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Introduction Chapter 1: Different modalities of oligodendroglial cell interactions with neurons

Animals are constantly challenged by an array of environmental cues, which can either be beneficial or deleterious to their survival. Therefore, the central and peripheral nervous systems (CNS and PNS, respectively) have to elaborate appropriate responses continuously. This phenomenon is ensured by highly polarized nerve cells, also known as neurons. First described in 1836 by German physiologist Gabriel Gustav Valentin (1810-1863), neurons follow a so-called "neuron doctrine" initially supported by Spanish histologist Santiago Ramón Y Cajal (1852-1934) who stated that they represent the structural and functional basis of the nervous system as they are individual cells communicating with each other. Typically, incoming signals are integrated within their somatodendritic domain and are then converted into a corresponding response, in the form of action potentials (APs), which propagate along the axon toward a potential target (e.g., another neuron, skeletal muscle). This neurotransmission plays an essential role in coordinating a wide range of physiological functions, varying from locomotion to cognition. To properly perform such sophisticated processes, neurons interact with glial cells, i.e., neural cells characterized by their inability to transmit APs. Originally considered as glue supporting neurons, they now arouse great interest since the elucidation of their critical roles in neuronal development, survival and function. Glia cell population mainly comprises astrocytes, microglia and oligodendroglial lineage cells. These cells participate in the establishment and regulation of appropriate neuronal networks and information processing, notably through their interactions with neurons.

Neurons transmit rapid electrical signals

Neurons represent a highly diverse population of cells with distinct morphological, molecular and functional features. Yet, all neurons are structurally polarized into three main parts: the cell body (or soma), the dendrites and the axon. This unique anatomy enables neurons to communicate with each other into complex signaling circuits. APs are initiated within the axon initial segment (AIS), a specialized membrane domain highly enriched in voltage-gated ion channels [START_REF] Debanne | Axon physiology[END_REF]. Ongoing communication between neurons takes place at specialized sites of contact, named synapses. Stereotypically, AP propagation in the presynaptic neuron leads to the release of chemical factors (i.e., neurotransmitters) into the synaptic cleft. Neurotransmitters subsequently bind and activate specific receptors harbored by the postsynaptic neuron which will display different responses depending on the type of neurotransmitter released. In the CNS, glutamate is the main excitatory neurotransmitter, while GABA (gamma-aminobutyric acid) is the main inhibitory one.

Glutamatergic neurons, mainly pyramidal cells, are considered as excitatory neurons, making their neuronal target more likely to fire an AP whereas GABAergic neurons inhibit AP generation of their target. Some GABAergic neurons (or interneurons) form synaptic contacts with nearby principal cells, while others also project to more distant target cells. GABAergic neurons serve a wide range of cortical functions beyond their classical action to counter neuronal excitation. Notably inhibitory cells can control the timing of firing in populations of pyramidal cells since local synaptic connectivity is very high (more than 50%) for some GABAergic cell types. Such interactions between inhibitory and excitatory neurons are crucial for the generation of rhythmic activities necessary for cortical information processing.

An impaired excitatory/inhibitory balance is linked to neurological disorders, including epilepsy, autism spectrum and schizophrenia [START_REF] Wong | Too much inhibition leads to excitation in absence epilepsy[END_REF][START_REF] Selten | Inhibitory control of the excitatory/inhibitory balance in psychiatric disorders[END_REF].

Excitatory glutamatergic neurons

Glutamatergic neurons are the most abundant type of neurons in the CNS. They mostly involve pyramidal cells (also called pyramidal neurons), which can be recognized by their stereotypical bipolar morphology. They indeed take their name from their pyramidalshaped soma where numerous short basal dendrites emanate, together with a single long apical dendrite bifurcating over variable distance before branching into a so-called apical tuft [START_REF] Feldmeyer | Functional and Structural Diversity of Pyramidal Cells[END_REF]. While the soma and the axon receive inhibitory GABAergic inputs, most of the excitatory inputs are integrated within the dendritic arborization covered by numerous dendritic spines, meaning postsynaptic excitatory contacts [START_REF] Spruston | Pyramidal neurons: dendritic structure and synaptic integration[END_REF]. Because pyramidal cells are highly diverse, they do not share identical electrophysiological properties.

However, in general, APs observed along pyramidal cells are longer than those of GABAergic neurons, as they display half-width of 2 ms [START_REF] Feldmeyer | Functional and Structural Diversity of Pyramidal Cells[END_REF]. APs are often followed by an afterdepolarization (ADP; [START_REF] Wong | Afterpotential generation in hippocampal pyramidal cells[END_REF][START_REF] Jung | Action potential bursting in subicular pyramidal neurons is driven by a calcium tail current[END_REF][START_REF] Metz | R-type calcium channels contribute to afterdepolarization and bursting in hippocampal CA1 pyramidal neurons[END_REF], whose size governs the AP firing mode of pyramidal cells: either regular-spiking or burst-spiking [START_REF] Metz | R-type calcium channels contribute to afterdepolarization and bursting in hippocampal CA1 pyramidal neurons[END_REF]. Regarding the axon, it branches extensively so that a large number of excitatory glutamatergic synapses are established throughout its length [START_REF] Spruston | Pyramidal neurons: dendritic structure and synaptic integration[END_REF].

Glutamatergic transmission triggers membrane depolarization of the postsynaptic cell through two main subtypes of receptors: ionotropic and metabotropic glutamate receptors (iGluRs and mGluRs, respectively). iGluRs are transmembrane proteins ligand-gated ion channels which conduct cations flow into the cell in response to glutamate binding. Three main families of iGluRs have been identified: the N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors, for review see [START_REF] Meldrum | Glutamate as a Neurotransmitter in the Brain: Review of Physiology and Pathology[END_REF]. mGluRs take part of the class C of G-protein coupled receptors (GPCR) superfamily, which, when activated, mediate downstream pathways implicating calcium signaling, for review see [START_REF] Niswender | Metabotropic Glutamate Receptors: Physiology, Pharmacology, and Disease[END_REF].

Inhibitory GABAergic neurons

GABAergic neurons account for about 15-30% of total cortical neurons [START_REF] Defelipe | Cortical interneurons: from Cajal to 2001[END_REF] and a smaller fraction of ~10-15% of total neurons from the hippocampus (Pelkey et al., 2017). In the early 20 th century, Golgi impregnation technique led Ramón y Cajal to first appreciate the striking diversity of neurons since he qualified them as the "butterflies of the soul" (Figure 1). He surmised that neuronal heterogeneity was associated with a diversity of function in cortical circuits [START_REF] Ramón Y Cajal | Recuerdos de mi vida: Historia de mi labor científica[END_REF].

Following this Cajal's original assumption, several studies combining microscopy, electrophysiology and molecular biology have extensively demonstrated the higher diversity of GABAergic neurons features and functions, for review see [START_REF] Freund | Interneurons of the hippocampus[END_REF][START_REF] Rudy | Three groups of interneurons account for nearly 100% of neocortical GABAergic neurons[END_REF]Hu et al., 2014;[START_REF] Lim | Development and Functional Diversification of Cortical Interneurons[END_REF][START_REF] Fishell | Interneuron Types as Attractors and Controllers[END_REF]. While pyramidal cells are not uniform, GABAergic cells possess a startling diversity. Agreement on how this diversity should be classified remains to be established. In 2008, an exhaustive list of features that differentiate GABAergic neurons was compiled by a group of researchers, the Petilla Interneuron Nomenclature Group (Petilla Interneuron Nomenclature Group et al., 2008). Their nomenclature was based on i) morphological criteria, including axonal and dendritic form and orientation, ii) molecular contents, including calcium-binding proteins (calbindin, calretinin, parvalbumin), possible neuropeptide co-transmitters (neuropeptide-Y, vasoactive intestinal peptide, cholecystokinin and somatostatin) and transcription factors and iii) physiological properties, including firing pattern (Petilla Interneuron Nomenclature Group et al., 2008). A loose classification into three major groups accounts for nearly all cortical GABAergic neurons: parvalbumin-expressing (PV + ) neurons, somatostatin-expressing (SST + ) neurons, and ionotropic serotonin receptor-expressing (5HT3aR + ) neurons, for review see [START_REF] Rudy | Three groups of interneurons account for nearly 100% of neocortical GABAergic neurons[END_REF] (Figure 2). These groups may not be exclusive since some PV + interneurons also express SST, at least transiently (Jinno and Kosaka, 2000;[START_REF] Nassar | Diversity and overlap of parvalbumin and somatostatin expressing interneurons in mouse presubiculum[END_REF]. The more recent application of single-cell RNA sequencing (scRNA-seq) has provided detailed data on the molecular diversity of GABAergic neurons and how it is correlated with anatomy and physiology (Zeisel et al., 2015[START_REF] Zeisel | Molecular Architecture of the Mouse Nervous System[END_REF]Cembrowski et al., 2016;[START_REF] Tasic | Adult mouse cortical cell taxonomy revealed by single cell transcriptomics[END_REF][START_REF] Tasic | Shared and distinct transcriptomic cell types across neocortical areas[END_REF][START_REF] Gouwens | Toward an integrated classification of neuronal cell types: morphoelectric and transcriptomic characterization of individual GABAergic cortical neurons[END_REF][START_REF] Yuste | A community-based transcriptomics classification and nomenclature of neocortical cell types[END_REF]. Linking the transcriptional diversity of mature cortical interneurons to expression of distinct transcription factors led to an estimate of at least 23 GABAergic neuronal types [START_REF] Tasic | Adult mouse cortical cell taxonomy revealed by single cell transcriptomics[END_REF]). An alternative classification based exclusively on morphology and physiological properties has identified 68 distinct morpho-electric inhibitory combinations [START_REF] Gouwens | Classification of electrophysiological and morphological neuron types in the mouse visual cortex[END_REF]. Dynamic gene regulatory networks including transcription factors determine developmental trajectories and define stable identities for GABAergic cells [START_REF] Fishell | Interneuron Types as Attractors and Controllers[END_REF]. Transcriptional profiles of interneurons are suggested to govern synaptic connectivity and the properties of synaptic communication (Paul et al., 2017).

Expression of combinations of spatial and temporal fate determinants during early development govern distinct phenotypes of remarkable variety of interneurons. Actions of these determinants are initiated in the subpallium, a discrete region of the neural tube in ventral telencephalon, from which cortical GABAergic neurons originate (Figures 2 and4). It develops into lateral, medial and caudal ganglionic eminences (LGE, MGE, CGE), prepreoptic area (POA) and septum (SE). Progenitors from different domains of the subpallium express different combinations of transcription factors which govern their fate [START_REF] Flames | Delineation of multiple subpallial progenitor domains by the combinatorial expression of transcriptional codes[END_REF].

Cell fate analysis and migration assays indicate that MGE and CGE are major sources of cortical GABAergic neurons [START_REF] Anderson | Distinct origins of neocortical projection neurons and interneurons in vivo[END_REF][START_REF] Hansen | Non-epithelial stem cells and cortical interneuron production in the human ganglionic eminences[END_REF][START_REF] Ma | Subcortical origins of human and monkey neocortical interneurons[END_REF], with a lesser contribution from the POA [START_REF] Gelman | The Embryonic Preoptic Area Is a Novel Source of Cortical GABAergic Interneurons[END_REF][START_REF] Gelman | A wide diversity of cortical GABAergic interneurons derives from the embryonic preoptic area[END_REF]. Nearly all PV + and SST + cells migrate from the MGE and POA [START_REF] Xu | Origins of cortical interneuron subtypes[END_REF][START_REF] Butt | The temporal and spatial origins of cortical interneurons predict their physiological subtype[END_REF][START_REF] Wonders | The origin and specification of cortical interneurons[END_REF][START_REF] Gelman | The Embryonic Preoptic Area Is a Novel Source of Cortical GABAergic Interneurons[END_REF][START_REF] Gelman | A wide diversity of cortical GABAergic interneurons derives from the embryonic preoptic area[END_REF], while heterogeneous cell groups, including VIP + and CCK + interneurons, emerge from the CGE [START_REF] Nery | The caudal ganglionic eminence is a source of distinct cortical and subcortical cell populations[END_REF] (Figure 2). for almost all cortical GABAergic neurons: parvalbumin-expressing (PV+) neurons, somatostatin-expressing (SST+) neurons, and ionotropic serotonin receptor-expressing (5HT3aR+) neurons. Of the PV+ cells, chandelier cells are axo-axonic cells which synapse with the initial segments of pyramidal cell axons. PV+ basket cells are the most abundant type of neocortical interneuron. They are fast-spiking cells which innervate the soma and proximal dendrites of pyramidal cells and other interneurons. A small fraction of PV+ basket cells also express SST. There are two major types of SST+ interneuron: Martinotti cells which innervate pyramidal cell dendrites and non-Martinotti cells, which include cells that project over long distances. 5HT3aR neurons can be divided into two subgroups based on the expression of the neuropeptide VIP. Different classes of interneurons are generated and specified from spatially distinct progenitor cells in the preoptic area (POA), the medial and caudal ganglionic eminences (MGE and CGE, respectively).

How does the subpallium generate so many different cell fates? One factor is that progenitors expressing similar transcription factors are spatially restricted to discrete regions of the subpallium (Figures 2 and4). For example, progenitors of the MGE all express the homeodomain transcription factor Nkx2.1 [START_REF] Sussel | Loss of Nkx2.1 homeobox gene function results in a ventral to dorsal molecular respecification within the basal telencephalon: evidence for a transformation of the pallidum into the striatum[END_REF][START_REF] Butt | The requirement of Nkx2-1 in the temporal specification of cortical interneuron subtypes[END_REF], but only those located in dorsal MGE express the transcription factor Nkx6.2 while in ventral MGE, Etv1 is expressed [START_REF] Lim | Development and Functional Diversification of Cortical Interneurons[END_REF]. Fate examination indicates that SST + GABAergic neurons tend to migrate from the dorsal MGE while PV + cells originate from more ventrocaudal regions of the MGE [START_REF] Fogarty | Spatial genetic patterning of the embryonic neuroepithelium generates GABAergic interneuron diversity in the adult cortex[END_REF][START_REF] Wonders | A spatial bias for the origins of interneuron subgroups within the medial ganglionic eminence[END_REF][START_REF] Inan | Spatial and temporal bias in the mitotic origins of somatostatin-and parvalbumin-expressing interneuron subgroups and the chandelier subtype in the medial ganglionic eminence[END_REF]. A dorso-ventral sonic hedgehog signaling gradient is suggested to govern this spatial segregation of sites of origin for PV + and SST + cells in the MGE [START_REF] Xu | Sonic hedgehog signaling confers ventral telencephalic progenitors with distinct cortical interneuron fates[END_REF]. However, spatial cues may not completely explain fate determination, since clonal studies show individual MGE progenitors can produce both SST + and PV + clones [START_REF] Brown | Clonal Production and Organization of Inhibitory Interneurons in the Neocortex[END_REF][START_REF] Harwell | Wide Dispersion and Diversity of Clonally Related Inhibitory Interneurons[END_REF][START_REF] Mayer | Clonally Related Forebrain Interneurons Disperse Broadly across Both Functional Areas and Structural Boundaries[END_REF].

Timing seems also to be important: SST + GABAergic neurons are generated during early neurogenesis while PV + cells are generated later [START_REF] Miyoshi | Physiologically distinct temporal cohorts of cortical interneurons arise from telencephalic Olig2-expressing precursors[END_REF][START_REF] Inan | Spatial and temporal bias in the mitotic origins of somatostatin-and parvalbumin-expressing interneuron subgroups and the chandelier subtype in the medial ganglionic eminence[END_REF]. This sequence of cell birthdates predicts the "inside out" laminar cortical organization of SST and PV + GABAergic neurons [START_REF] Miller | Cogeneration of retrogradely labeled corticocortical projection and GABAimmunoreactive local circuit neurons in cerebral cortex[END_REF][START_REF] Valcanis | Layer specification of transplanted interneurons in developing mouse neocortex[END_REF][START_REF] Wonders | A spatial bias for the origins of interneuron subgroups within the medial ganglionic eminence[END_REF].

Migration along radial glial cells starts when the first cells are generated. Definitive specification, from cues received in migration and at final cortical destination sites, determines local afferent and efferent connectivity, reviewed in [START_REF] Fishell | Interneuron Types as Attractors and Controllers[END_REF].

GABAergic neurotransmission relies on hyperpolarizing currents mediated by two main classes of receptors: GABAA and GABAB receptors [START_REF] Sigel | Structure, Function, and Modulation of GABAA Receptors[END_REF][START_REF] Terunuma M | Diversity of structure and function of GABAB receptors: a complexity of GABAB-mediated signaling[END_REF]. Upon opening, the ligand-gated GABAA receptors mostly conduct chloride (Cl -) ions, leading to fast synaptic membrane hyperpolarization [START_REF] Sigel | Structure, Function, and Modulation of GABAA Receptors[END_REF].

In contrast, when activated, metabotropic GABAB receptors activate G-coupled inwardly rectifying potassium channels (GIRK) and inhibit voltage-gated calcium channels, which generate slower and prolonged inhibition [START_REF] Terunuma M | Diversity of structure and function of GABAB receptors: a complexity of GABAB-mediated signaling[END_REF]. While GABAergic synaptic transmission is excitatory during early postnatal development of the CNS [START_REF] Mueller | Development of hyperpolarizing inhibitory postsynaptic potentials and hyperpolarizing response to gamma-aminobutyric acid in rabbit hippocampus studied in vitro[END_REF][START_REF] Luhmann | Postnatal maturation of the GABAergic system in rat neocortex[END_REF][START_REF] Yuste | Control of postsynaptic Ca2+ influx in developing neocortex by excitatory and inhibitory neurotransmitters[END_REF][START_REF] Reichling | Mechanisms of GABA and glycine depolarization-induced calcium transients in rat dorsal horn neurons[END_REF][START_REF] Ben-Ari | GABA: a pioneer transmitter that excites immature neurons and generates primitive oscillations[END_REF]Deeb et al., 2011 p.2), a developmental switch from depolarization to hyperpolarization occurs during the second postnatal week of life [START_REF] Leinekugel | Synaptic GABAA activation induces Ca2+ rise in pyramidal cells and interneurons from rat neonatal hippocampal slices[END_REF][START_REF] Garaschuk | Developmental profile and synaptic origin of early network oscillations in the CA1 region of rat neonatal hippocampus[END_REF][START_REF] Ganguly | GABA Itself Promotes the Developmental Switch of Neuronal GABAergic Responses from Excitation to Inhibition[END_REF].

