALS3 and GFAP in cells of the cerebellar white matter (Fig 4B).In the grey matter of the cerebellum, the morphology of scattered LGALS3 positive cells was reminiscent of microglial cells. Immunolabeling of cerebellar sections from a CX3CR1 eGFP/eGFP mouse line that expresses soluble GFP in microglial cells[START_REF] Audinat | Antibodies The following primary antibodies were used: mouse monoclonal anti-CABP (1:1000; swant, Cat#300), rabbit polyclonal anti-CABP (1:1000; swant, Cat#9.03), mouse monoclonal anti-GFAP (1:500; millipore, Cat#MAB360), rabbit polyclonal anti-GLURδ1/2 (1:1000; millipore, Cat#AB2285), goat polyclonal anti-LGALS3 (1:200; R&D Systems, Cat#AF1197)[END_REF], revealed double labeled cells and confirmed the microglial identity of LGALS3 positive cells in the molecular layer(Fig 4C). Overall our study shows that LGALS3 is expressed in non-neuronal cells in the cerebellum and brainstem during postnatal development, in particular subpopulations of astrocytes and microglial cells.

Fig 4 .

 4 Fig 4. LGALS3 protein expression in meningeal cells and in glial cells of the cerebellar

  

  

  

  

  

  

  

  

  

Table S1 . Behavioral characterization of Susd4 KO mice

 S1 

		WT	Susd4 KO
	Physical Characteristics		
	Weight (g)	24,1 ± 2,91	24,7 ± 3,45
	Whiskers (% with)	80	83,3
	Palpebral Closure (% with)	0	0
	Piloerection (% with)	20	25
	Sensorimotor Reflexes		
	(% subjects displaying "normal response")		
	Cage movement	100	100
	Whisker response	100	100
	Eye Blink	100	100
	Ear Twitch	100	100
	Motor Responses		
	Elevated Plus-maze		
	Entries Open Arm (%)	69,86 ± 9,92	74,42 ± 12,07
	Time Open Arm (%)	46,73 ± 3,23	36,93 ± 4,39
	Open Field Locomotion		
	Improvement (number)	21,92 ± 2,83	19,42 ± 2,03
	Distance (cm)	2653,84 ± 230,25	2300,68 ± 158,47
	Speed (cm/s)	12,79 ± 0,41	13,06 ± 0,30
	Time on Center (%)	12,76 ± 1,30	11,18 ± 1,26

. From P90 Susd4 KO and wild-type mice.

Table S2 . List of SUSD4 interactors. Proteomic

 S2 

	Protein Description	Gene	Mol. weight [kDa] Number of proteins Unique peptides Score	MS/MS count
	NEDD4L E3 ubiquitin-protein ligase NEDD4-like	Nedd4l	115,42	1	28	323,31
	CALX	Calnexin	Canx	67,277	1	28	323,31
	SYT2	Synaptotagmin-2	Syt2	47,262	1	13	323,31
	ITCH	E3 ubiquitin-protein ligase Itchy	Itch	98,992	1	24	311,5
	VAPA	Vesicle-associated membrane protein-associated protein A	Vapa	27,855	1	10	261,5
	DHYS	Deoxyhypusine synthase	Dhps	40,642	1	9	246,24
	MAP6	Microtubule-associated protein 6	Map6	96,449	1	33	245,58
	AP2A1	AP-2 complex subunit alpha-1	Ap2a1	107,66	1	16	192,95
	WWP2	NEDD4-like E3 ubiquitin-protein ligase WWP2	Wwp2	98,76	1	14	189,35
	SUSD4	Sushi domain-containing protein 4	Susd4	53,796	1	4	186,02
	WWP1	NEDD4-like E3 ubiquitin-protein ligase WWP1	Wwp1	104,69	1	13	172,95
	PFKAM	ATP-dependent 6-phosphofructokinase, muscle type	Pfkm	85,268	1	18	172,41
	MCM3	DNA replication licensing factor MCM3	Mcm3	91,545	1	14	170,43
	ECHA	Trifunctional enzyme subunit alpha, mitochondrial	Hadha	82,669	1	16	157,82
	EAA1	Excitatory amino acid transporter 1	Slc1a3	59,622	1	7	148,06
	SAC1	Phosphatidylinositide phosphatase SAC1	Sacm1l	66,943	1	16	137,7
	PDIA6	Protein disulfide-isomerase A6	Pdia6	48,1	1	8	131,04
	LANC2	LanC-like protein 2	Lancl2	50,777	1	5	108,99
	AP2B1	AP-2 complex subunit beta	Ap2b1	104,58	1	9	108,6
	PFKAP	ATP-dependent 6-phosphofructokinase, platelet type	Pfkp	85,454	1	10	91,763
	PSMD2	26S proteasome non-ATPase regulatory subunit 2	Psmd2	100,2	1	11	91,744
	LRC47	Leucine-rich repeat-containing protein 47	Lrrc47	63,589	1	9	84,981
	DDX17	Probable ATP-dependent RNA helicase DDX17	Ddx17	72,399	1	6	84,91
	ACSL6	Long-chain-fatty-acid--CoA ligase 6	Acsl6	78,016	1	11	83,424
	IMDH2	Inosine-5'-monophosphate dehydrogenase 2	Impdh2	55,814	1	4	78,281
	E41L1	Band 4.1-like protein 1	Epb41l1	98,314	1	8	78,278
	PDIA3	Protein disulfide-isomerase A3	Pdia3	56,678	1	12	78,229
	CKAP4	Cytoskeleton-associated protein 4	Ckap4	63,691	1	11	77,346
	RS4X	40S ribosomal protein S4, X isoform	Rps4x	29,597	2	9	75,989
	RP3A	Rabphilin-3A	Rph3a	75,488	2	7	75,971
	KINH	Kinesin-1 heavy chain	Kif5b	109,55	3	11	73,746
	FOXK1	Forkhead box protein K1	Foxk1	74,919	1	6	66,392
	MAP4	Microtubule-associated protein 4	Map4	117,43	1	9	63,982
	ARRB1	Beta-arrestin-1	Arrb1	46,972	1	4	63,08
	GBRA1	Gamma-aminobutyric acid receptor subunit alpha-1	Gabra1	51,753	4	7	60,455
	CSK21	Casein kinase II subunit alpha	Csnk2a1	45,133	1	7	60,036
	VAPB	Vesicle-associated membrane protein-associated protein B	Vapb	26,946	1	9	55,013
	TADBP	TAR DNA-binding protein 43	Tardbp	44,547	1	5	53,416
	NEDD4	E3 ubiquitin-protein ligase NEDD4	Nedd4	102,71	1	7	50,242
	SEPT11 Septin-11	Sept11	49,694	1	5	49,988
	AP2A2	AP-2 complex subunit alpha-2	Ap2a2	104,02	1	7	48,711
	RPN1	Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 Rpn1	68,527	1	7	47,497
	E41L2	Band 4.1-like protein 2	Epb41l2	109,94	1	6	43,861
	HS12A	Heat shock 70 kDa protein 12A	Hspa12a	74,87	2	4	38,915
	PRS8	26S protease regulatory subunit 8	Psmc5	45,626	1	5	36,545
	DJB11	DnaJ homolog subfamily B member 11	Dnajb11	40,555	1	5	36,159
	DNJA1	DnaJ homolog subfamily A member 1	Dnaja1	44,868	1	4	31,584
	DHB8	Estradiol 17-beta-dehydrogenase 8	Hsd17b8	26,588	1	2	30,223
	SEPT5	Septin-5	Sept5	42,747	1	4	23,66
	H2B1A	Histone H2B type 1-A	Hist1h2ba	13,992	12	2	19,258

identification of SUSD4 interacting partners by LC-MS/MS from affinity-purified extracts from synaptosomes.
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In situ hybridization

Fresh frozen sections of 20µm thickness were prepared from mouse brains at postnatal age P21 using a cryostat. The riboprobes (for sequence see primers: Masp3 ISH Fwd and Rev and Map44

ISH Fwd and Rev) were used at a final concentration of 0,05µg/µL, and hybridization was done overnight at a temperature of 72°C. The anti-digoxigenin-AP antibody was used at a dilution of 1:5000. Alkaline phosphatase detection was done using BCIP/NBT colorimetric revelation.