PV-expressing interneurons

PV + interneurons represent about 40% of neocortical inhibitory cells, for review see (Hu et al., 2014) (Figure 2). They principally consist of fast-spiking basket cells, which synapse with the soma and proximal dendrites of principal cells and other inhibitory cells. PV + cells fire action potentials at high frequencies (> 50 Hz at 22 °C and > 150 Hz at 34 °C). Chandelier cells are also PV + and these "axo-axonic cells" form synapses selectively with the axon initial segment of pyramidal cells (Hu et al. 2014;Tremblay et al. 2016). Fast-spiking PV + interneurons possess multiple dendrites of total length up to 3-9 mm [START_REF] Gulyás | Total number and ratio of excitatory and inhibitory synapses converging onto single interneurons of different types in the CA1 area of the rat hippocampus[END_REF][START_REF] Nörenberg | Distinct nonuniform cable properties optimize rapid and efficient activation of fast-spiking GABAergic interneurons[END_REF][START_REF] Kubota | Conserved properties of dendritic trees in four cortical interneuron subtypes[END_REF][START_REF] Tukker | Distinct dendritic arborization and in vivo firing patterns of parvalbumin-expressing basket cells in the hippocampal area CA3[END_REF]. They receive a high density of inhibitory and excitatory synapses on dendrites and around the soma. For example, CA3 and CA1 hippocampal GABAergic cells are innervated by 16.000-34.000 synaptic terminals, the vast majority of them excitatory [START_REF] Gulyás | Total number and ratio of excitatory and inhibitory synapses converging onto single interneurons of different types in the CA1 area of the rat hippocampus[END_REF][START_REF] Nörenberg | Distinct nonuniform cable properties optimize rapid and efficient activation of fast-spiking GABAergic interneurons[END_REF][START_REF] Kubota | Conserved properties of dendritic trees in four cortical interneuron subtypes[END_REF][START_REF] Tukker | Distinct dendritic arborization and in vivo firing patterns of parvalbumin-expressing basket cells in the hippocampal area CA3[END_REF]. Axon of fast-spiking PV + interneurons arborizes very extensively in a local region forming 1000s of distal "en passant" boutons which contact peri-somatic regions of pyramidal cell membrane [START_REF] Bezaire | Quantitative assessment of CA1 local circuits: knowledge base for interneuron-pyramidal cell connectivity[END_REF]. APs are initiated proximally and propagate with high reliability and higher speeds than in principal cell axons [START_REF] Meeks | Action potential initiation and propagation in CA3 pyramidal axons[END_REF][START_REF] Schmidt-Hieber | Action potential initiation and propagation in hippocampal mossy fibre axons[END_REF]. PV + interneuron axons express very high densities of voltage-gated sodium channels, especially Nav1.1 and Nav1.6 isoforms, which facilitate rapid AP propagation and repetitive firing at high frequency (Hu and Jonas, 2014).

Fast, repetitive firing is essential to PV + interneuron functions in cortical and hippocampal circuits. In responses to afferent excitation, interneurons fire before pyramidal cells, as in the feedforward inhibition of the CA1 region when Schaffer collaterals are stimulated [START_REF] Fricker | EPSP amplification and the precision of spike timing in hippocampal neurons[END_REF][START_REF] Pouille | Enforcement of temporal fidelity in pyramidal cells by somatic feed-forward inhibition[END_REF]) (Figure 3). Fast-spiking PV + interneurons operate to limit pyramidal cell firing, adjusting their excitability to remain sensitive to weak inputs but not to saturate with stronger stimuli [START_REF] Buzsàki | Commissural projection to the dentate gyrus of the rat: evidence for feed-forward inhibition[END_REF][START_REF] Miles | Synaptic excitation of inhibitory cells by single CA3 hippocampal pyramidal cells of the guinea-pig in vitro[END_REF][START_REF] Fricker | EPSP amplification and the precision of spike timing in hippocampal neurons[END_REF]Pouille andScanziani, 2001, 2004). PV + interneurons are also activated by local pyramidal cell activity in feedback circuits which may underly pattern separation [START_REF] Kassab | Pattern separation in the hippocampus: distinct circuits under different conditions[END_REF][START_REF] Senzai | Function of local circuits in the hippocampal dentate gyrus-CA3 system[END_REF] and activity sparsification (Pernía-Andrade and Jonas, 2014). Keefe and Nadel, 1978;[START_REF] Morris | Place navigation impaired in rats with hippocampal lesions[END_REF][START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF][START_REF] Ergorul | The hippocampus and memory for "what," "where," and "when[END_REF][START_REF] Takahashi | The Hippocampal Ensemble Code for Spatial Navigation and Episodic Memory[END_REF]. The hippocampus is part of the hippocampal formation together with the dentate gyrus, the subicular complex and the entorhinal cortex [START_REF] Schultz | Anatomy of the hippocampal formation[END_REF]. Neuronal connectivity within this hippocampal formation is well documented: this is the so-called "trisynaptic loop". The hippocampus receives most of the cortical inputs from the perforant path, originating from the entorhinal cortex to the dentate gyrus (synapse 1). Then, mossy fibers leave the dentate gyrus and project to the Cornu Ammonis 3 (CA3) region of the hippocampus (synapse 2). Finally, Schaffer collaterals project from the CA3 to CA1, which project back to the entorhinal cortex, thereby closing the loop [START_REF] Knierim | The hippocampus[END_REF]. Most of the neuronal cells in the hippocampus are excitatory glutamatergic pyramidal cells, inhibitory GABAergic neurons indeed account for only 10 to 15% of total neurons [START_REF] Bezaire | Quantitative assessment of CA1 local circuits: knowledge base for interneuron-pyramidal cell connectivity[END_REF]. While cell bodies of hippocampal pyramidal cells are aligned in a thin layer called stratum pyramidale, with their basal dendrites ramifying in stratum oriens and their apical ones in stratum radiatum [START_REF] Hammond | Chapter 19 -The adult hippocampal network[END_REF], cell bodies of hippocampal GABAergic neurons are found across all layers, allowing them to regulate the totally of hippocampal circuit functions (Pelkey et al., 2017).

SST-expressing interneurons

Nearly 30% of cortical GABAergic neurons express somatostatin and these SST + interneurons include Martinotti cells and non-Martinotti cells, for review see [START_REF] Riedemann | Diversity and Function of Somatostatin-Expressing Interneurons in the Cerebral Cortex[END_REF] (Figure 2). Martinotti cells are mostly located in layers II/III of the cortex, and project to layer I where they synapse onto distal pyramidal cell dendrites. Equivalent SST + interneurons in the hippocampal also innervate distal pyramidal cell dendrites. These SST + cells represent almost 15% of total GABAergic cortical interneurons [START_REF] Wang | Anatomical, physiological and molecular properties of Martinotti cells in the somatosensory cortex of the juvenile rat[END_REF][START_REF] Ma | Distinct subtypes of somatostatincontaining neocortical interneurons revealed in transgenic mice[END_REF][START_REF] Mcgarry | Quantitative classification of somatostatin-positive neocortical interneurons identifies three interneuron subtypes[END_REF][START_REF] Riedemann | Two types of somatostatin-expressing GABAergic interneurons in the superficial layers of the mouse cingulate cortex[END_REF] and mediate a feedback inhibition of pyramidal cells [START_REF] Simonnet | Activity dependent feedback inhibition may maintain head direction signals in mouse presubiculum[END_REF][START_REF] Riedemann | Diversity and Function of Somatostatin-Expressing Interneurons in the Cerebral Cortex[END_REF]. Non-Martinotti SST + cells, which include long-range projection interneurons, double-bouquet cells and some basket cells, form synapses with both pyramidal cells and PV + cells. The axons of long-range SST + interneurons project out of a region of cortex or hippocampus to innervate functionally distinct brain areas. SST + hippocampal interneurons innervate neurons of the medial septum and entorhinal cortex. These projections are mirrored by a reciprocal back-projection and have been linked to the synchronization of oscillatory activity between distant regions [START_REF] Gärtner | Immunofluorescence and immunoelectron microscopic evidence for differences in myelination of GABAergic and cholinergic septohippocampal fibres[END_REF]Jinno et al., 2007;[START_REF] Caputi | The long and short of GABAergic neurons[END_REF][START_REF] Melzer | Diversity and function of corticopetal and corticofugal GABAergic projection neurons[END_REF]. Both SST + and PV + interneurons participate in the generation of synchronous rhythmic inhibition [START_REF] Hormuzdi | Impaired electrical signaling disrupts gamma frequency oscillations in connexin 36-deficient mice[END_REF][START_REF] Traub | Gap junctions between interneuron dendrites can enhance synchrony of gamma oscillations in distributed networks[END_REF][START_REF] Cardin | Driving fast-spiking cells induces gamma rhythm and controls sensory responses[END_REF][START_REF] Sohal | Parvalbumin neurons and gamma rhythms enhance cortical circuit performance[END_REF][START_REF] Antonoudiou | Parvalbumin and Somatostatin Interneurons Contribute to the Generation of Hippocampal Gamma Oscillations[END_REF] of pyramidal cells at gamma frequencies (30-120 Hz). Gamma oscillations have been linked to cognitive tasks including working memory and attention [START_REF] Howard | Gamma oscillations correlate with working memory load in humans[END_REF][START_REF] Senkowski | Dysfunctional prefrontal gamma-band oscillations reflect working memory and other cognitive deficits in schizophrenia[END_REF].

5HT3aR-expressing interneurons

The remaining 30% of interneurons are immunopositive for 5HT3aR + (Figure 2). These heterogenous interneurons co-express markers including vasoactive intestinal polypeptide (VIP) [START_REF] Lee | The largest group of superficial neocortical GABAergic interneurons expresses ionotropic serotonin receptors[END_REF][START_REF] Rudy | Three groups of interneurons account for nearly 100% of neocortical GABAergic neurons[END_REF], lysosomal marker proteins (LAMP) [START_REF] Gouwens | Classification of electrophysiological and morphological neuron types in the mouse visual cortex[END_REF] or synuclein gamma (SNCG) [START_REF] Gouwens | Toward an integrated classification of neuronal cell types: morphoelectric and transcriptomic characterization of individual GABAergic cortical neurons[END_REF]. VIP + interneurons are mainly found in cortical layers II/III and were first thought to innervate only other GABAergic cells (PV + and SST + ) to mediate disinhibition [START_REF] Tyan | Dendritic inhibition provided by interneuron-specific cells controls the firing rate and timing of the hippocampal feedback inhibitory circuitry[END_REF][START_REF] Jiang | Principles of connectivity among morphologically defined cell types in adult neocortex[END_REF]. More recent data shows they also target principal cells [START_REF] Zhou | Subcellular Targeting of VIP Boutons in Mouse Barrel Cortex is Layer-Dependent and not Restricted to Interneurons[END_REF]. Bipolar VIP + interneurons, coexpress the calcium binding-protein calretinin (CR) [START_REF] Porter | Properties of bipolar VIPergic interneurons and their excitation by pyramidal neurons in the rat neocortex[END_REF] project an axon into deep cortical layers and fire irregularly. In contrast, multipolar VIP + interneurons are basket cells, co-express the neuropeptide cholecystokinin (CCK) and fire in a regular or bursting pattern. These cells are transcriptionally similar to 5HT3aR + basket cells of layers V and VI, which express CCK but not VIP.

Characteristics of oligodendrocyte lineage cells

In the CNS, oligodendrocytes arise from oligodendrocytes precursor cells (OPCs) which proliferate and migrate before differentiating into myelin-forming oligodendrocytes [START_REF] Bergles | Oligodendrocyte Development and Plasticity[END_REF]. During this process, several intrinsic and extrinsic signals promote expression of stage-specific markers during maturation, resulting in subgroups of oligodendrocyte lineage cells with distinct abilities to proliferate and migrate, as their morphology changes, for review see [START_REF] Zuchero | Intrinsic and extrinsic control of oligodendrocyte development[END_REF].

Developmental origin of oligodendrocyte lineage cells

Understanding oligodendrocytes origin turns out to be a critical question when addressing oligodendrocyte diversity and specificity [START_REF] Marques | Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system[END_REF]. Many hypotheses regarding their origin have been proposed in the past, opposing a unique starting point in the ventral neural tube to multiple sources, both ventral and dorsal [START_REF] Warf | Evidence for the ventral origin of oligodendrocyte precursors in the rat spinal cord[END_REF][START_REF] Pringle | A singularity of PDGF alpha-receptor expression in the dorsoventral axis of the neural tube may define the origin of the oligodendrocyte lineage[END_REF][START_REF] Ono | Early development and dispersal of oligodendrocyte precursors in the embryonic chick spinal cord[END_REF][START_REF] Spassky | Multiple restricted origin of oligodendrocytes[END_REF][START_REF] Spassky | Single or multiple oligodendroglial lineages: a controversy[END_REF]Spassky et al., , 2001;;[START_REF] Kessaris | Ventral neurogenesis and the neuron-glial switch[END_REF].

To shed light on this controversy -named "war" by Richardson and coll. (Richardson et al., 2006) -, [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF] used a Cre-lox fate-mapping approach in the mice forebrain [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF] and demonstrated that both perspectives were correct but temporally distinct: OPCs are generated following a ventro-dorsal progression during development. Indeed, they identified three sequential waves of OPC differentiation which emerge from several ventricular germinal regions of the embryonic neuronal tube [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF] (Figure 4). The first wave generates ventrally-derived OPCs and is initiated around embryonic day 12.5 (E12.5) by specific precursors expressing the Nkx2.1 transcription factor originally located in the MGE. They are accompanied by precursors expressing both Nkx2.1 and Dbx1 which populate the POA. Next, by E14.5, the second wave consists of Gsx2expressing precursors from the LGE and CGE. The third wave is the more dorsal one and was first identified to occur at birth but may start earlier, at E17.5 [START_REF] Winkler | The Dorsal Wave of Neocortical Oligodendrogenesis Begins Embryonically and Requires Multiple Sources of Sonic Hedgehog[END_REF], from cortical Emx1-expressing precursors [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF]. All together, these three populations of OPCs migrate to colonize the entire developing cortex. In the spinal cord, most of the OPCs first emerge after E12.5 from premotor neurons expressing the transcription factors Nkx6.1 and Nkx6.2 which reside in the ventral ventricular zone of the spinal cord. Later on, a smaller OPC wave follows around E15.5 from more dorsal precursors [START_REF] Cai | Generation of oligodendrocyte precursor cells from mouse dorsal spinal cord independent of Nkx6 regulation and Shh signaling[END_REF][START_REF] Fogarty | A subset of oligodendrocytes generated from radial glia in the dorsal spinal cord[END_REF][START_REF] Vallstedt | Multiple dorsoventral origins of oligodendrocyte generation in the spinal cord and hindbrain[END_REF].

Cortical GABAergic neurons and OPCs: similar origins

We note that the same subpallium germinal regions give rise to OPCs as well as about 70% of cortical GABAergic neurons (Figure 4) and particularly PV + and SST + cells [START_REF] Xu | Origins of cortical interneuron subtypes[END_REF][START_REF] Fogarty | Spatial genetic patterning of the embryonic neuroepithelium generates GABAergic interneuron diversity in the adult cortex[END_REF][START_REF] Miyoshi | Physiologically distinct temporal cohorts of cortical interneurons arise from telencephalic Olig2-expressing precursors[END_REF]. Similarities in transcriptional architecture associated with this common origin may favor later interactions between neurons and oligodendrocytes, for review see (Benamer et al., 2020a). Reports that MGE-derived precursors expressing the oligodendroglial markers nerve/glia antigen 2 (NG2) and Olig2 later differentiate into cortical interneurons adds to the evidence for an overlap [START_REF] Rallu | Parsing the prosencephalon[END_REF][START_REF] Miyoshi | Physiologically distinct temporal cohorts of cortical interneurons arise from telencephalic Olig2-expressing precursors[END_REF][START_REF] Tsoa | Spatiotemporally different origins of NG2 progenitors produce cortical interneurons versus glia in the mammalian forebrain[END_REF]. Furthermore, GABAergic neurons and ventrallyderived OPCs both exhibit high rates of programmed cell death during the first two postnatal weeks in mice [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF][START_REF] Southwell | Intrinsically determined cell death of developing cortical interneurons[END_REF][START_REF] Minocha | NG2 glia are required for vessel network formation during embryonic development[END_REF]. Recent work has also shown that ventrally-derived interneurons initiate synaptic responses in ontogenetically-related OPCs and that the two cell types form small clusters of cells throughout mouse somatosensory cortex [START_REF] Orduz | Developmental cell death regulates lineage-related interneuron-oligodendroglia functional clusters and oligodendrocyte homeostasis[END_REF]. These data point to privileged interactions between OPCs and cortical GABAergic neurons. GABAergic neurons derive from overlapping regions: 60% from the MGE, 10% from the POA and about 30% from the CGE. Adapted from (Benamer et al., 2020a).

From oligodendrocyte precursor cell to myelinating oligodendrocyte

OPCs are small bipolar cells characterized by the expression of several markers, such as the transmembrane proteoglycan NG2, platelet derived growth factor receptor α (PDGFRα) and the transcription factors Olig1/2 together with the ganglioside A2B5. In the early developmental stages of the CNS, OPCs retain high capacities to proliferate and migrate [START_REF] Levine | The oligodendrocyte precursor cell in health and disease[END_REF][START_REF] Dimou | Glial cells as progenitors and stem cells: new roles in the healthy and diseased brain[END_REF]. This is notably mediated by PDGF-AA, a potent mitogen secreted by astrocytes and neurons which is required for OPCs proliferation and survival [START_REF] Noble | Platelet-derived growth factor promotes division and motility and inhibits premature differentiation of the oligodendrocyte/type-2 astrocyte progenitor cell[END_REF][START_REF] Raff | Platelet-derived growth factor from astrocytes drives the clock that times oligodendrocyte development in culture[END_REF]. Cooperation of PDGF with fibroblast growth factors (FGF) has also been shown to expand the pool of OPCs [START_REF] Raff | Platelet-derived growth factor from astrocytes drives the clock that times oligodendrocyte development in culture[END_REF][START_REF] Tang | Long-term culture of purified postnatal oligodendrocyte precursor cells. Evidence for an intrinsic maturation program that plays out over months[END_REF]. During migration, OPCs extend and retract growth-cone like processes, which enable them to sense and respond to chemotactic signals such as sonic hedgehog (Shh), bone morphogenic proteins (BMPs) and Wingless-related integration site (Wnt) glycoproteins [START_REF] Zuchero | Intrinsic and extrinsic control of oligodendrocyte development[END_REF]. OPCs processes also survey neighboring cells by succinct contacts invariably followed by a retraction. This self-avoidance mechanism underlies the maintenance of a rather uniform spacing between OPCs in brain and spinal cord [START_REF] Hughes | Oligodendrocyte progenitors balance growth with self-repulsion to achieve homeostasis in the adult brain[END_REF]. Precursor cells remain abundant in the adult, representing 5-10% Dorsal Ventral of cells, and maintain the potential to generate new oligodendrocytes in response to environmental cues [START_REF] Dawson | NG2-expressing glial progenitor cells: an abundant and widespread population of cycling cells in the adult rat CNS[END_REF].