RT-PCR and RTqPCR

RT-PCR: For standard RT-PCR, total RNA was isolated from the cerebellum and brainstem of 

ANNEXUS

"The magical complexity of the brain -its construction from millions of overlapping neural circuits containing trillions of synapses -can be accounted for by molecular rules."

ANNEXE 1:

The Secreted Protein C1QL1 and Its Receptor BAI3 Control the

Synaptic Connectivity of Excitatory Inputs Converging on

Cerebellar Purkinje Cells

Sigoillot S.M. 1,2,3 , Iyer K. 1,2,3 , Binda F. 4 , González-Calvo I. 1,2,3,4 , Talleur M. 1,2,3 , Vodjdani G. 5 , Isope P. 4 and Selimi F. 1,2,3 and dorsal accessory olive. 0.5-1 ml of lentivirus was injected per animal using pulled calibrated pipets.

Dendritic Spine and Synapse Analysis

For each PC, a dendritic segment of about 100 mm in length and in the distal part of the arborization or after the second branching point was considered. Dendritic spines were analyzed with the NeuronStudio software (version 9.92; [START_REF] Rodriguez | Automated three-dimensional detection and shape classification of dendritic spines from fluorescence microscopy images[END_REF]. The spine head diameter corresponds to the minimal diameter of the ellipse describing the spine head, calculated in the xy axis. The spine length is the distance from the ''tip'' of the spine to the surface of the model. Minimum height was set to 0.5 mm and maximum to 8 mm. Synaptic contacts were analyzed using ImageJ-customized macro. The CaBP and the VGLUT1 objects found above a user-defined threshold were selected. Image calculator was used to extract the signal common to CaBP and VGLUT1 images: the number and volume of these puncta were quantified with the 3D Object counter plugin from ImageJ. The size of presynaptic VGLUT2 clusters was analyzed using the ImageJ plugin 3D object counter. Bin number of VGLUT2 cluster intersection was assessed using the Advanced Scholl analysis plugin from ImageJ.

Statistical Analysis

Data generated with NeuronStudio or ImageJ were imported in GraphPad Prism for statistical analysis. Data were analyzed by averaging the values for each neuron in each condition. Values are given as mean ± SEM. Student's t test or one-way ANOVA followed by Newman-Keuls post hoc test were performed for comparison of two or more samples, respectively. When distribution did not fit the Normal law (assessed using Graphpad Prism), Mann-Whitney U test or one-way ANOVA followed by Kruskal-Wallis post hoc test were used. Two-way ANOVA followed by Bonferroni post hoc test was performed for the analysis of bin number of VGLUT2. *p < 0.05; **p < 0.01; ***p < 0.001. Supplemental Experimental Procedures (cerebellar mixed cultures, qRT-PCR, in situ hybridization, immunohistochemistry, image acquisition, and electrophysiology) are available online.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures and seven figures and can be found with this article online at http://dx.doi. org/10.1016/j.celrep.2015.01.034.
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-Supplemental Experimental Procedures cDNA and RNAi constructs

The BAI3-WT construct was cloned into the pEGFP-C2 vector from mouse cDNA clone #BC099951. The shRNA #2 sequence for BAI3 was: 5'tgcagaatttaccctttga3', and was subcloned under the H1 promoter in a lentiviral vector that also drives eGFP expression [START_REF] Avci | Thyroid hormone triggers the developmental loss of axonal regenerative capacity via thyroid hormone receptor a1 and kru ¨ppel-like factor 9 in Purkinje cells[END_REF].