During early postnatal life, some OPCs exit the cell cycle and differentiate into immature, pre-myelinating oligodendrocytes (Figure 5). During this transition, PDGFRα and NG2 expression decreases [START_REF] Nishiyama | Co-localization of NG2 proteoglycan and PDGF alpha-receptor on O2A progenitor cells in the developing rat brain[END_REF] while sulfatide (O4) and glycolipid galactocerebroside (GalC) expression begins [START_REF] Bansal | Reversible inhibition of oligodendrocyte progenitor differentiation by a monoclonal antibody against surface galactolipids[END_REF]. Morphological changes are initiated, as cells arborize extensively with processes which "look for" axons to myelinate [START_REF] Hardy | Progressive remodeling of the oligodendrocyte process arbor during myelinogenesis[END_REF]. Pre-myelinating oligodendrocytes mature over several days, expressing myelinating molecules including myelin basic protein (MBP), proteolipid protein (PLP), myelin-associated glycoprotein (MAG) and 2',3'-Cyclic-nucleotide 3'-phosphodiesterase (CNPase) (Baumann and Pham-Dinh, 2001). As they wrap around axons, cells arrive at the end-point of the lineage: myelinating oligodendrocytes which express the myelin/oligodendrocyte glycoprotein (MOG) [START_REF] Solly | Myelin/oligodendrocyte glycoprotein (MOG) expression is associated with myelin deposition[END_REF] (Figure 5). 

Diversity of oligodendrocyte lineage cells

As early as the first description of oligodendrocytes, Spanish neuroanatomist Pío del Río-Hortega (1882-1945), put forward the heterogeneity of oligodendrocytes by categorizing them into four distinct subtypes (I-IV) with various morphologies [START_REF] Del | Son homologables la glía de escasas radiaciones y la célula de Schwan? Junta para Ampliación de Estudios e Investigaciones Científicas[END_REF], 1928). Type I groups oligodendrocytes with a small cell body decorated with numerous fine processes. In contrast, type II consists of oligodendrocytes with larger cell bodies and thicker processes. Type III comprises sparse oligodendrocytes where one to four processes arise from a bulky cell body. Finally, type IV oligodendrocytes are morphologically similar to Schwann cells, characterized by an elongated soma which adheres to large axons, for review see [START_REF] Pérez-Cerdá | Pío del Río Hortega and the discovery of the oligodendrocytes[END_REF]. One question remained: does this phenotypic diversity mirrors an intrinsic determination or is it driven by local environment? Oligodendrocytes arise from different sources, but genetic ablation of each of the three cortical OPC waves does not affect myelination, mainly because the missing population appears to be substituted by another [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF]. These results suggest that OPC subpopulations in the forebrain are functionally similar. In contrast, when OPCs from the spinal cord and cortex are cultured on 1-2 µm microfibers, i.e., a neuron-free culture system (Lee et al., 2012a), it appears that the internodal length formed by spinal cord OPCs is significantly longer than the one generated by cortex OPCs [START_REF] Bechler | CNS Myelin Sheath Lengths Are an Intrinsic Property of Oligodendrocytes[END_REF]. Such results, in a context devoid of any environmental and neuronal cues, highlight the idea that OPCs are functionally programmed according to their origin [START_REF] Bechler | CNS Myelin Sheath Lengths Are an Intrinsic Property of Oligodendrocytes[END_REF]. To elucidate this open question, development of scRNAseq has enabled a transcriptional characterization of the heterogeneity of oligodendrocyte lineage cells [START_REF] Marques | Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system[END_REF][START_REF] Marisca | Functionally distinct subgroups of oligodendrocyte precursor cells integrate neural activity and execute myelin formation[END_REF]. Marques and colleagues (2016) analyzed more than 5000 cells of the oligodendrocyte lineage from different regions of the mouse CNS at different stages. They identified twelve transcriptionally different populations, consisting of a continuum from OPCs to mature oligodendrocytes. Interestingly, in the early stages of differentiation, they did not notice any significant transcriptional differences across the different regions, despite their distinct embryonic sources. Yet, mature oligodendrocytes were highly heterogeneous in a CNS region-dependent manner, which implies that there is a specific regional optimization of oligodendrocytes at mature stages [START_REF] Marques | Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system[END_REF].

Finally, very recent examination of OPCs from the zebrafish spinal cord revealed that they can be segregated into two main functional subgroups: some proliferating in an activity and calcium dependent manner, thereby maintaining OPC number while some display lower motility and rather differentiate into myelinating oligodendrocytes [START_REF] Marisca | Functionally distinct subgroups of oligodendrocyte precursor cells integrate neural activity and execute myelin formation[END_REF].

These functions seem to be attributed according to the position of OPC soma, regardless of their developmental source, arguing once again for an acquired functional heterogeneity [START_REF] Marisca | Functionally distinct subgroups of oligodendrocyte precursor cells integrate neural activity and execute myelin formation[END_REF].

Oligodendrocytes wrap axons with myelin

The central nervous systems continuously process information in complex networks.

In this respect, mechanisms increasing conduction velocity might have turned into being a selective advantage. One of them is myelination and it could explain why the acquisition of myelin 425 million years ago by placoderms has been preserved to be now present in all jawed vertebrates (Zalc, 2006). The term myelin was coined by German pathologist Rudolf Ludwig Virchow (1821Virchow ( -1902) ) in 1854 [START_REF] Virchow | Ueber das ausgebreitete Vorkommen einer dem Nervenmark analogen Substanz in den thierischen Geweben[END_REF] as it had similar color and texture to bone marrow (from the Greek myelos). Myelin was originally thought to be a simple secretion emanating from the axon. It was not until 1922 when Pío del Río-Hortega used metallic silver impregnations and predicted for the first time that oligodendrocytes form myelin in the CNS, similarly to Schwann cells in the PNS [START_REF] Del | Son homologables la glía de escasas radiaciones y la célula de Schwan? Junta para Ampliación de Estudios e Investigaciones Científicas[END_REF]. Myelin corresponds to compacted layers of plasma membrane extensions spirally wrapped around axons. In the PNS, an individual Schwann cell forms a unique myelin sheath around an axon while in the CNS oligodendrocyte forms several sheaths (up to 50+) around multiple axons, for review see (Sherman and Brophy, 2005). Besides their importance in accelerating the speed of nerve impulse transmission, myelinating glial cells also provide metabolic support to the axonal compartment, notably through the transport of lactate and pyruvate thereby maintaining axonal function and survival (Fünfschilling et al., 2012;Lee et al., 2012b;[START_REF] Saab | Oligodendroglial NMDA Receptors Regulate Glucose Import and Axonal Energy Metabolism[END_REF].

Myelin sheath formation

In the CNS, myelin sheath formation is mediated by pivotal interactions between myelinating oligodendrocytes and axons. Myelination is a relatively late process in humans which reaches its peak during the first year of life and can be extended to the third decade of life [START_REF] Fields | White matter in learning, cognition and psychiatric disorders[END_REF]. In mice, myelination begins at birth in the spinal cord and mostly continues until postnatal day 60 (Baumann and Pham-Dinh, 2001). Yet, the generation of new myelin sheaths is remarkably rapid, as it has been observed within a time window of ~5 hours [START_REF] Czopka | Individual Oligodendrocytes Have Only a Few Hours in which to Generate New Myelin Sheaths In Vivo[END_REF]. In the initial steps of myelin formation, pre-myelinating oligodendrocyte processes continually explore their local environment by contacting nearby axons [START_REF] Czopka | Individual Oligodendrocytes Have Only a Few Hours in which to Generate New Myelin Sheaths In Vivo[END_REF][START_REF] Hughes | Oligodendrocyte progenitors balance growth with self-repulsion to achieve homeostasis in the adult brain[END_REF]. Occasionally, these contacts come to be stable, marking the beginning of the spirally encirclement of the axon by a single flat extension of oligodendrocyte membrane (Figure 6). Growth of the myelin sheath occurs by the wrapping of the inner layer of the membrane underneath the previously deposited one, along with its lateral extension moving towards nodal regions. These cytoplasmic-rich lateral edges will conclusively give rise to the paranodal loops [START_REF] Snaidero | Myelination at a glance[END_REF]. The molecular mechanisms driving myelin sheath formation are still not fully understood but upregulation of actin disassembly at the tip of outgrowing processes have been shown to accompanied axons wrapping, suggesting that actin cytoskeleton changes direct myelin growth [START_REF] Asou | Visualization of a single myelination process of an oligodendrocyte in culture by video microscopy[END_REF][START_REF] Hardy | Progressive remodeling of the oligodendrocyte process arbor during myelinogenesis[END_REF][START_REF] Zuchero | CNS myelin wrapping is driven by actin disassembly[END_REF][START_REF] Michalski | Integrin-linked kinase regulates oligodendrocyte cytoskeleton, growth cone, and adhesion dynamics[END_REF]. Initially filled with cytoplasm, the myelin bilayer gets compacted as soon as the first myelin wraps occur. Compaction begins from the outer layer towards the inner layer [START_REF] Snaidero | Myelination at a glance[END_REF][START_REF] Chang | Remodeling myelination: implications for mechanisms of neural plasticity[END_REF] to form this characteristic multilayered spiral structure regularly organized (at a period of about 12 nm between each layer) around axons [START_REF] Bakhti | Myelin architecture: zippering membranes tightly together[END_REF]. Myelin sheaths structure has been well described using electron microscopy. The compaction between two layers gives rise to the alternance of major dense lines (MDL) and intraperiod lines (IPL). While MDL is formed through the tight apposition of cytoplasmic leaflets, IPL appears to be lighter as it is the area where external surfaces of myelin membranes are gathered [START_REF] Salzer | Myelination[END_REF]. Myelin sheath is mature once an appropriate number of compact layers are wrapped around the axon. Adapted from [START_REF] Chang | Remodeling myelination: implications for mechanisms of neural plasticity[END_REF].

Myelin composition

Myelin represents a unique specialized membrane as it is poorly hydrated and highly enriched in lipids, which account for 70 to 85% of its dry weight. In contrast, myelin consists only of 15 to 30% of proteins, thus providing a higher lipid to protein ratio than other biological membranes. Nevertheless, non-covalent interactions of this small repertoire of proteins with lipids are crucial for myelin compaction and maintenance [START_REF] Ozgen | Oligodendroglial membrane dynamics in relation to myelin biogenesis[END_REF].

This peculiar molecular composition confers to myelin its insulating function, the structural basis for fast saltatory conduction of APs (Figure 7). Left: architecture of CNS myelin. Right: Note the asymmetrical arrangement of glycolipids in the outer leaflet. Adapted from [START_REF] Podbielska | Molecular and immunogenic features of myelin lipids: incitants or modulators of multiple sclerosis?[END_REF].

Lipids

Three different classes of lipids are concentrated in the myelin sheath: cholesterol, phospholipids (e.g., plasmalogen) and glycolipids (e.g., galactosylceramide), for review see [START_REF] Poitelon | Myelin Fat Facts: An Overview of Lipids and Fatty Acid Metabolism[END_REF]. Myelin from the CNS and PNS share remarkably similar proportions of these lipids: 40%:40%:20%, respectively. Such ratios significantly vary from those observed in other biological membranes, that are usually around 25%:65%:10% (O' Brien and Sampson, 1965). While these classes of lipids are known to sustain the compact organization of molecules within the membrane, a recent study identified, through a lipidomic approach, around 700 lipids derivatives in human myelin albeit being in small quantities [START_REF] Gopalakrishnan | Lipidome and proteome map of myelin membranes[END_REF].

Cholesterol

Approximately 20% of the total cholesterol found in humans originates from the brain, which represents the richest cholesterol-enriched organ [START_REF] Björkhem | Brain cholesterol: long secret life behind a barrier[END_REF].

Myelin formation requires cholesterol, making cholesterol availability a pivotal rate-limiting factor for myelin membrane growth [START_REF] Saher | High cholesterol level is essential for myelin membrane growth[END_REF]. Oligodendrocytes synthesize cholesterol using ketone bodies as precursors and cholesterol is then incorporated within compacted myelin where it displays a relatively slow turnover, characterized by a half-life of several months [START_REF] Schmitt | Metabolism and functions of lipids in myelin[END_REF]. In the myelin sheath, cholesterol serves two main functions: it stabilizes membrane components by increasing myelin viscosity [START_REF] Demel | The function of sterols in membranes[END_REF] and it drives myelin biogenesis through mechanisms that are still under investigations [START_REF] Schmitt | Metabolism and functions of lipids in myelin[END_REF].

Phospholipids -Plasmalogen

Plasmalogens are phospholipids principally reported in biological cell membranes.

Within the first year of human life, an 8-fold-increase of their levels in the white matter is measured as myelination proceeds [START_REF] Braverman | Functions of plasmalogen lipids in health and disease[END_REF]. In adults, they represent from 12 to 15% of the myelin lipids. While their function is not fully understood, they are thought to prevent myelin lipids from oxidation and to participate in myelin compaction [START_REF] Schmitt | Metabolism and functions of lipids in myelin[END_REF].

Glycolipids -Galactosylceramide

Enrichment in galactosylceramide (GalC) and its sulfated homolog sulfatide represent a unique feature of both Schwann cells and oligodendrocytes. Measurement of their concentration is therefore used during development as an indicator of myelin biogenesis.

Together, they gather approximately 20% of total myelin lipids [START_REF] Poitelon | Myelin Fat Facts: An Overview of Lipids and Fatty Acid Metabolism[END_REF]. The last step of their synthesis is mediated by a specific enzyme, UDP-galactose:ceramide galactosyltransferase (CGT), transferring UDP-galactose to ceramide. Strikingly, upon CGT deletion, while GalC is not produced, myelin is still synthetized, meaning that it is not essential for myelin formation, as other glycolipids are recruited to compensate its absence [START_REF] Schmitt | Metabolism and functions of lipids in myelin[END_REF]. Nevertheless, absence of CGT is associated with several significant myelin alterations such as thinner myelin and paranode disruption, thereby leading to conduction failure [START_REF] Bosio | Functional breakdown of the lipid bilayer of the myelin membrane in central and peripheral nervous system by disrupted galactocerebroside synthesis[END_REF][START_REF] Coetzee | Demyelination and altered expression of myelinassociated glycoprotein isoforms in the central nervous system of galactolipiddeficient mice[END_REF][START_REF] Dupree | Myelin abnormalities in mice deficient in galactocerebroside and sulfatide[END_REF]. Taken together, such results highlight the role of galactolipids in the long-term maintenance of myelin and paranodal junctions.

Proteins

Back in the 70s, isolation of myelin through homogenization of tissues in isotonic sucrose solution pursue by differential centrifugations [START_REF] Norton | Myelination in rat brain: method of myelin isolation[END_REF] has paved the way of many proteomic studies to get insights into the proteinaceous composition of myelin so that more than 340 proteins are now described to be part of the myelin sheath in the CNS [START_REF] Jahn | Myelin proteomics: molecular anatomy of an insulating sheath[END_REF]. In contrast to myelin lipids, myelin proteins are specific for myelin and glial cells and differ between the CNS and PNS. This section will solely focus on the main myelin proteins observed across the CNS. Of note, PNS myelin is characterized by the myelin protein zero (P0) and the peripheral myelin protein 22 which are both absent from the CNS.

In addition, MOG in the CNS and MAG in the CNS and PNS represent small fractions of the protein content of myelin [START_REF] Jahn | Myelin proteomics: molecular anatomy of an insulating sheath[END_REF].

Proteolipid Protein (PLP)

PLP represents the major proteinaceous component of adult CNS myelin (~50%). The PLP gene encodes for two different splicing variants: PLP and the smaller DM-20 which are both members of the highly conserved family of lipophilin transmembrane proteins. While PLP has been reported in mature oligodendrocytes, DM-20 is present in the early phases of the oligodendrocyte lineage [START_REF] Ikenaka | Selective expression of DM-20, an alternatively spliced myelin proteolipid protein gene product, in developing nervous system and in nonglial cells[END_REF][START_REF] Timsit | Oligodendrocytes originate in a restricted zone of the embryonic ventral neural tube defined by DM-20 mRNA expression[END_REF]. PLP and DM-20 consist of four hydrophobic α-helices [START_REF] Gow | Conservation of topology, but not conformation, of the proteolipid proteins of the myelin sheath[END_REF] spanning the lipid bilayer. Given the diversity of phenotypes observed in the absence of these proteins, their relative role in myelin CNS remains partially understood. Naturally occurring PLP mutants have been described: severe reduction of PLP mRNAs were observed in the jimpy [START_REF] Falconer | A totally sex-linked gene in the house mouse[END_REF][START_REF] Nave | Jimpy mutant mouse: a 74-base deletion in the mRNA for myelin proteolipid protein and evidence for a primary defect in RNA splicing[END_REF][START_REF] Hudson | Aberrant splicing of proteolipid protein mRNA in the dysmyelinating jimpy mutant mouse[END_REF] and rumpshaker mutant mice [START_REF] Schneider | Uncoupling of hypomyelination and glial cell death by a mutation in the proteolipid protein gene[END_REF]. Although examination of the jimpy mouse revealed severe dysmyelination and oligodendrocytes death, the rumpshaker mice display poorly compacted myelin and very low oligodendrocyte death [START_REF] Campagnoni | The pathobiology of myelin mutants reveal novel biological functions of the MBP and PLP genes[END_REF]. Intriguingly, transgenic mice which do not express PLP, DM-20 or their related polypeptides do not exhibit significant myelin and/or oligodendrocytes impairments [START_REF] Klugmann | Assembly of CNS myelin in the absence of proteolipid protein[END_REF]. In this context, a compensatory mechanism mediated by Claudin-11 (a protein detailed below) may prevent any alteration of myelin compaction [START_REF] Chow | Disrupted compaction of CNS myelin in an OSP/Claudin-11 and PLP/DM20 double knockout mouse[END_REF]. Nevertheless, patients and mice lacking PLP/DM-20 develop axonal swellings and conclusively axonal degeneration [START_REF] Boison | Adhesive properties of proteolipid protein are responsible for the compaction of CNS myelin sheaths[END_REF][START_REF] Griffiths | Axonal swellings and degeneration in mice lacking the major proteolipid of myelin[END_REF][START_REF] Garbern | Patients lacking the major CNS myelin protein, proteolipid protein 1, develop lengthdependent axonal degeneration in the absence of demyelination and inflammation[END_REF]. These results suggest that PLP/DM-20 may participate in the long-term maintenance of myelin and neuron survival in sustaining oligodendrocytes viability.

Myelin Basic Protein (MBP)

MBP represents the second most abundant protein of adult CNS myelin (~30%).

Several MBP isoforms of different sizes have been identified, generated by differential splicing [START_REF] Boggs | Myelin basic protein: a multifunctional protein[END_REF]. In adult humans, the 18.5 kDa isoform is predominant while adult rodents harbor principally the 14 kDa isoform. The naturally occurring mutant of MBP, namely the shiverer mice, fail to produce normal myelin: reports have shown that they exhibit an important dysmyelination throughout the entire CNS, with severe hypomyelination and a disability to form compact myelin. Furthermore, during the second postnatal week, they develop a body tremor meaning a "shaky" phenotype consecutively from loss of conduction in the spinal cord [START_REF] Privat | Absence of the major dense line in myelin of the mutant mouse "shiverer[END_REF][START_REF] Rosenbluth | Central myelin in the mouse mutant shiverer[END_REF][START_REF] Roach | Characterization of cloned cDNA representing rat myelin basic protein: Absence of expression in brain of shiverer mutant mice[END_REF]. Similarly, the Long Evans shaker rat, in which the MPB gene is mutated, displays loose myelin sheaths around axons [START_REF] Carré | Mutations in the rat myelin basic protein gene are associated with specific alterations in other myelin gene expression[END_REF]. These results raise MPB as the only myelin protein required for CNS myelin compaction and formation so far. Mechanisms underlying MPB role in myelin compaction are documented by several studies: as MBP is a positively charged protein, it can interact with negatively charged lipids, thus neutralizing repulsive negative charges within the membrane which can in turn permit to reduce the space between two adjacent cytoplasmic leaflets. In addition, MBP can self-associate to produce a more complex structure, which can be incorporated in the membrane, thereby preventing proteins with more than 30 amino acid residues to get into the cytosolic side of the membrane [START_REF] Chang | Remodeling myelination: implications for mechanisms of neural plasticity[END_REF].

2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase)

In contrast to PLP and MBP, CNPase is specific of non-compact myelin regions where it accounts for ~4% of total adult CNS myelin. CNPase is mostly expressed in the cytoplasm of oligodendrocytes and at paranodes [START_REF] Raasakka | Flexible Players within the Sheaths: The Intrinsically Disordered Proteins of Myelin in Health and Disease[END_REF]. While mice lacking CNPase die prematurely, they maintain proper myelin content and morphology. However, they develop axonal swellings and axonal degeneration [START_REF] Lappe-Siefke | Disruption of Cnp1 uncouples oligodendroglial functions in axonal support and myelination[END_REF].

Nevertheless, overexpression of CNPase causes a reduction of myelin compaction together with aberrant oligodendrocyte processes. In lines with these results, in vitro cultures have enabled to better understand the functional role of CNPase: it appeared that CNPase is essential for oligodendrocyte process growth [START_REF] Lee | Process outgrowth in oligodendrocytes is mediated by CNP, a novel microtubule assembly myelin protein[END_REF]. Consequently, CNPase seems to participate in process outgrowth while its role can be complemented upon CNPase deletion. Once myelination is performed, CNPase may be involved in the stabilization of axonal integrity.

Claudin-11 or Oligodendrocyte-specific protein "OSP"

Claudin-11 or OSP constitutes a major component of interlamellar tight junctions in CNS myelin [START_REF] Bronstein | Isolation and characterization of a novel oligodendrocyte-specific protein[END_REF][START_REF] Bronstein | Developmental expression of OSP/claudin-11[END_REF]. The absence of Claudin-11 does not affect myelin structure but halves conduction velocity and reduced excitability of small diameter axons which are normally wrapped with thin myelin sheaths in the optic nerves [START_REF] Gow | CNS myelin and sertoli cell tight junction strands are absent in Osp/claudin-11 null mice[END_REF][START_REF] Devaux | Tight junctions potentiate the insulative properties of small CNS myelinated axons[END_REF][START_REF] Devaux | Claudin Proteins And Neuronal Function[END_REF]. Thus, the insulating role of Claudin-11 in the CNS is not to provide a mechanical stability of the myelin sheath but may preferably be to increase the electrical membrane resistance. This hypothesis was confirmed by subsequent investigations of the role of these tight junctions. It has been demonstrated that absence of Claudin-11 generates the passive diffusion of water and small solutes into the intramyelinic compartment [START_REF] Denninger | Claudin-11 Tight Junctions in Myelin Are a Barrier to Diffusion and Lack Strong Adhesive Properties[END_REF]. Such changes in the passive properties of the myelin have been shown to lead to a temporal dispersion of the signal and altered network refinement [START_REF] Maheras | Absence of Claudin 11 in CNS Myelin Perturbs Behavior and Neurotransmitter Levels in Mice[END_REF]. As a consequence, through the formation of tight junctions, Claudin-11 forms a diffusion barrier which prevents the occurrence of electrochemical gradients in myelin thereby decreasing the capacitive properties of myelin during the propagation of APs. Thus, it ultimately favors the fast propagation of APs through saltatory conduction [START_REF] Devaux | Claudin Proteins And Neuronal Function[END_REF][START_REF] Denninger | Claudin-11 Tight Junctions in Myelin Are a Barrier to Diffusion and Lack Strong Adhesive Properties[END_REF].

Organization of myelinated fibers

Myelin sheath starts promptly after the axon initial segment (AIS) and covers the axon in sections (i.e., internodes) leaving small unmyelinated gaps called nodes of Ranvier. These highly specialized domains are flanked by paranodes, where the myelin loops contact the axon, thereby creating septate-like junctions. In between paranodes and internodes are the juxtaparanodes, axonal domains under compact myelin sheaths highly enriched in voltagegated potassium channels (Figure 8). The highly specific organization of myelinated fibers into functionally and structurally distinct subspecialized domains enables both a rapid and precise conduction of APs. The AIS was first described more than 50 years ago [START_REF] Palay | The axon hillock and the initial segment[END_REF]) and many studies have followed to provide a precise overview of its molecular composition and functions. High densities of ion channels clustered at the AIS generate and shape APs while scaffolding proteins enable the trafficking of macromolecules and vesicles from the cell body to the axon, for review see [START_REF] Debanne | Axon physiology[END_REF]. The AIS shares similar molecular composition with nodes of Ranvier, which allow the regeneration of APs through fast saltatory conduction.

The molecular composition of nodes of Ranvier and perinodal domains, as well as the mechanisms governing their assembly are detailed in Chapter II. Although myelinated fibers display a common organization, several myelination features vary depending on their localization and/or the neuronal subtype considered.

What are the myelinated fibers of the CNS?

Distinct myelination patterns

In the early postnatal human life, myelination does not occur simultaneously throughout the CNS. Post-mortem and neuroimaging studies demonstrated that myelination follows a specific spatiotemporal sequence [START_REF] Yakovlev | The myelogenetic cycles of regional maturation of the brain[END_REF][START_REF] Brody | Sequence of central nervous system myelination in human infancy. I. An autopsy study of myelination[END_REF][START_REF] Kinney | Sequence of central nervous system myelination in human infancy. II. Patterns of myelination in autopsied infants[END_REF][START_REF] Lebel | Diffusion tensor imaging of white matter tract evolution over the lifespan[END_REF]. Myelination begins in regions responsible for basic functions and gradually progresses to areas controlling more complex cognitive tasks. In a given region, myelination progresses in a proximal to distal and in a central to superficial manner. In addition, axons with a large diameter are myelinated before than their thinner counterparts [START_REF] Hildebrand | Myelinated nerve fibres in the CNS[END_REF]. In general, the earlier the axon is myelinated, the faster and more complete the myelination is. Thus, as soon as developmental myelination starts, a heterogeneity in the myelination pattern is observed in between CNS regions and neuronal types.

Placed end to end, myelinated fibers of an adult human brain would extend for a distance of about 150,000 km, or four times the circumference of the Earth [START_REF] Marner | Marked loss of myelinated nerve fibers in the human brain with age[END_REF]. This massive amount of fibers is not homogeneously distributed -some regions contain more myelin than others. The observation is recognized by the division of the CNS into white and grey matter (GM and WM, respectively). WM consists of lipid-rich myelinated axons, which appears white to the naked eye. Axons in WM often project for long distances to form synapses with neurons in different brain regions. The corpus callosum is an archetypal WM region which contains few neurons but about 200 million myelinated fibers which interconnect the left and right cerebral hemispheres [START_REF] Goldstein | Neuroanatomy, Corpus Callosum[END_REF].

Another example is the optic nerve composed of retinal ganglion cell axons, myelinated over their entire projection to the thalamus [START_REF] Magoon | Development of Myelin in Human Optic Nerve and Tract: A Light and Electron Microscopic Study[END_REF]. Of note, there is an extensive loss of myelinated fibers from the WM during normal aging in humans [START_REF] Marner | Marked loss of myelinated nerve fibers in the human brain with age[END_REF]. In other regions of the brain constituting the GM, the number of myelinated fibers as well as their myelin coverage remain only partial.

In the cerebral cortex, the diversity of neuron subtypes is typically appreciated through a laminar segmentation into six adjacent layers (I-VI) where each layer is occupied by specific neuronal populations. To investigate whether this neuronal heterogeneity goes from the rat medial septum [START_REF] Gärtner | Immunofluorescence and immunoelectron microscopic evidence for differences in myelination of GABAergic and cholinergic septohippocampal fibres[END_REF], entorhinal cortex [START_REF] Schmidt | Axonal synapse sorting in medial entorhinal cortex[END_REF] and hippocampus (Freeman et al., 2015) are also myelinated. Myelination of GABAergic interneurons has also been documented in the human cortex [START_REF] Chung | Structural and molecular interrogation of intact biological systems[END_REF][START_REF] Micheva | Distinctive Structural and Molecular Features of Myelinated Inhibitory Axons in Human Neocortex[END_REF][START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]. One group of inhibitory cells with myelinated axons are the hippocampal SST + long range projection inhibitory cells which innervate the septum or entorhinal cortex (Jinno et al., 2007) However, the vast majority of myelinated GABAergic axons are made by fast-spiking PV + interneurons [START_REF] Chung | Structural and molecular interrogation of intact biological systems[END_REF][START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF][START_REF] Micheva | Distinctive Structural and Molecular Features of Myelinated Inhibitory Axons in Human Neocortex[END_REF][START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF]Stedehouder et al., , 2018[START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF][START_REF] Zonouzi | Individual Oligodendrocytes Show Bias for Inhibitory Axons in the Neocortex[END_REF]Benamer et al., 2020b;[START_REF] Micheva | Conduction velocity along the local axons of parvalbumin interneurons correlates with the degree of axonal myelination | bioRxiv[END_REF]. VIP + and locally-projecting SST + interneurons are rarely and sparsely myelinated [START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF][START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF][START_REF] Zonouzi | Individual Oligodendrocytes Show Bias for Inhibitory Axons in the Neocortex[END_REF]. Myelination of PV + cell axons varies significantly between cortical regions. Array tomography and electron microscopy analysis indicates that myelinated PV + cell axons represent almost 50% of the myelin content in layers II/III of mouse somatosensory cortex [START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF]. The fraction can reach 80% in the CA1 region of mouse hippocampus [START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF].

In human cortex however, the density of myelinated GABAergic axons is mostly lower than in mouse cortex, except in the superficial layer I [START_REF] Micheva | Distinctive Structural and Molecular Features of Myelinated Inhibitory Axons in Human Neocortex[END_REF].

Characteristics of myelinated GABAergic axons

How does this subtype specific myelination of fast-spiking PV + GABAergic neurons arise? Axonal diameter is known to be a major factor that regulates myelination (Lee et al., 2012a;[START_REF] Bechler | CNS Myelin Sheath Lengths Are an Intrinsic Property of Oligodendrocytes[END_REF]Goebbels et al., 2017;[START_REF] Mayoral | Initiation of CNS Myelination in the Optic Nerve Is Dependent on Axon Caliber[END_REF]. In this regard, it has been reported that myelinated inhibitory neurons display thicker axons than their excitatory counterparts [START_REF] Gärtner | Immunofluorescence and immunoelectron microscopic evidence for differences in myelination of GABAergic and cholinergic septohippocampal fibres[END_REF]Jinno et al., 2007;[START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF][START_REF] Schmidt | Axonal synapse sorting in medial entorhinal cortex[END_REF].

With a similar myelin thickness, this implies a higher ratio between the inner and the outer diameter of the myelin sheath (g-ratio) [START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF]. Genetic manipulations to increase the size of somata and axons, increased myelin deposition on axons of PV + interneurons from mouse prefrontal cortex [START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]. Myelination was also increased in similar experiments on SST + interneurons which originally had thinner and largely non-myelinated axons [START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]. These data emphasize that axonal morphology shapes myelination.

Recent reports have shown that myelination of PV + GABAergic neurons disproportionally occurs along proximal axonal segments, characterized by wider axon diameter, and gradually decreases over thinner distal parts [START_REF] Schmidt | Axonal synapse sorting in medial entorhinal cortex[END_REF][START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF]Stedehouder et al., , 2018[START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]Benamer et al., 2020b). The first internode is stereotypically located at ~30 μm from the origin of the axon and more distal internodes are segmented by branch points at a minimal separation of ~14 μm (Figure 10) [START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF][START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]. Nodes of Ranvier and internode distances are shorter for GABAergic than for pyramidal cells [START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF]. Myelin composition also differs between excitatory and inhibitory axons: levels of PLP are similar, but MBP is 20% higher in GABAergic axons [START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF]. Cytoskeletal analysis shows that myelinated GABAergic axons are enriched in neurofilaments while excitatory axons contain more microtubules [START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF].

These results have been confirmed for human neocortex, where GABAergic axons are enriched in mitochondria as needed to sustain high energy demands of PV + cells [START_REF] Micheva | Distinctive Structural and Molecular Features of Myelinated Inhibitory Axons in Human Neocortex[END_REF]. Moreover, myelin is enriched in CNPase, a major component of cytoplasmic channels ensuring connection of oligodendroglial cell body with the myelin sheath and the axonal compartment (Figure 10) [START_REF] Micheva | Distinctive Structural and Molecular Features of Myelinated Inhibitory Axons in Human Neocortex[END_REF]. Furthermore, differences between myelin of GABAergic and pyramidal cells also extend to remodeling during adaptive responses. Myelinated axons of callosal excitatory projection neurons and PV + interneurons from cortical layer II/III were compared in an in vivo two-photon imaging study of PLP-eGFP mice [START_REF] Yang | Neuron class-specific responses govern adaptive myelin remodeling in the neocortex[END_REF]. During adaptive changes induced by monocular deprivation, myelin of PV + interneurons showed balanced elongations and contractions while myelin of excitatory neurons tended to display elongations alone [START_REF] Yang | Neuron class-specific responses govern adaptive myelin remodeling in the neocortex[END_REF].

Lastly, different structural and molecular properties of distinct subsets of GABAergic cells may influence myelination. Examination of the myelination profiles of SST + and PV + interneurons from the mouse visual cortex at different developmental stages revealed different patterns of myelin deposition along the axon, starting from the onset of myelination [START_REF] Zonouzi | Individual Oligodendrocytes Show Bias for Inhibitory Axons in the Neocortex[END_REF]. Taken together, these heterogeneities may reflect distinct codes for communication between neurons and oligodendrocytes. Zonouzi and colleagues recently showed that single oligodendrocytes exhibit different patterns of axonal targets [START_REF] Zonouzi | Individual Oligodendrocytes Show Bias for Inhibitory Axons in the Neocortex[END_REF]. Some oligodendrocytes myelinated only inhibitory cells, some myelinated excitatory neurons and others displayed no bias [START_REF] Zonouzi | Individual Oligodendrocytes Show Bias for Inhibitory Axons in the Neocortex[END_REF]. While molecular substrates are unclear, mature oligodendrocytes are highly heterogenous [START_REF] Marques | Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system[END_REF], and distinct neuronal cues may govern their choice of target cells. 

OPCs form direct synapses with neurons

In the developing and adult CNS, OPCs are the only glial cells receiving synaptic inputs from both excitatory glutamatergic neurons and inhibitory GABAergic neurons. More than twenty years ago, [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF] were the first to describe functional synaptic contacts between pyramidal cells from the CA3 region of the mouse hippocampus and OPCs located in CA1 [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF]. Since then, many studies have investigated both glutamatergic and GABAergic synaptic transmission on OPCs and have attempted to identify their respective role in the modulation of OPCs migration, proliferation and differentiation along with the myelination process. For the sake of brevity, this section will not detail extrasynaptic communication between glutamate/GABA and oligodendrocyte lineage cells, for a more extensive review, see (Habermacher et al., 2019).

OPCs form direct synapses with excitatory glutamatergic neurons

In the 90s, patch-clamp recordings coupled with pharmacological tools revealed that both OPCs and mature oligodendrocytes express the AMPA subtype of iGluRs in vitro [START_REF] Sontheimer | Channel expression correlates with differentiation stage during the development of oligodendrocytes from their precursor cells in culture[END_REF][START_REF] Barres | Ion channel expression by white matter glia: the O-2A glial progenitor cell[END_REF][START_REF] Borges | AMPA/kainate receptor activation in murine oligodendrocyte precursor cells leads to activation of a cation conductance, calcium influx and blockade of delayed rectifying K+ channels[END_REF][START_REF] Patneau | Glial cells of the oligodendrocyte lineage express both kainate-and AMPA-preferring subtypes of glutamate receptor[END_REF][START_REF] Verkhratsky | Calcium signalling in glial cells[END_REF]. These findings have gathered more importance following the observation of synaptic contacts between OPCs and neurons [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF] (Figure 11). Precise dissection of the expression of AMPA receptor mRNA across oligodendrocyte lineage cells has been made possible through the availability of a transcriptome dataset of purified neurons and glial cells from the mouse brain [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF]. It appeared that the expression of mRNA encoding for AMPA receptor subunits decreases as OPCs differentiate [START_REF] De Biase | Excitability and synaptic communication within the oligodendrocyte lineage[END_REF], which was also reported earlier in vitro by real-time PCR [START_REF] Itoh | AMPA glutamate receptor-mediated calcium signaling is transiently enhanced during development of oligodendrocytes[END_REF]. High expression of AMPA receptors seems to be required for OPCs to engage into glutamatergic synapses since mature oligodendrocytes no longer form glutamatergic synapses with neurons [START_REF] De Biase | Excitability and synaptic communication within the oligodendrocyte lineage[END_REF][START_REF] Etxeberria | Adult-born SVZ progenitors receive transient synapses during remyelination in corpus callosum[END_REF][START_REF] Kukley | The fate of synaptic input to NG2 glial cells: neurons specifically downregulate transmitter release onto differentiating oligodendroglial cells[END_REF]. Among the other iGluRs, the kainate subtype has been reported in OPCs [START_REF] Kukley | Kainate receptors and signal integration by NG2 glial cells[END_REF] and oligodendrocytes [START_REF] García-Barcina | Expression of kainate-selective glutamate receptor subunits in glial cells of the adult bovine white matter[END_REF] where its role has not been established yet. In addition, NMDA receptors have also been found in oligodendrocyte lineage cells [START_REF] Káradóttir | NMDA receptors are expressed in oligodendrocytes and activated in ischaemia[END_REF][START_REF] Salter | NMDA receptors are expressed in developing oligodendrocyte processes and mediate injury[END_REF], in which they seem to be rather expressed in oligodendrocytes processes as well as in myelin [START_REF] Salter | NMDA receptors are expressed in developing oligodendrocyte processes and mediate injury[END_REF][START_REF] Saab | Oligodendroglial NMDA Receptors Regulate Glucose Import and Axonal Energy Metabolism[END_REF]. Such "axo-myelinic" synapses [START_REF] Stys | The axo-myelinic synapse[END_REF] may enable oligodendrocytes to assess axonal spiking activity and to consequently regulate their glucose utilization [START_REF] Saab | Oligodendroglial NMDA Receptors Regulate Glucose Import and Axonal Energy Metabolism[END_REF]. Of note, mGluRs have also been reported in oligodendrocyte lineage cells [START_REF] Deng | Role of metabotropic glutamate receptors in oligodendrocyte excitotoxicity and oxidative stress[END_REF][START_REF] Spampinato | Metabotropic Glutamate Receptors in Glial Cells: A New Potential Target for Neuroprotection?[END_REF] but they are involved in extrasynaptic communication with neurons. Evidences of OPCs receiving synaptic glutamatergic synaptic inputs have been reported in several regions of the brain, such as the hippocampus [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF][START_REF] Jabs | Synaptic transmission onto hippocampal glial cells with hGFAP promoter activity[END_REF][START_REF] Ge | Long-term potentiation of neuron-glia synapses mediated by Ca2+-permeable AMPA receptors[END_REF][START_REF] Kukley | Glial cells are born with synapses[END_REF][START_REF] Mangin | Satellite NG2 progenitor cells share common glutamatergic inputs with associated interneurons in the mouse dentate gyrus[END_REF], the corpus callosum [START_REF] Kukley | Vesicular glutamate release from axons in white matter[END_REF][START_REF] Ziskin | Vesicular release of glutamate from unmyelinated axons in white matter[END_REF], the cerebral cortex [START_REF] Chittajallu | NG2-positive cells in the mouse white and grey matter display distinct physiological properties[END_REF][START_REF] Kukley | Glial cells are born with synapses[END_REF] as well as the cerebellum [START_REF] Lin | Climbing fiber innervation of NG2-expressing glia in the mammalian cerebellum[END_REF]. One open question remains whether the structural features of these synapses resemble those observed in between neurons. Functionally, there is no doubt that the synaptic currents recorded in OPCs are indistinguishable from those recorded in neurons under similar conditions. Structurally, electron microscopy analyses have highlighted organized pre-and postsynaptic compartments, both characterized by an electron-dense area and synaptic vesicles, respectively [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF][START_REF] Lin | Climbing fiber innervation of NG2-expressing glia in the mammalian cerebellum[END_REF][START_REF] Kukley | Vesicular glutamate release from axons in white matter[END_REF] (Figure 11). However, the exact protein composition of these structures has yet to be explored. When addressing the physiological significance of glutamatergic synaptic inputs to OPCs, one rational hypothesis would be the regulation of OPC differentiation to finely control the availability of myelinating oligodendrocytes. Myelination is indeed an activitydependent process (Barres and Raff, 1993;Demerens et al., 1996;[START_REF] Zalc | Do Action Potentials Regulate Myelination?[END_REF] which relies on calcium signaling [START_REF] Maldonado | Multiple Modes of Communication between Neurons and Oligodendrocyte Precursor Cells[END_REF][START_REF] Cheli | Conditional Deletion of the L-Type Calcium Channel Cav1.2 in Oligodendrocyte Progenitor Cells Affects Postnatal Myelination in Mice[END_REF][START_REF] Cheli | Enhanced oligodendrocyte maturation and myelination in a mouse model of Timothy syndrome[END_REF][START_REF] Pitman | Activity-dependent calcium signalling in oligodendrocyte generation[END_REF]. In line with these findings, activation of glutamatergic receptors usually lead to increase intracellular calcium concentrations [START_REF] Maldonado | Multiple Modes of Communication between Neurons and Oligodendrocyte Precursor Cells[END_REF][START_REF] Pitman | Activity-dependent calcium signalling in oligodendrocyte generation[END_REF]. So far, the functional role of glutamatergic synapses received by OPCs remains poorly understood and debated (for review see (Habermacher et al., 2019).