RTqPCR

RNA samples were obtained from mixed cerebellar cultures using the RNeasy Mini kit (QIAGEN, Hilden, Germany), cDNA were amplified using the SuperScript® VILO™ cDNA Synthesis kit (Life technologies, Paisley, UK) according to manufacturer's instructions.

Quantitative PCR was performed using the TaqMan Universal Master Mix II with UNG (Applied Biosystems, Courtaboeuf, France) and the following TaqMan probes: Bai3

(#4331182_Mm00443081_m1).

In situ Hybridization

In situ hybridization was performed using a previously described protocol with minor modifications (Bally-Cuif et al., 1992). Briefly, paraformaldehyde-fixed freely floating vibratome sections were obtained (100 µm thickness) from mouse brains at postnatal day 0 (P0), P7 and adult (more than 6 weeks). The probe sequences corresponded to the following nucleotide residues for the indicated mouse cDNA: 3955-4708 bp for Bai3 (NM_175642.4), 641-1200 bp for C1ql1 (NM_011795.2) and 501-1017 bp for C1ql3 (NM_153155.2). The riboprobes were used at a final concentration of 2 µg/µL. The proteinase K (10µg/mL) Supplemental information treatment was given for 30 seconds for P0 and P7 brain sections, and 10 minutes for adult brain sections. The anti-digoxigenin-AP antibody was used at a dilution of 1/2000.

Primary neuronal cultures

Cerebellar mixed cultures were prepared from P0 Swiss mouse cerebella and were dissected and dissociated according to previously published protocol (Tabata et al., 2000). Neurons

were seeded at a density of 5x10 6 cells/ml. Hippocampal cultures were prepared from E18

Swiss mouse embryos as previously published with minor modifications (Fath et al., 2008).

Hippocampal neurons were transfected at DIV18 using Lipofectamine-2000 (Life technologies, Carlsbad, USA) according to the manufacturer's protocol.

Immunocytochemistry, immunohistochemistry and antibodies

Immunostaining was performed on cells fixed with 2% paraformaldehyde in PBS or on 30 micrometer thick sagittal cerebellar sections obtained using a freezing microtome from brains of mice perfused with 4% paraformaldehyde in PBS. The following antibodies were used:

anti-CaBP mouse antibody (Swant, Marly, Switzerland, #300), anti-VGluT1 guinea pig antibody (Millipore, Molsheim, France, #AB5905), anti-VGluT2 guinea pig antibody (Millipore, Molsheim, France, #AB2251), anti-BAI3 rabbit antibody (Sigma, St Louis, USA, #HPA015963) and anti-PSD95 rabbit antibody (Cell signaling, Leiden, The Netherlands, #3450).

Image acquisition and analysis

Image stacks were acquired using a Confocal Microscope (SP5, Leica), using either 40x (1.25 During CF recordings the stimulation electrode was placed in the granule cells layer below the clamped cell; CF-mediated responses were identified by the typical all or nothing response and strong depression displayed by the second response elicited during paired pulse stimulations (20 Hz).

PF stimulation was achieved by placing the stimulation electrode in the molecular layer at the minimum distance required to avoid direct stimulation of the dendritic tree of the recorded PC. The input/output curve was obtained by incrementally increasing the stimulation strength.

Peak EPSC values for PF were obtained following averaging of five consecutive traces and were normalized to the EPSC recorded at the lowest stimulus intensity in order to determine the fold increase in PF responses. Data analyses were performed with the scientific data analysis software Igor Pro (WaveMetrics, USA).
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"You mean old books?

Stories written before space travel but about space travel.

How could there have been stories about space travel before -

The writers, Pris said, made it up."

-Philip K. Dick, Do Androids Dream of Electric Sheep?