OPCs form direct synapses with inhibitory GABAergic neurons

Almost two decades ago, application of GABA or GABAA receptor agonists in explant cultures of mouse spinal cord have been shown to elicit depolarization of one-third of O4 + oligodendrocytes, which was prevented by GABAA receptor antagonists treatment [START_REF] Gilbert | gamma-Aminobutyric acid directly depolarizes cultured oligodendrocytes[END_REF]. These results mark the first description of GABAA receptors in oligodendrocytes and were further confirmed in brain slices of hippocampus [START_REF] Steinhäuser | Properties of GABA and glutamate responses in identified glial cells of the mouse hippocampal slice[END_REF] and corpus callosum [START_REF] Berger | GABA-and glutamate-activated currents in glial cells of the mouse corpus callosum slice[END_REF]. Examination of GABA-evoked currents across oligodendrocyte lineage cells allowed to estimate that GABAA receptor density decreases by a factor of 100 when OPCs differentiate into oligodendrocytes [START_REF] Blankenfeld | Expression and Developmental Regulation of a GABAA Receptor in Cultured Murine Cells of the Oligodendrocyte Lineage[END_REF][START_REF] Berger | GABA-and glutamate-activated currents in glial cells of the mouse corpus callosum slice[END_REF]. In 2004, Lin and Bergles were the first to detect GABAA receptor-mediated currents in OPCs from acute hippocampal slices which arise from direct synaptic release [START_REF] Lin | Synaptic signaling between GABAergic interneurons and oligodendrocyte precursor cells in the hippocampus[END_REF]. Following this discovery, several studies reported GABAergic synaptic inputs on OPCs from distinct CNS regions such as the cerebral cortex and the cerebellum [START_REF] Kukley | Glial cells are born with synapses[END_REF][START_REF] Vélez-Fort | Postnatal switch from synaptic to extrasynaptic transmission between interneurons and NG2 cells[END_REF][START_REF] Orduz | Interneurons and oligodendrocyte progenitors form a structured synaptic network in the developing neocortex[END_REF][START_REF] Zonouzi | GABAergic regulation of cerebellar NG2 cell development is altered in perinatal white matter injury[END_REF].

Importantly, whole-cell recordings of OPCs from acute slices of the barrel cortex enable to show that GABAergic neurons first communicate through synaptic inputs onto OPCs during the first two postnatal weeks. Then, OPCs continue to receive GABAergic inputs, but through an extrasynaptic activation of GABAA receptors [START_REF] Vélez-Fort | Postnatal switch from synaptic to extrasynaptic transmission between interneurons and NG2 cells[END_REF]. To identify the molecular cues supporting the switch from synaptic to extrasynaptic GABAergic transmission mode, single-cell real-time PCR combined with pharmacological experiments were further performed on OPCs from similar slices. It appeared that the composition of GABAA receptors expressed by OPCs highly varies during postnatal development: although a1 and b2/b3 subunits are uniformly expressed, the expression of both a5 and g2 subunits is significantly downregulated as GABAergic synaptic inputs to OPCs decreases [START_REF] Balia | Postnatal down-regulation of the GABAA receptor γ2 subunit in neocortical NG2 cells accompanies synaptic-to-extrasynaptic switch in the GABAergic transmission mode[END_REF]. In line with these results, it has been shown that the g2 subunit is essential to cluster GABAA receptors at post-synaptic sites through Gephyrin anchoring [START_REF] Alldred | Distinct gamma2 subunit domains mediate clustering and synaptic function of postsynaptic GABAA receptors and gephyrin[END_REF] and GABAA receptors lacking the g2 subunit mediate extrasynaptic currents [START_REF] Passlick | Expression of the γ2subunit distinguishes synaptic and extrasynaptic GABA(A) receptors in NG2 cells of the hippocampus[END_REF]. Therefore, the g2 subunit is required for GABAA receptors of OPCs to receive synaptic inputs from GABAergic neurons. Among the large diversity of GABAergic neurons, only short-range GABAergic neurons have been reported to form synapses with OPCs [START_REF] Orduz | Interneurons and oligodendrocyte progenitors form a structured synaptic network in the developing neocortex[END_REF][START_REF] Zonouzi | GABAergic regulation of cerebellar NG2 cell development is altered in perinatal white matter injury[END_REF]Benamer et al., 2020b) and more particularly fast-spiking PV + interneurons which mainly target OPC cell bodies carrying GABAA receptors containing the g2 subunit [START_REF] Orduz | Interneurons and oligodendrocyte progenitors form a structured synaptic network in the developing neocortex[END_REF]. Interestingly, PV + GABAergic neurons share similar embryonic origins with ventrally-derived OPCs and these two populations form synapses in discrete clusters of cells throughout the mouse somatosensory cortex [START_REF] Orduz | Developmental cell death regulates lineage-related interneuron-oligodendroglia functional clusters and oligodendrocyte homeostasis[END_REF].

These results suggest that similar embryonic sources could favor subsequent synaptic interactions between GABAergic neurons and OPCs [START_REF] Orduz | Developmental cell death regulates lineage-related interneuron-oligodendroglia functional clusters and oligodendrocyte homeostasis[END_REF]Benamer et al., 2020a).

The functional role of these synapses remains controversial. It is worth mentioning that the activation of GABAA receptors depolarizes OPCs which leads to increased intracellular calcium concentration [START_REF] Lin | Synaptic signaling between GABAergic interneurons and oligodendrocyte precursor cells in the hippocampus[END_REF][START_REF] Tanaka | Excitatory GABAergic activation of cortical dividing glial cells[END_REF]. In this regard, most of the studies investigated the role of GABA signaling on OPCs proliferation and differentiation but there is no general consensus on this point, for review see (Habermacher et al., 2019). [START_REF] Zonouzi | GABAergic regulation of cerebellar NG2 cell development is altered in perinatal white matter injury[END_REF] have reported that loss of GABAA receptors-mediated synaptic inputs in a mouse model of chronic hypoxia was accompanied with an increased proliferation of OPCs and a loss of mature oligodendrocytes, thereby leading to dysmyelination [START_REF] Zonouzi | GABAergic regulation of cerebellar NG2 cell development is altered in perinatal white matter injury[END_REF]. These results suggest that synaptic GABAergic transmission prevents OPC proliferation and favors OPC progression into mature oligodendrocytes. However, they do to not corroborate those of [START_REF] Hamilton | Endogenous GABA controls oligodendrocyte lineage cell number, myelination, and CNS internode length[END_REF] who concluded that GABA signaling induces death of oligodendrocyte lineage cells using pharmacological tools on cortical slices [START_REF] Hamilton | Endogenous GABA controls oligodendrocyte lineage cell number, myelination, and CNS internode length[END_REF]). Yet, both of these studies did not precisely target GABA/OPCs synapses. To solve this issue, [START_REF] Balia | A specific GABAergic synapse onto oligodendrocyte precursors does not regulate cortical oligodendrogenesis[END_REF] have genetically silenced the g2 subunit of GABAA receptors to specifically disrupt synapses between OPCs and GABAergic neurons [START_REF] Balia | A specific GABAergic synapse onto oligodendrocyte precursors does not regulate cortical oligodendrogenesis[END_REF]. They did not observe any impact on OPCs proliferation and differentiation in the second postnatal week of mice. In addition, the number of PV + myelinated axons did not differ upon g2 subunit inactivation but this latter was associated with a decrease of OPC density during cortical development [START_REF] Balia | A specific GABAergic synapse onto oligodendrocyte precursors does not regulate cortical oligodendrogenesis[END_REF], which imply that GABAergic synapse on OPCs does not control oligodendrogenesis but rather promote the survival of OPCs. A recent study has further inspected the myelination profile of PV + axons following g2 subunit inactivation (Benamer et al., 2020b).

Fast-spiking PV + GABAergic neurons in such mutants display an abnormal proximal axon morphology, an aberrant myelination of axonal branch points and an increased length of both internodes and nodes of Ranvier (Benamer et al., 2020b). These alterations are associated with a decreased firing rate, similar to the low firing rate observed in immature interneurons, suggesting that it may compromise interneuron maturation (Okaty et al., 2009). In addition, simulations based on the computational model described by [START_REF] Hamilton | Endogenous GABA controls oligodendrocyte lineage cell number, myelination, and CNS internode length[END_REF] indicate that dysmyelinated interneuron axons have slower conduction velocity [START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]Benamer et al., 2020b). Moreover, myelination defects and inhibitory circuit dysfunction of the barrel cortex alter the whisker-dependent texture discrimination (Benamer et al., 2020b). Synaptic GABAergic signaling to OPCs is therefore crucial for proper myelination of fast-spiking interneurons which sustain key functions of mature cortical inhibitory circuits.

Oligodendrocyte secreted factors interact with neurons

An important advance in the understanding of glial cell function on neural circuit development has been the purification and in vitro culture of neurons in the absence of glial cells. Twenty years ago, the laboratory of Ben Barres developed glia-free retinal ganglion cell (RGC) cultures (Meyer-Franke et al., 1995). In parallel, production of oligodendrocyte and astrocyte conditioned medium (OCM and ACM, respectively) allowed to further dissect the impact of glial soluble factors on neuronal physiology. Factors released by oligodendrocytes can modulate several aspects of neuronal physiology: i) they can promote both neuronal survival and axonal growth, ii) they can cluster nodal proteins prior to myelin deposition and iii) they modulate neuronal connectivity. This section will detail the trophic role of oligodendrocytes-derived factors on neuronal development and outgrowth. Their impact on nodes of Ranvier formation and neuronal connectivity will be described in Chapter II and III, respectively.

Oligodendrocytes secrete neurotrophic factors

In the developing nervous system of vertebrates, more than half of neurons experience programmed cell death shorty after forming synaptic connections with their cellular target [START_REF] Raff | Social controls on cell survival and cell death[END_REF][START_REF] Raff | Programmed cell death and the control of cell survival: lessons from the nervous system[END_REF]. To counteract this intrinsic apoptotic machinery, neurons are continuously stimulated by extracellular signals so that unfunctional neurons, i.e., neurons failing to receive neurotrophic signals, are eliminated. The first documentation of such neurotrophic signaling emerged from experiments performed on purified developing peripheral sympathetic and sensory neurons treated with Schwann cell-derived nerve growth factor (NGF) [START_REF] Levi-Montalcini | DESTRUCTION OF THE SYMPATHETIC GANGLIA IN MAMMALS BY AN ANTISERUM TO A NERVE-GROWTH PROTEIN[END_REF][START_REF] Gorin | Experimental autoimmune model of nerve growth factor deprivation: effects on developing peripheral sympathetic and sensory neurons[END_REF]. Treatment of these neurons by NGF totally prevented their programmed cell death [START_REF] Levi-Montalcini | DESTRUCTION OF THE SYMPATHETIC GANGLIA IN MAMMALS BY AN ANTISERUM TO A NERVE-GROWTH PROTEIN[END_REF], which was restored by the application of neutralizing antibodies targeting NGF [START_REF] Gorin | Experimental autoimmune model of nerve growth factor deprivation: effects on developing peripheral sympathetic and sensory neurons[END_REF]. As mentioned above, purification and culture of RGCs enabled similar investigations within the CNS. Use of this in vitro system led Meyer-Franke et al., (1995) to report the existence of a soluble protein >10 kDa released by mature oligodendrocytes which promote the survival of purified RGCs for at least one month (Meyer-Franke et al., 1995). To identify this trophic factor, one strategy is to select potential candidates and neutralize their function within OCM using specific antibodies. Accordingly, neutralizing antibodies targeting known neurotrophic factors such as NFG, Brain-derived neurotrophic factor (BDNF), Neurotrophin-3 (NT-3) and Insulin-like growth factor-1 (IGF1) [START_REF] Ghosh | Requirement for BDNF in activity-dependent survival of cortical neurons[END_REF][START_REF] Lindholm | Autocrine-paracrine regulation of hippocampal neuron survival by IGF-1 and the neurotrophins BDNF, NT-3 and NT-4[END_REF] were added to purified developing cortical neurons treated with OCM (Wilkins et al., 2001). Among them, blockade of IGF-1 appeared to inhibit OCM-mediated effect on neuronal survival (Wilkins et al., 2001), suggesting that IGF-1 displays a neuroprotective role. Further characterization reported that mechanisms governing OCM-derived neuronal survival were dependent on the PhosphoInositide 3-Kinase (PI3K) -Protein Kinase B (also known as Akt) signaling pathway (Wilkins et al., 2003).

Another OCM-derived factor, namely glial cell-derived neurotrophic factor (GDNF) promotes phosphorylation of axonal neurofilaments via the activation of the Mitogen-Activated Protein Kinases (MAPK) -Extracellular signal-Regulated Kinase (Erk) 1/2 signaling pathway (Wilkins et al., 2003). As phosphorylation of axonal neurofilaments is known to be a post-translational modification regulating axonal length [START_REF] Dale | Neurofilament Phosphorylation during Development and Disease: Which Came First, the Phosphorylation or the Accumulation?[END_REF], these results demonstrate that oligodendrocytes secreted factors, independently of their role on neuronal survival, also contribute to axonal growth.

Oligodendrocytes secrete exosomes

Oligodendrocytes can also regulate neuronal integrity through the secretion of exosomes, i.e., small extracellular membrane vesicles of 50 to 100 nm released upon the fusion of late endosomal multivesicular bodies (MVBs) with the plasma membrane [START_REF] Krämer-Albers | Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins: Trophic support for axons?[END_REF][START_REF] Bakhti | Inhibition of Myelin Membrane Sheath Formation by Oligodendrocyte-derived Exosome-like Vesicles[END_REF]. Analysis of supernatants from cultured mature oligodendrocytes highlighted the presence of exosomes, containing the myelin proteins PLP and CNPase, which are released in a calcium-dependent manner [START_REF] Krämer-Albers | Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins: Trophic support for axons?[END_REF].

Isolation of exosomal fraction led to the detection of additional myelin proteins, namely MBP and MOG together with an elevated number of metabolizing enzymes [START_REF] Krämer-Albers | Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins: Trophic support for axons?[END_REF]. Oligodendrocytes release exosomes following both NMDA and AMPA receptormediated glutamatergic transmission (Frühbeis et al., 2013). Once in the extracellular space, exosomes are internalized by neurons at axonal and somatodendritic sites (Frühbeis et al., 2013) (Figure 12). Treatment of neurons with oligodendrocyte-derived exosomes tends to prevent the negative effects of oxidative stress or nutriment deprivation on neuronal metabolism, suggesting their neuroprotective role (Frühbeis et al., 2013). In line with these results, mice lacking either PLP or CNPase have been shown to develop axonal degeneration which is not associated with any myelin impairments [START_REF] Griffiths | Axonal swellings and degeneration in mice lacking the major proteolipid of myelin[END_REF][START_REF] Lappe-Siefke | Disruption of Cnp1 uncouples oligodendroglial functions in axonal support and myelination[END_REF]. Moreover, myelinating oligodendrocytes are known to metabolically support axons through the transport of lactate (Fünfschilling et al., 2012;Lee et al., 2012b). Despite being concomitant with myelin deposition, this latter process occurs independently of myelination.

We can therefore speculate that the release of exosomes from oligodendrocytes, which also does not rely on myelination, allows to supplement energy to axons through the transfer of metabolizing enzymes, thereby sustaining axon energy consumption upon high neuronal activity. 

Glial secreted factors and GABAergic neurons

The specific interaction of glial secreted factors and GABAergic neurons has been poorly investigated, despite the development of methods to purify GABAergic neurons in culture [START_REF] Baptista | Cell-cell interactions influence survival and differentiation of purified Purkinje cells in vitro[END_REF]Berghuis et al., 2004aBerghuis et al., , 2004b;;[START_REF] Buard | Glial cells promote dendrite formation and the reception of synaptic input in Purkinje cells from postnatal mice[END_REF]. Nevertheless, through fluorescence-based cell sorting of GABAergic neurons (Turko et al., 2019b) from VGAT-Venus-A Wistar rats (Uematsu et al., 2008), Turko et al. (2019) demonstrated that purification of GABAergic neurons in culture prevents their survival beyond 16 days in vitro (DIV). Yet, the addition of glial support in a non-contact co-culture arrangement was sufficient to maintain them up to 42 DIV, suggesting that glial secreted factors are essential for GABAergic survival (Turko et al., 2019a). Moreover, morphometric analysis revealed that purification of GABAergic neurons alters their morphology, as observed by their shorter axon and dendrites and their less complex dendritic arborization. Similarly, addition of glial support partly recapitulates the morphological development of GABAergic neurons (Turko et al., 2019a). Taken together, these results demonstrate that GABAergic neurons can develop in culture when purified but their proper neurite outgrowth and maintenance require factors released by glial cells. However, so far, the nature of the glial cell type considered in this study remains elusive. 

A B Myelin loops

Axon

Nodes of Ranvier are defined as periodic unmyelinated gaps distributed along the axon of myelinated nerve fibers. They typically cover between 1.0 to 2.0 µm of the axon (Salzer, 2003) where the axonal diameter is reduced [START_REF] Landon | ULTRASTRUCTURE OF THE NODE OF RANVIER[END_REF]. Each node of Ranvier is flanked by paranodes, where myelin loops are tightly attached to the axon (Figures 13 and14). Adjacent to paranodes are the juxtaparanodes which reside underneath compact myelin (Figure 14). While the molecular composition of the nodes and perinodal domains is well-documented and established (Figure 14A), the molecular mechanisms underlying their formation have been actively debated and are still under investigation. Voltage-gated potassium channels (Kv channels) and two-pore-domain potassium channels (K2P) are also concentrated at nodes. At paranodes, axonal complex Contactin/Caspr interacts with glial Nfasc155 and with 4.1B on the cytoplasmic side of the axolemma, which provides a link to the actin cytoskeleton through αIIβ/II spectrin. At juxtaparanodes, Kv channels co-localize with the complex Caspr2/Tag1. This complex interacts with glial cells through glial Tag1 and is linked to the actin cytoskeleton by the complex 4.1B/αIIβ/II spectrin. (B) Immunolabeling of nodes (Nav channels), paranodes (Caspr) and juxtaparanodes (Kv1.2) of the optic nerve. Scale bar: 10 µm. (B) is from Rasband and Peles, 2020.

Axonal proteins assembled at nodes 1.Voltage-gated ion channels

In the 40s and 50s, Alan Hodgkin and Andrew Huxley (1917Huxley ( -2012) ) published a series of pioneer studies which have considerably enlightened our knowledge of neuronal function. They proposed a conductance-based model involving voltage-gated ion channels in the generation and propagation of APs. Using voltage-clamp techniques, they were the first to describe sodium currents in a squid giant axon and demonstrated that voltage-gated sodium channels are activated in a voltage-dependent manner for the specific transport of sodium. This work gave rise to major investigations of voltage-gated ion channels which provided a refined description of their different subtypes, together with their functional roles and their relative distribution across the nervous system. While voltagegated sodium channels (Nav) are key components of the nodes of Ranvier, voltage-gated potassium (Kv) channels function predominantly at juxtaparanodes.

Voltage-gated sodium channels (Nav)

At the node of Ranvier, voltage-gated sodium channels (Nav) represent key indicators of neuronal excitability as they take part in the regeneration of APs by driving the depolarization of the membrane. Nav channels are characterized by three main features: they are activated in the voltage-dependent manner, they display a fast self-inactivation and they are selective for the transport of sodium (Na + ) [START_REF] Goldin | Nomenclature of voltage-gated sodium channels[END_REF]. When the membrane voltage depolarizes until it reaches the threshold of activation of Nav channels, these latter open in a limited time, before their self-inactivation, allowing to conduct sodium inward currents. Such Na + movement leads to depolarization, the rising phase of APs [START_REF] Bean | The action potential in mammalian central neurons[END_REF].

Nav channels have been purified as heterotrimeric complexes of α and β subunits, where a central α subunit (260 kDa) is associated with two different "auxiliary" β subunits (30-40 kDa). The α subunit endorses the functional role of Nav channels by forming the pore by itself while the auxiliary β subunits modulate Nav channels function [START_REF] Messner | The sodium channel from rat brain. Separation and characterization of subunits[END_REF] (Figure 15). The interaction between the α subunit and the β subunits depends on the isoforms involved: while β1Nav and β3Nav are nonconvalently linked to the α subunit, β2Nav

and β4Nav form a disulfide covalent bond with the α subunit (O'Malley and [START_REF] O'malley | Sodium channel β subunits: emerging targets in channelopathies[END_REF]. Schematic representation of the primary structure of Nav channel. Each channel is composed of one poreforming α subunit, which consists of four homologous domains (I-IV) of six transmembrane segments (S1-S6) and two "auxiliary" β subunits.

Alpha subunits

In mammals, α subunits of Nav channels (i.e., Nav1) are encoded by ten different genes belonging to the Scna family. As mentioned above, the α subunit is the pore forming subunit which sustains the function of Nav channels as the sole injection of mRNA encoding for the α subunit into Xenopus oocytes is sufficient, in the absence of any β subunit expression, to induce the expression of functional Nav channels [START_REF] Goldin | Messenger RNA coding for only the alpha subunit of the rat brain Na channel is sufficient for expression of functional channels in Xenopus oocytes[END_REF]. Structurally, the α subunit consists of four homologous domains (I-IV) which themselves contain six interconnected transmembrane helices (S1-S6) (Figure 15). Their spatial and temporal distribution depends on the neuronal subtype and subcellular compartment as well as the developmental stage. Except form Nav1.4, all α isoforms have been reported in the nervous system but the present documentation will only focus on the main α subunits found in CNS nodes of Ranvier: Nav 1.1, Nav 1.2 and Nav1.6. Expression of Nav1.2 has initially been exclusively associated with unmyelinated nerve fibers [START_REF] Westenbroek | Differential subcellular localization of the RI and RII Na+ channel subtypes in central neurons[END_REF][START_REF] Gong | Type I and type II Na(+) channel alpha-subunit polypeptides exhibit distinct spatial and temporal patterning, and association with auxiliary subunits in rat brain[END_REF] while Nav1.6 with nodes of Ranvier. Further investigations of their relative expression revealed that Nav1.2 is localized within developing nodes but, as myelination proceeds, a switch towards Nav1.6 occurs to form mature nodes [START_REF] Boiko | Compact myelin dictates the differential targeting of two sodium channel isoforms in the same axon[END_REF]Kaplan et al., 2001), allowing the axon to sustain high-frequency firing of APs [START_REF] Zhou | Use-dependent potentiation of the Nav1.6 sodium channel[END_REF][START_REF] Hu | Distinct contributions of Na(v)1.6 and Na(v)1.2 in action potential initiation and backpropagation[END_REF]. Distinct mechanisms contribute to the clustering of these isoforms. Oligodendrocyte conditioned medium is indeed sufficient to cluster Nav1.2 along RGCs and purified hippocampal GABAergic axons in vitro (Kaplan et al., 2001;Freeman et al., 2015) in the absence of myelin. In such cultures, Nav1.6 clustering was dependent on the presence of glial cells (Freeman et al., 2015). Moreover, oligodendrocyte conditioned medium is also sufficient to cluster Nav1.1 along purified hippocampal GABAergic axons in vitro (Freeman et al., 2015).

This isoform is found in mature nodes of Ranvier [START_REF] Ogiwara | Nav1.1 localizes to axons of parvalbumin-positive inhibitory interneurons: a circuit basis for epileptic seizures in mice carrying an Scn1a gene mutation[END_REF][START_REF] Duflocq | Nav1.1 is predominantly expressed in nodes of Ranvier and axon initial segments[END_REF] in a subtype-and region-dependent manner: in the PV + and SST + interneurons from the hippocampus, the medial septum and the cortex [START_REF] Ogiwara | Nav1.1 localizes to axons of parvalbumin-positive inhibitory interneurons: a circuit basis for epileptic seizures in mice carrying an Scn1a gene mutation[END_REF][START_REF] Bender | Focal Scn1a knockdown induces cognitive impairment without seizures[END_REF][START_REF] Yamagata | Nav1.2 is expressed in caudal ganglionic eminence-derived disinhibitory interneurons: Mutually exclusive distributions of Nav1.1 and Nav1.2[END_REF] but also along RGC axons [START_REF] Van Wart | Polarized distribution of ion channels within microdomains of the axon initial segment[END_REF]. While its function is still under investigation, mutations of the Scn1a gene, which encodes for Nav1.1, have been associated with epilepsy, autism spectrum disorders and Alzheimer disease [START_REF] Catterall | NaV1.1 channels and epilepsy[END_REF][START_REF] Verret | Inhibitory interneuron deficit links altered network activity and cognitive dysfunction in Alzheimer model[END_REF][START_REF] Gama | Targeted DNA Sequencing from Autism Spectrum Disorder Brains Implicates Multiple Genetic Mechanisms[END_REF]. Such alterations are presumably caused by impaired GABAergic neuron excitability, where neurons are unable to generate high frequencies of APs [START_REF] Yu | Reduced sodium current in GABAergic interneurons in a mouse model of severe myoclonic epilepsy in infancy[END_REF][START_REF] Ogiwara | Nav1.1 localizes to axons of parvalbumin-positive inhibitory interneurons: a circuit basis for epileptic seizures in mice carrying an Scn1a gene mutation[END_REF][START_REF] Cheah | Specific deletion of NaV1.1 sodium channels in inhibitory interneurons causes seizures and premature death in a mouse model of Dravet syndrome[END_REF][START_REF] Dutton | Preferential inactivation of Scn1a in parvalbumin interneurons increases seizure susceptibility[END_REF][START_REF] Sakkaki | Focal Dorsal Hippocampal Nav1.1 Knock Down Alters Place Cell Temporal Coordination and Spatial Behavior[END_REF].

Beta subunits

In mammals, β subunits of Nav (i.e., βNav) channels are encoded by four different genes belonging to the Scnb family. To date, three different isoforms have been observed at the nodes of Ranvier: β1Nav, β2Nav and β4Nav (O'Malley and [START_REF] O'malley | Sodium channel β subunits: emerging targets in channelopathies[END_REF]. They are members of the immunoglobulin (Ig) superfamily of cell-adhesion molecules (CAMs) due to their extracellular Ig loop domain which sustains both trans-homophilic and cis-,transheterophilic interactions with others CAMs (O'Malley and [START_REF] O'malley | Sodium channel β subunits: emerging targets in channelopathies[END_REF]. Although sodium channels β subunits have long been regarded as "auxiliary" subunits, they act as key regulators of gating properties of the α subunit [START_REF] Isom | Primary structure and functional expression of the beta 1 subunit of the rat brain sodium channel[END_REF][START_REF] Isom | Structure and function of the β2 subunit of brain sodium channels, a transmembrane glycoprotein with a CAM motif[END_REF]McEwen et al., 2004).

In addition, the specific insertion of Nav channels within the plasma membrane relies on them. In vivo studies demonstrated that hippocampal neurons from mice lacking β2Nav present a 42% decrease of surface Nav channels expression and a significant reduction of sodium amplitude current compared to wild type mice. Importantly, total levels of Nav channels in brains from β2 deficient mice were unchanged, meaning that β2 regulates Nav channels expression specifically at the cell surface [START_REF] Chen | Reduced sodium channel density, altered voltage dependence of inactivation, and increased susceptibility to seizures in mice lacking sodium channel beta 2-subunits[END_REF]. They promote the distribution of Nav channels to the cell surface by acting as critical CAMs. β1 and β2 subunits are engaged in homophilic interactions, which results in the recruitment of AnkG to points of cell-cell contact [START_REF] Malhotra | Sodium channel beta subunits mediate homophilic cell adhesion and recruit ankyrin to points of cell-cell contact[END_REF]. Co-immunoprecipitation assays indicate that β1 and β3 subunits participate in heterophilic interactions with Nfasc186, as well as extracellular matrix proteins such as Tenascins (Srinivasan et al., 1998;[START_REF] Ratcliffe | Sodium channel β1 and β3 subunits associate with neurofascin through their extracellular immunoglobulin-like domain[END_REF]. Interestingly, interaction of β1 subunit with Nfasc186 causes an increase of Nav1.2 cell surface density (McEwen and Isom, 2004). β1 subunit also interacts with axonal and glial CAMs Nfasc155, NrCAM, Contactin and sodium channel β2Nav (McEwen and Isom, 2004). Several post-translational modifications can regulate βNav activity, such as glycosylation, phosphorylation [START_REF] Waechter | Glycosylation is required for maintenance of functional sodium channels in neuroblastoma cells[END_REF]Ratcliffe et al., 2000a;Malhotra et al., 2002) and proteolytic processing. Cleavage by BACE1 (β-site amyloid precursor protein-cleaving enzyme) results in the release of the extracellular domain of β subunits, which may act as a soluble CAM and thus mimic the adhesion functions of β subunits. In this context, BACE1 deficient mice exhibit reduced surface levels of Nav1.1 and increased levels of Nav1.2 (which may represent a compensatory mechanism) in hippocampal neurons [START_REF] Kim | Reduced sodium channel Na(v)1.1 levels in BACE1-null mice[END_REF]. Lastly, recent work from Thetiot et al. have shown that β2Nav is required for the early clustering of Nav channels along hippocampal GABAergic axons [START_REF] Thetiot | An alternative mechanism of early nodal clustering and myelination onset in GABAergic neurons of the central nervous system[END_REF].

Voltage-gated potassium channels (Kv)

Voltage-gated potassium channels (Kv) are part of the largest ion channel family [START_REF] Hille | Ionic channels: molecular pores of excitable membranes[END_REF]. They are encoded by 40 different genes, divided into 12 subgroups (Kv1-Kv12).

By setting the resting membrane potential, they are critical controllers of neuronal excitability. Individual Kv channel consists of four identical pore-forming α subunits, each consisting of six interconnected transmembrane helices (S1-S6) associated with modulatory proteins, such as Kvβ subunits or KChIPs [START_REF] Ranjan | A Kinetic Map of the Homomeric Voltage-Gated Potassium Channel (Kv) Family[END_REF]. From this extended diversity of isoforms, only Kv3 and Kv7 (or KCNQ) have been found at the nodes of Ranvier so far.

Among the four members of the Kv3 family, Kv3.1b, a splicing variant of Kv3.1, has been reported within rodent CNS nodes [START_REF] Devaux | Kv3.1b is a novel component of CNS nodes[END_REF]. Due to its distinct temporal distribution with Ankyrin-G at nodes (Ankyrin-G being clustered before), its clustering may require Ankyrin-G [START_REF] Devaux | Kv3.1b is a novel component of CNS nodes[END_REF]. Although the role of Kv3.1b remains partly known, evidences suggest that it may participate in high-frequencies of APs observed in fast-spiking interneurons [START_REF] Devaux | Kv3.1b is a novel component of CNS nodes[END_REF][START_REF] Lien | Kv3 potassium conductance is necessary and kinetically optimized for high-frequency action potential generation in hippocampal interneurons[END_REF].

In addition, two different isoforms out of the five forming the delayed rectifier Kv7

family have been described at CNS and PNS nodes: Kv7.2 (KCNQ2) and Kv7.3 (KCNQ3; [START_REF] Devaux | KCNQ2 is a nodal K+ channel[END_REF][START_REF] Pan | A common ankyrin-G-based mechanism retains KCNQ and NaV channels at electrically active domains of the axon[END_REF][START_REF] Schwarz | KCNQ channels mediate IKs, a slow K+ current regulating excitability in the rat node of Ranvier[END_REF][START_REF] Cooper | Made for "anchorin": Kv7.2/7.3 (KCNQ2/KCNQ3) channels and the modulation of neuronal excitability in vertebrate axons[END_REF][START_REF] Battefeld | Heteromeric Kv7.2/7.3 channels differentially regulate action potential initiation and conduction in neocortical myelinated axons[END_REF].

Kv7.3 expression appeared to be limited to fiber exhibiting a small diameter, either below 6 µm for rat sciatic nerves or ranging from 1 to 3 µm for central neocortical neurons [START_REF] Schwarz | KCNQ channels mediate IKs, a slow K+ current regulating excitability in the rat node of Ranvier[END_REF][START_REF] Battefeld | Heteromeric Kv7.2/7.3 channels differentially regulate action potential initiation and conduction in neocortical myelinated axons[END_REF]. They are maintained at nodes through their common KCNK4) as key channels governing those currents [START_REF] Kanda | TREK-1 and TRAAK Are Principal K+ Channels at the Nodes of Ranvier for Rapid Action Potential Conduction on Mammalian Myelinated Afferent Nerves[END_REF]. Another study published at the same time further confirmed the presence of TRAAK at mammalian nodes of Ranvier [START_REF] Brohawn | The mechanosensitive ion channel TRAAK is localized to the mammalian node of Ranvier[END_REF].

TREK-1 and TRAAK belong to the two-pore-domain potassium (K2P) channels, a family of 15 potassium channels that are functionally distinct from Kv channels. Indeed, TREK-1 and TRAAK are not sensitive to the membrane voltage but to changes in temperature (thermosensitive) and membrane tension (mechanosensitive). In addition, they both give rise to leak (or background) potassium currents [START_REF] Enyedi | Molecular background of leak K+ currents: two-pore domain potassium channels[END_REF] that increase Nav channels availability by hyperpolarizing the membrane resting potential. Structurally, mammalian K2P channels are characterized by two pore-forming domains and four transmembrane segments [START_REF] Enyedi | Molecular background of leak K+ currents: two-pore domain potassium channels[END_REF]. Lastly, evidences extracted in Purkinje cells from mice cerebellar slices have shown that nodal repolarizing conductance involves Ttype voltage-gated calcium channels, characterized by their transient openings [START_REF] Catterall | Voltage-Gated Calcium Channels[END_REF][START_REF] Gründemann | Calcium-Activated Potassium Channels at Nodes of Ranvier Secure Axonal Spike Propagation[END_REF]. Through activity-dependent entry of calcium at nodes of Ranvier, they recruit calcium-sensitive potassium channels Kca3.1 [START_REF] Sforna | Structure, Gating and Basic Functions of the Ca2+-activated K Channel of Intermediate Conductance[END_REF] that are required for nodal repolarization [START_REF] Gründemann | Calcium-Activated Potassium Channels at Nodes of Ranvier Secure Axonal Spike Propagation[END_REF].

Cell-adhesion molecules (CAMs)

Cell-adhesion molecules (CAMs) are highly enriched at nodes of Ranvier where they stabilize ion channels. They were first characterized through their capacity to preserve cellcell interactions and to connect cells with the extracellular matrix. Yet, they are implicated with a wider variety of physiological functions, ranging from gene expression signaling, synaptic targeting, to apoptosis [START_REF] Murray | Cell adhesion molecules[END_REF]. They can be subdivided into several main families, such as selectins, netrins, integrins, cadherins, C44 and the ones taking part of the immunoglobulin (Igs) superfamily. These latter play critical roles in the nervous system, as they are expressed by both neuronal excitable domains and glial cells. The following documentation will be dedicated to the main Igs-CAMs observed at nodes:

Neurofascin and the neural glial-related cell adhesion molecule NrCAM, both belonging to L1-CAM family and Contactin-1 from the glycosylphosphatidylinositol (GPI)-anchored protein family.

NrCAM

NrCAM (200 kDa), also named Bravo, harbors six Ig domains, five FNIII domains and a transmembrane segment. These last two represent particular targets of cleavages, leading to the generation of the 140 kDa or the 170 kDa product [START_REF] Grumet | Structure of a new nervous system glycoprotein, Nr-CAM, and its relationship to subgroups of neural cell adhesion molecules[END_REF]. Once cleaved, NrCAM becomes soluble, which permits its interaction with extracellular matrix proteins within nodal environment [START_REF] Eshed | Secreted gliomedin is a perinodal matrix component of peripheral nerves[END_REF]Feinberg et al., 2010;Susuki et al., 2013). It can be expressed by both glial cells and neurons [START_REF] Davis | Molecular composition of the node of Ranvier: identification of ankyrin-binding cell adhesion molecules neurofascin (mucin+/third FNIII domain-) and NrCAM at nodal axon segments[END_REF]Feinberg et al., 2010). In the PNS, NrCAM is indeed integrated within the membrane of Schwann cell microvilli which can also secrete its soluble form at nodes (Feinberg et al., 2010). In addition, examination of NrCAM expression during early development of the PNS have shown NrCAM clusters as early as embryonic day 21 (E21) along mice sciatic nerve fibers. Of note, 60% of these clusters did not contain Nav channels. Yet, by postnatal day 14 (P14), most of the nodes contain both NrCAM and Nav channels [START_REF] Custer | The Role of the Ankyrin-Binding Protein NrCAM in Node of Ranvier Formation[END_REF]. In the CNS, the temporal distribution of NrCAM remains unsolved so far. Still, it is known that CNS nodes of Ranvier contain the 140kDa secreted product of NrCAM (Susuki et al., 2013) which interact with other nodals

CAMs [START_REF] Rasband | Mechanisms of node of Ranvier assembly[END_REF].

GPI-anchored CAMs of the Contactin family

Glycosylphosphatidylinositol (GPI)-anchored CAMs contain, as all members of the Ig-CAM superfamily, Ig-like domains associated with FNIII domains. However, they are not tied to the membrane through a transmembrane segment but via a GPI anchor. They are involved in a plethora of neuronal functions such as synaptic regulation, neurite outgrowth and stabilization of excitable domains. GPI anchor can be cleaved by a specific enzyme, phosphatidylinositol-specific phospholipase C (PI-PLC) [START_REF] Tan | Glycosylphosphatidylinositol-Anchored Immunoglobulin Superfamily Cell Adhesion Molecules and Their Role in Neuronal Development and Synapse Regulation[END_REF]. Two members of GPI-anchored CAMs are compartmentalized at nodes and perinodal domains, namely

Contactin-1 or Contactin (also called F3/F11) and Tag-1 (also called Contactin-2/Axonin-1, at juxtaparanodes).

Contactin-1 is a 130 kDa glycoprotein containing six Ig-like domains, four FNIII domains and a GPI anchor (Figure 18). It is expressed by both glial cells and neurons [START_REF] Ranscht | Sequence of contactin, a 130-kD glycoprotein concentrated in areas of interneuronal contact, defines a new member of the immunoglobulin supergene family in the nervous system[END_REF][START_REF] Rios | Contactin-associated protein (Caspr) and contactin form a complex that is targeted to the paranodal junctions during myelination[END_REF][START_REF] Bizzoca | The mouse F3/contactin glycoprotein: structural features, functional properties and developmental significance of its regulated expression[END_REF]. In addition to play key role in axonal growth [START_REF] Gennarini | Transfected F3/F11 neuronal cell surface protein mediates intercellular adhesion and promotes neurite outgrowth[END_REF][START_REF] Durbec | A soluble form of the F3 neuronal cell adhesion molecule promotes neurite outgrowth[END_REF][START_REF] Buttiglione | F3 neuronal adhesion molecule controls outgrowth and fasciculation of cerebellar granule cell neurites: a cell-typespecific effect mediated by the Ig-like domains[END_REF][START_REF] Bizzoca | Transgenic mice expressing F3/contactin from the TAG-1 promoter exhibit developmentally regulated changes in the differentiation of cerebellar neurons[END_REF], oligodendrocyte maturation [START_REF] Hu | F3/contactin acts as a functional ligand for Notch during oligodendrocyte maturation[END_REF] and synaptic plasticity [START_REF] Shimoda | Contactins: emerging key roles in the development and function of the nervous system[END_REF], Contactin-1 interacts with a wide range of nodal partners, thereby organizing nodes of Ranvier and perinodal domains [START_REF] Rios | Contactin-associated protein (Caspr) and contactin form a complex that is targeted to the paranodal junctions during myelination[END_REF][START_REF] Falk | F3/contactin, a neuronal cell adhesion molecule implicated in axogenesis and myelination[END_REF][START_REF] Labasque | GPI-anchored proteins at the node of Ranvier[END_REF]. Contactin-1 expression differs between PNS and CNS: while immunocytochemical analysis of adult rodent sciatic nerves revealed Contactin-1 expression solely in paranodes, it is strongly present in both CNS nodes and paranodes [START_REF] Rios | Contactin-associated protein (Caspr) and contactin form a complex that is targeted to the paranodal junctions during myelination[END_REF]Kazarinova-Noyes et al., 2001;[START_REF] Çolakoğlu | Contactin-1 regulates myelination and nodal/paranodal domain organization in the central nervous system[END_REF]. Nevertheless, during early remyelination of the PNS, when new nodes start to form, Contactin-1 transiently co-localizes with Nav channels (Kazarinova-Noyes et al., 2001). At paranodes, it is known that axonal Contactin-1 forms a complex with Caspr (Contactin-associated protein) through their lateral cis-interaction [START_REF] Rios | Contactin-associated protein (Caspr) and contactin form a complex that is targeted to the paranodal junctions during myelination[END_REF].

This complex mediates the axoglia junction by interacting with the glial Nfasc155 [START_REF] Tait | An oligodendrocyte cell adhesion molecule at the site of assembly of the paranodal axo-glial junction[END_REF][START_REF] Charles | Neurofascin is a glial receptor for the paranodin/Caspr-contactin axonal complex at the axoglial junction[END_REF]. Of note, expression of Contactin-1 is also expressed by OPCs and differentiating oligodendrocytes but diminishes as they mature into myelinating oligodendrocytes (Çolakoğlu et al., 2014). At nodes, Contactin-1 plays a key role in the regulation of Nav channel expression and current density as it is capable of interacting with β1Nav (Kazarinova- Noyes et al., 2001). Further evidence has also shown that Contactin-1 can interact with extracellular matrix proteins, such as Tenascin-R and -C (Brümmendorf et al., 1993;Nörenberg et al., 1995;Zacharias et al., 1999), Receptor-type protein tyrosine phosphatase β (RPTP β ; Peles et al., 1995;[START_REF] Revest | Bidirectional signaling between neurons and glial cells via the F3 neuronal adhesion molecule[END_REF] and Versican [START_REF] Dours-Zimmermann | Versican V2 assembles the extracellular matrix surrounding the nodes of ranvier in the CNS[END_REF]. Taken together, with this wide variety of interactions, Contactin-1 represents a critical component of nodes of Ranvier. To better understand the functional role of Contactin-1, ultrastructural analysis of peripheral nerves from Cntn-1 knockout mice (Berglund et al., 1999) have been performed. Phenotypical alterations of paranodes are observed in the absence of Contactin-1: paranodal junctions are disrupted, the gap between myelin loops and the axon is widened and Caspr is not expressed. Electrophysiological recordings further revealed a decreased conduction velocity of APs with no changes on Nav channels expression (Boyle et al., 2001). In the CNS, such observations were made and were also accompanied by abnormalities of nodal formation: optic nerves harbored ∼65% fewer Nav channel clusters, which were greatly less mature, as seen by an ∼80% reduction of nodal GPI anchor

Nav1.6 expression (Figure 19) (Çolakoğlu et al., 2014). However, it is still unclear whether these alterations are caused by the absence of axonal or glial Contactin-1. Establishment of a cell-specific deletion of Contactin-1 may enlighten the role of Contactin-1 in the CNS. 

Scaffolding proteins

Scaffolding proteins are enriched at nodes of Ranvier and perinodal domains where they tether nodal components to the underlying actin cytoskeleton [START_REF] Susuki | Submembranous cytoskeletons stabilize nodes of Ranvier[END_REF].

Ankyrins and Spectrins are two scaffold families particularly important for both paranode and node architecture. They act in a coordinated way to promote the cellular targeting of membrane proteins and maintain their proper localization within the plasma membrane [START_REF] Bennett | An Adaptable Spectrin/Ankyrin-Based Mechanism for Long-Range Organization of Plasma Membranes in Vertebrate Tissues[END_REF].

Ankyrins

In vertebrates, Ankyrins form a family of three different members: Ankyrin-R (AnkR),

Ankyrin-B (AnkB) and Ankyrin-G (AnkG), respectively encoded by Ank1, Ank2 and Ank3

genes. Their structural features allow them to interact with multiple partners: they carry 24

ANK repeats that are each capable of connecting to a membrane-spanning protein and a ZU5 domain which couple them to β-spectrins [START_REF] Bennett | An Adaptable Spectrin/Ankyrin-Based Mechanism for Long-Range Organization of Plasma Membranes in Vertebrate Tissues[END_REF]. In the nervous system, specific pairing of Ankyrins and Spectrins have been observed: while AnkR binds to βI-spectrin, AnkB is linked to βII-spectrin and AnkG is specific to βIV-spectrin. Ankyrins are expressed by both glial cells and neurons, where AnkG and AnkB are particularly enriched at nodes and paranodes [START_REF] Zhang | Structural requirements for association of neurofascin with ankyrin[END_REF]Kordeli et al., 2001;Ogawa et al., 2006;[START_REF] Chang | GLIAL ANKYRINS FACILITATE PARANODAL AXOGLIAL JUNCTION ASSEMBLY[END_REF]. In the CNS, AnkG represents a pioneer protein driving nodes of Ranvier assembly as it can interact with Nfasc186, NrCAM, α-and β-subunits of Nav1 channels and Kv7 channels [START_REF] Zhang | Structural requirements for association of neurofascin with ankyrin[END_REF][START_REF] Jenkins | Developing nodes of Ranvier are defined by ankyrin-G clustering and are independent of paranodal axoglial adhesion[END_REF]Malhotra et al., 2002;[START_REF] Garrido | Dynamic compartmentalization of the voltage-gated sodium channels in axons[END_REF][START_REF] Lemaillet | Identification of a conserved ankyrin-binding motif in the family of sodium channel alpha subunits[END_REF][START_REF] Pan | A common ankyrin-G-based mechanism retains KCNQ and NaV channels at electrically active domains of the axon[END_REF][START_REF] Dzhashiashvili | Nodes of Ranvier and axon initial segments are ankyrin G-dependent domains that assemble by distinct mechanisms[END_REF]. In the PNS, clustering of AnkG with Nav channels occurs after the recruitment of Nfasc186 and NrCAM, meaning that nodes of Ranvier formation is not initially supported by AnkG [START_REF] Lambert | Morphogenesis of the node of Ranvier: co-clusters of ankyrin and ankyrin-binding integral proteins define early developmental intermediates[END_REF]. In the CNS, mechanisms are still unclear but AnkG conditional knock out in mice triggers a compensatory mechanism mediated by AnkR and βI-spectrin to sustain nodal clustering. Nevertheless, nodes were undetectable upon ablation of both AnkR and AnkG, highlighting the role of Ankyrins in the assembly of nodes of Ranvier [START_REF] Ho | A hierarchy of ankyrin-spectrin complexes clusters sodium channels at nodes of Ranvier[END_REF].

Spectrins

Spectrins form ~200 nm-long tetrameric complexes through the head-to-head association of α-and β-spectrin dimers. These submembranous tetramers connect two adjacent actin rings through the calponin domain harboring by α-spectrins. Two different αspectrin (αI-II) and five β-spectrin (βI-V) isoforms have been reported in mammals, respectively coded by Spta and Sptan1 for α-spectrins and by Sptb and Sptbn1,2,4,5 for βspectrins [START_REF] Liu | Axonal Spectrins: Nanoscale Organization, Functional Domains and Spectrinopathies[END_REF]). The nervous system solely contains αII associated with βII or βIV isoforms. Several studies have investigated their respective role in the assembly and maintenance of Nodes of Ranvier, for review see [START_REF] Rasband | Mechanisms of node of Ranvier assembly[END_REF]. Among them, it is worth discussing the role of βIV-spectrin as it localizes at nodes in the CNS and PNS [START_REF] Berghs | betaIV spectrin, a new spectrin localized at axon initial segments and nodes of ranvier in the central and peripheral nervous system[END_REF]. βIV-spectrin groups six different isoforms, numbered ßIVΣ1 to ßIVΣ6 but only ßIVΣ1 and ßIVΣ6 compose the underlying cytoskeleton of nodes of Ranvier and interact with several nodal proteins, such as Ankyrin-G, ion channels or CAMs [START_REF] Liu | Axonal Spectrins: Nanoscale Organization, Functional Domains and Spectrinopathies[END_REF]. Remarkably, removal of ßIVΣ1 in mice significantly altered nodal architecture and decreased Nav channels density [START_REF] Lacas-Gervais | BetaIVSigma1 spectrin stabilizes the nodes of Ranvier and axon initial segments[END_REF][START_REF] Uemoto | Specific role of the truncated betaIV-spectrin Sigma6 in sodium channel clustering at axon initial segments and nodes of ranvier[END_REF]. Such alterations were increased and extended to membrane disruption in mice lacking both isoforms, namely the βIV-spectrin-null mice or quivering 3J , putting forward the structural role of both isoforms [START_REF] Komada | Beta]IV-spectrin regulates sodium channel clustering through ankyrin-G at axon initial segments and nodes of Ranvier[END_REF][START_REF] Yang | BetaIV spectrins are essential for membrane stability and the molecular organization of nodes of Ranvier[END_REF]. Intriguingly, nodes from βIV-spectrin null mice harbor increased densities of βI-spectrin together with AnkR [START_REF] Ho | A hierarchy of ankyrin-spectrin complexes clusters sodium channels at nodes of Ranvier[END_REF] which may act to compensate the role of βIV-spectrin. Very recently, double βI/IVspectrin knock-out was generated to elucidate their role in nodes of Ranvier assembly and or stabilization [START_REF] Liu | Nodal β spectrins are required to maintain Na+ channel clustering and axon integrity[END_REF]. In the absence of both βI and βIV-spectrin, nodal formation was not modified but as mice developed, Nav channels densities decreased along with axonal injury [START_REF] Liu | Nodal β spectrins are required to maintain Na+ channel clustering and axon integrity[END_REF]. Taken together, these results emphasize that βIV-spectrin is required to maintain nodal membrane integrity and functionality but not to assemble nodes of Ranvier. Lastly, βII-spectrin is exclusively found at paranodes of the CNS and PNS and greatly participate in the organization of this diffusion barrier [START_REF] Liu | Axonal Spectrins: Nanoscale Organization, Functional Domains and Spectrinopathies[END_REF].

Interacting partners

Extracellular matrix proteins

Extracellular matrix (ECM) proteins [START_REF] Barros | Extracellular Matrix: Functions in the Nervous System[END_REF] are extracellular macromolecules that surround nodes of Ranvier and interact with their components in the CNS and PNS. The composition as well as the functions of these ECM proteins differ between the CNS and PNS.

In the PNS, myelinating Schwann cells microvilli processes project to nodes of Ranvier.

Similar to epithelial cells, their membrane is enriched in Ezrin-Radixin-Moesin (ERM)

proteins and Ezrin-binding-protein EBP50 that act as a membrane linker between ERM proteins and the actin cytoskeleton [START_REF] Melendez-Vasquez | Nodes of Ranvier form in association with ezrin-radixin-moesin (ERM)-positive Schwann cell processes[END_REF]. Schwann cell surface also harbors Gliomedin, which belongs to the olfactomedin family. Soluble Gliomedin is released in the nodal environment following its cleavage by a Furin protease, allowing its interaction with extracellular matrix Heparan sulfate proteoglycans (HSPGs) and with nodal Nfasc186 and NrCAM. Soluble Gliomedin is sufficient to induce nodal-like clusters of Nav channels in PNS cultures in the absence of Schwann cells. However, Gliomedin is not required for nodes of Ranvier formation in vivo [START_REF] Eshed | Secreted gliomedin is a perinodal matrix component of peripheral nerves[END_REF]Feinberg et al., 2010).

Glial cells

Nodes of Ranvier represent a preferential site for neuroglial interactions (Figure 21).

Several reports have indeed shown physical interactions of glial cells with the nodal compartment. Early ultrastructural analyses have reported contacts of glial and nodes of

Ranvier in several different species [START_REF] Hildebrand | Ultrastructural and light-microscopic studies of the nodal region in large myelinated fibres of the adult feline spinal cord white matter[END_REF][START_REF] Waxman | Ultrastructure of visual callosal axons in the rabbit[END_REF][START_REF] Waxman | Freeze-fracture ultrastructure of the perinodal astrocyte and associated glial junctions[END_REF]. In particular, astrocytes processes may participate in potassium buffering (Ffrench-Constant et al., 1986;Serwanski et al., 2017). Microglial cells have recently been

shown to form contacts with nodes of Ranvier, in both mice and human, which depend on K + released by neuronal activity (Ronzano et al., 2020a). Finally, OPCs have also been detected at nodes of Ranvier, where their role remains elusive (Serwanski et al., 2017). The presence of distinct cell types indicates that nodes of Ranvier constitute a critical site for interactions between glia and neurons. 

Paranodes

Nodes of Ranvier are flanked on both sides by paranodes, where a series of cytoplasmic myelin loops are tightly attached to the axolemma, thereby sculpting adhesive septate-like junctions. These structures support several functions: in addition of being the principal site of myelin attachment to the axon, they also serve as a diffusion barrier of nodal components and as electrical insulator of the myelinated fiber [START_REF] Wiley | Rows of dimeric-particles within the axolemma and juxtaposed particles within glia, incorporated into a new model for the paranodal glial-axonal junction at the node of Ranvier[END_REF][START_REF] Spiegel | Cellular junctions of myelinated nerves (Review)[END_REF]Lubetzki et al., 2020a). Molecular dissection of these junctions arose in Drosophila with the identification of Neurexin IV as a major required component of septate junctions [START_REF] Baumgartner | A Drosophila neurexin is required for septate junction and blood-nerve barrier formation and function[END_REF]. Similarities in the amino acid sequence of Neurexin IV with the vertebrate Contactin-associated protein Caspr (or Paranodin) led to speculations about Caspr localization at paranodes (Peles et al., 1997a), which was then rapidly confirmed concurrently by two different teams [START_REF] Einheber | The Axonal Membrane Protein Caspr, a Homologue of Neurexin IV, Is a Component of the Septate-like Paranodal Junctions That Assemble during Myelination[END_REF][START_REF] Menegoz | Paranodin, a glycoprotein of neuronal paranodal membranes[END_REF].

Caspr is a glycoprotein member of the neurexin family which was initially characterized through its ability to interact with Contactin (Peles et al., 1997b). Nowadays, it represents the ultimate marker for paranodes as its expression is limited to neurons [START_REF] Einheber | The Axonal Membrane Protein Caspr, a Homologue of Neurexin IV, Is a Component of the Septate-like Paranodal Junctions That Assemble during Myelination[END_REF][START_REF] Menegoz | Paranodin, a glycoprotein of neuronal paranodal membranes[END_REF]. Caspr expression is diffuse along nascent myelinated axons. As myelination proceeds, it clusters at paranodes, where it cis-interacts with the Ig domains harbored by Contactin [START_REF] Einheber | The Axonal Membrane Protein Caspr, a Homologue of Neurexin IV, Is a Component of the Septate-like Paranodal Junctions That Assemble during Myelination[END_REF]Faivre-Sarrailh et al., 2000;[START_REF] Bonnon | The paranodal complex of F3/contactin and caspr/paranodin traffics to the cell surface via a non-conventional pathway[END_REF]. In mice, loss of Caspr causes major neurologic defects leading to death at P21. While myelin compaction remains unchanged, paranodal junctions are greatly altered as "everted" loops i.e., upside down myelin loops, are observed, together with an absence of transverse bands and a wider space between the axolemma and the myelin (Bhat et al., 2001).

Examination of functional consequences of the absence of Caspr through field potential recordings reported a significant reduction of conduction velocity, which is likely caused by the abnormal localization of Kv channels normally localized at juxtaparanodes (Bhat et al., 2001).

Proper localization of Caspr/Contactin complex requires the cytoskeletal adapter protein 4.1B which mediates the link between Caspr/Contactin and the underlying cytoskeleton composed of αII-βII-spectrin and actin [START_REF] Bennett | Spectrin and ankyrin-based pathways: metazoan inventions for integrating cells into tissues[END_REF][START_REF] Gollan | Retention of a cell adhesion complex at the paranodal junction requires the cytoplasmic region of Caspr[END_REF][START_REF] Denisenko-Nehrbass | Protein 4.1B associates with both Caspr/paranodin and Caspr2 at paranodes and juxtaparanodes of myelinated fibres[END_REF][START_REF] Horresh | Organization of myelinated axons by Caspr and Caspr2 requires the cytoskeletal adapter protein 4.1B[END_REF][START_REF] Cifuentes-Diaz | Protein 4.1B Contributes to the Organization of Peripheral Myelinated Axons[END_REF]. The axo-glial junction is sealed by the interaction of Ig-domains of glial Nfasc155 with those of Caspr/Contactin complex [START_REF] Tait | An oligodendrocyte cell adhesion molecule at the site of assembly of the paranodal axo-glial junction[END_REF][START_REF] Charles | Neurofascin is a glial receptor for the paranodin/Caspr-contactin axonal complex at the axoglial junction[END_REF]. Nfasc155 is stabilized within Schwann cell membrane by AnkB in the PNS and within oligodendrocytes by AnkG in the CNS. These interactions seem to have distinct functional roles between the CNS and PNS as the extinction of AnkB from Schwann cells does not affect paranodal formation while the absence of AnkG in oligodendrocytes disturbs recruitment of cell-adhesion molecules at paranodes and delays paranodal junction assembly [START_REF] Chang | GLIAL ANKYRINS FACILITATE PARANODAL AXOGLIAL JUNCTION ASSEMBLY[END_REF].

Juxtapararanodes

Juxtaparanodes are axonal domains adjacent to paranodes wrapped with compact myelin sheaths. These regions retain high densities of Kv channels from the Shaker family Kv1.1 and Kv1.2 [START_REF] Pinatel | Assembly and Function of the Juxtaparanodal Kv1 Complex in Health and Disease[END_REF]. During development, Kv1.1 and Kv1.2 are transiently expressed both in the nodal gap and in paranodes where they most likely prevent aberrant excitation before assembly of paranodal junctions [START_REF] Vabnick | Dynamic potassium channel distributions during axonal development prevent aberrant firing patterns[END_REF]. At mature juxtaparanodes, Kv channels have reduced activation due to their localization underneath compact myelin sheaths where they stabilize membrane resting potential and dampen internodal depolarization (Arancibia-Carcamo and Attwell, 2014).

Compartmentalization of Kv1.1 and Kv1.2 at juxtaparanodes is still partially understood [START_REF] Pinatel | Assembly and Function of the Juxtaparanodal Kv1 Complex in Health and Disease[END_REF] but critically relies on proper integrity of septate-like junctions formed by paranodes (Bhat et al., 2001;Boyle et al., 2001;Zonta et al., 2008;[START_REF] Pillai | Spatiotemporal ablation of myelinating glia-specific neurofascin (Nfasc NF155) in mice reveals gradual loss of paranodal axoglial junctions and concomitant disorganization of axonal domains[END_REF]. In addition, the juxtaparanodal axo-glial interaction between glial Contactin-2 (also known as Tag-1) and axonal Caspr2 is also required to cluster Kv1 channels at juxtaparanodes [START_REF] Poliak | Juxtaparanodal clustering of Shaker-like K+ channels in myelinated axons depends on Caspr2 and TAG-1[END_REF][START_REF] Traka | Association of TAG-1 with Caspr2 is essential for the molecular organization of juxtaparanodal regions of myelinated fibers[END_REF]. Contactin-2 is expressed by both neurons and glial cells but only the glial form seems to be involved in this process [START_REF] Savvaki | The expression of TAG-1 in glial cells is sufficient for the formation of the juxtaparanodal complex and the phenotypic rescue of tag-1 homozygous mutants in the CNS[END_REF]. Of note, Caspr2 is similarly maintained within the axonal plasma membrane as Caspr is at paranodes, namely through the cytoskeletal adapter protein 4.1B linked to αII-βII-spectrin. Because residual Kv1 expression has been reported upon Caspr2 or Contactin-2 knock-out, other mechanisms may segregate Kv1 at juxtaparanodes. They may be mediated by additional proteins that are also enriched in these regions: ADAM22, a transmembrane receptor known to interact with Kv1 channels and the MAGuK scaffolding guanylate kinases PSD-93 and PSD-95 but their role remain to be elucidated [START_REF] Pinatel | Assembly and Function of the Juxtaparanodal Kv1 Complex in Health and Disease[END_REF].

Assembly mechanisms

Oligodendrocyte/neuron contact mediates node of Ranvier assembly

In the CNS, node of Ranvier formation has been and continues to be the subject of intense investigations and debates. The major difficulty encountered when addressing the mechanisms underlying nodes of Ranvier assembly is that these domains are essential for myelinated fibers to function. In this respect, loss-of-function approaches have highlighted many overlapping mechanisms, which can compensate for each other, to ensure a proper clustering of nodal components (Figure 22). Among these mechanisms, paranodal junctions, extracellular matrix proteins as well as axonal cytoskeletal scaffolds have been proposed to govern nodes of Ranvier formation in the CNS (Susuki et al., 2013) (Figure 22), although their relative relevance and temporal ordering have yet to be confirmed, for a more extensive review see [START_REF] Rasband | Mechanisms of node of Ranvier assembly[END_REF].

Paranodal junctions

In the developing CNS, axoglial contacts have been shown to precede clustering of the nodal proteins Nfasc186 and Nav channels. In rodents, myelination of the optic nerve starts during the second postnatal week (Skoff et al., 1976;Black et al., 1982). As early as P7, paranodal junctions can be detected in the optic nerve through Caspr immunolabeling,

suggesting that paranodes form at the very beginning of the myelination process (Rasband et al., 1999;Susuki et al., 2013). Use of electron microscopy in the optic nerve has even permitted to observe paranodal loops after the first rotation of the mesaxon [START_REF] Wiggins | Development of axonaloligodendroglial relationships and junctions during myelination of the optic nerve[END_REF]. In contrast, Nav channel and Nfasc186 clusters have been detected later in the optic nerve, around postnatal days 9 and 10 (P9-P10), and were predominantly flanked by Casprlabeled paranodes (Rasband et al., 1999;Susuki et al., 2013). Of note, 12% and <1% of these clusters were devoid of Caspr immunoreactivity for Nav channel and Nfasc186 clusters, respectively (Rasband et al., 1999;Susuki et al., 2013). In addition, the scaffolding protein βIVspectrin consistently co-localizes with Nfasc186, putting forward their concurrent recruitment around P10 at developing nodes (Susuki et al., 2013). At these early stages of development, nodes of Ranvier are not mature yet. They consist of heminodal structures, in which clusters of nodal proteins are flanked by a single paranode. As myelination proceeds along the optic nerve, the vast majority of these structures appeared mature (i.e., flanked on both sides) by P17 (Susuki et al., 2013). Paranodes have been proposed to act as lateral diffusion barriers, concentrating nodal proteins within the nodal gap (Rasband et al., 1999;[START_REF] Pedraza | Organizing principles of the axoglial apparatus[END_REF]. Because paranodal formation precedes Nav channels clustering, several studies have cross-examined the impact of paranodal disruption on nodes of Ranvier formation. While mice lacking Caspr or Nfasc155 display altered paranodal junctions and immature nodal structures, they succeed to cluster both Nav channels and Nfasc186 at mature nodes (Bhat et al., 2001;[START_REF] Pillai | Spatiotemporal ablation of myelinating glia-specific neurofascin (Nfasc NF155) in mice reveals gradual loss of paranodal axoglial junctions and concomitant disorganization of axonal domains[END_REF][START_REF] Thaxton | Nodes of Ranvier act as barriers to restrict invasion of flanking paranodal domains in myelinated axons[END_REF]Susuki et al., 2013).

These results could be attributed to the establishment of compensatory mechanisms that manage to offset the loss of axoglial junctions.

Glial-ECM proteins

In the CNS, several glial-derived ECM proteins enriched at nodes have the ability to interact with Nfasc186, namely the chondroitin proteoglycans Brevican and Versican and Bral1 [START_REF] Oohashi | Bral1, a Brain-Specific Link Protein, Colocalizing with the Versican V2 Isoform at the Nodes of Ranvier in Developing and Adult Mouse Central Nervous Systems[END_REF][START_REF] Hedstrom | Neurofascin assembles a specialized extracellular matrix at the axon initial segment[END_REF][START_REF] Dours-Zimmermann | Versican V2 assembles the extracellular matrix surrounding the nodes of ranvier in the CNS[END_REF].

Overexpression of these ECM proteins is sufficient to cluster Nfasc186 along cultured dorsal root ganglion (DRG) neurons in the absence of glial cells in vitro (Susuki et al., 2013), which let speculate about their role in the initiation of nodes of Ranvier formation. However, they appear clustered at nodes subsequently to Nfasc186, suggesting that they rather participate in nodes stabilization than formation (Susuki et al., 2013). In line with these findings, the absence of both Nfasc186 and nodal ECM does not prevent Nav channels clustering (Amor et al., 2017). While nodes are enriched in Nav channels along the spinal cord of mice deprived of single or combinations of nodal ECM components, 30% of them do not contain Nav channels upon paranodal disruption [START_REF] Bekku | Bral1: its role in diffusion barrier formation and conduction velocity in the CNS[END_REF]Susuki et al., 2013). These observations put forward the interaction of nodal ECM proteins with Nfasc186 as a secondary mechanism to form nodes of Ranvier in the absence of paranodal junctions in the CNS. Under normal conditions, nodal ECM proteins principally stabilize the nodal complex.

Axonal cytoskeletal scaffolds

In the CNS, most of the nodal proteins can interact with the cytoskeletal scaffold AnkG. This applies for Nav channels, Nfasc186, Kv7.2, Kv7.3 channels, NrCAM and βIVspectrin [START_REF] Garrido | Dynamic compartmentalization of the voltage-gated sodium channels in axons[END_REF][START_REF] Pan | A common ankyrin-G-based mechanism retains KCNQ and NaV channels at electrically active domains of the axon[END_REF][START_REF] Yang | betaIV spectrin is recruited to axon initial segments and nodes of Ranvier by ankyrinG[END_REF][START_REF] Hill | Ion channel clustering at the axon initial segment and node of Ranvier evolved sequentially in early chordates[END_REF]. In the developing optic nerve, clusters of AnkG have been detected at P9 prior to its nodal partners Nfasc186, βIV-spectrin and Nav channels. Of note, these clusters were either flanked by Caspr or co-cololizing with Caspr [START_REF] Jenkins | Developing nodes of Ranvier are defined by ankyrin-G clustering and are independent of paranodal axoglial adhesion[END_REF], suggesting that paranodal formation precedes AnkG accumulation in the optic nerve. These findings contrast with the observation of AnkG clustering in the absence of Caspr in the mouse corpus callosum [START_REF] Mathis | Essential role of oligodendrocytes in the formation and maintenance of central nervous system nodal regions[END_REF], supporting the assumption of AnkG as the initiator of nodes of Ranvier formation. Consistent with this hypothesis, deletion of AnkG-binding motif in Nfasc186 prevents the enrichment of this latter at CNS nodes (Susuki et al., 2013). Similarly, the interaction of AnkG with Nav channels is both required and sufficient for their clustering at nodes (Gasser et al., 2012).

However, disruption of this AnkG/ βIV-spectrin cytoskeletal scaffold in mice does not alter node formation but mainly because paranodal junctions restrict nodal proteins and ECM proteins stabilize them. Nevertheless, performing the same deletion in mice lacking either nodal ECM or paranodal junctions worsens their nodal phenotype with a severe loss of Nav channels at nodes (Susuki et al., 2013). Hence, AnkG plays a key role in assembly of CNS nodes as it binds to βIV-spectrin, thereby building a scaffold which recruits nodal proteins and anchors them to the underlying actin cytoskeleton. 

Oligodendrocyte secreted factors and node of Ranvier assembly

Although most of the current models consider the formation of paranodal junctions as the prerequisite event preceding Nodes of Ranvier formation in the CNS, several evidences have shown that Nav channels can periodically cluster along the axon in absence of any direct contact with myelinating oligodendrocytes. Conjointly, they raise the possibility of the existence of an alternative mechanism supporting nodes of Ranvier formation, which is independent of axoglial contacts but is rather initiated by oligodendrocyte secreted cues.

Nav channels clusters along unmyelinated fibers

In the absence of any myelination process, numerous studies have reported clusters of Nav channels along axons. For example, immunostaining against Nav channels in both ganglia and cultured sensory neurons from the marine invertebrate Aplysia revealed the expression of Nav channels within clusters spaced by 5-15 µm along their unmyelinated plasma membrane [START_REF] Johnston | Clustered voltage-gated Na+ channels in Aplysia axons[END_REF]. Furthermore, unmyelinated dorsal root ganglion (DRG) nociceptors from rats also present clusters of Nav1.8, which are concentrated within lipid rafts in vivo and ex vivo [START_REF] Pristerà | Association between tetrodotoxin resistant channels and lipid rafts regulates sensory neuron excitability[END_REF]. Similarly, 70-90% of the fibers of the human dental pulp are unmyelinated and present aggregations of Nav channels at specific sites [START_REF] Henry | Unmyelinated nerve fibers in the human dental pulp express markers for myelinated fibers and show sodium channel accumulations[END_REF]. Finally, peripheral nerves from zebrafish mutants that lack Schwann cells and dystrophic mice in which Schwann cells fail to proliferate present clusters of Nav channels [START_REF] Deerinck | Clustering of voltage-sensitive sodium channels on axons is independent of direct Schwann cell contact in the dystrophic mouse[END_REF][START_REF] Voas | Schwann cells inhibit ectopic clustering of axonal sodium channels[END_REF].

Oligodendrocyte secreted factors cluster Nav channels

More than two decades ago, the laboratory of Ben Barres developed glia-free RGC cultures (Meyer-Franke et al., 1995). Although RGCs survived and remained healthy in such cultures, they were unable to form Nav channels clusters. Diffuse Nav channel immunoreactivity was observed along the axons, with the AIS being the sole compartment bearing strong Nav channel immunoreactivity (Meyer-Franke et al., 1995). Nevertheless, cultures of purified RGCs either with or suspended over a conditioning layer of optic nerve glia allowed clusters of Nav channels co-localizing with AnkG to form (Figure 23A) (Kaplan et al., 1997). Among the glial cells, they speculated that either oligodendrocytes or astrocytes would display this clustering activity. To test this hypothesis, they cultured purified RGCs over conditioning layers of either optic-nerve derived oligodendrocytes or astrocytes (Kaplan et al., 1997). While factors released by astrocytes had very few effects on Nav channels clustering, it appeared that oligodendrocytes secreted factors were sufficient to induce the same amount of Nav channels clusters as mixed optic-nerve glia (Figure 23C) (Kaplan et al., This work has been set aside for many years while numerous studies concentrated on the role of paranodal junctions in driving nodes of Ranvier assembly. Yet, six years ago, the laboratory rethought about these initial speculations and implemented another model to study the impact of OCM on nodes of Ranvier formation. They developed mixed hippocampal cultures from rat embryonic day 18 (E18) containing glutamatergic pyramidal cells (~75% of neurons), GABAergic neurons (~25% of neurons), oligodendrocytes, astrocytes and very few microglia (Freeman et al., 2015). Upon maintenance of these cultures for 17 days in vitro (DIV), they observed axons with clusters of Nav channels, co-localizing with

AnkG and Nfasc186 which they called "prenodes" due to the absence of myelin along the axon (Freeman et al., 2015). Strikingly, they noted that these prenodes were restricted to ~67% of total GABAergic neurons, identified by glutamate decarboxylase isoform of 67 kDa (GAD67) immunoreactivity (Figure 24A). Further investigations of the neuronal subtype involved reported that the vast majority of neurons with prenodes were SST + and/or PV + GABAergic neurons (Freeman et al., 2015). Conversely, prenodes were not noticed along hippocampal pyramidal cells identified by Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) immunolabeling (Figure 24B). To better understand the mechanisms underlying prenodal formation, they purified hippocampal neuronal cultures through anti-mitotic treatment, thereby blocking the division of cells, which inhibits the proliferation of glial cells that are initially very few. Purification of hippocampal cultures totally prevented prenodes to assemble while addition of OCM was sufficient to restore their formation (Freeman et al., 2015). On the axonal part, they addressed the role of Nfasc and AnkG in prenode assembly and reported that only AnkG seems to be required for Nav channels clustering. They then questioned the functional role of these clusters by performing simultaneous recordings from the soma and axon of neurons with or without prenodes (Figure 24C). It appeared that the presence of prenodes was associated with a significant increase of the conduction velocity of APs along the axon (Freeman et al., 2015). Finally, they detected prenodes in vivo along some hippocampal GABAergic neurons from GAD-GFP mice before myelination at postnatal days P12 and P13 (Figure 24D). Taken together, these results provide further evidences on the existence of an another mechanism of nodes of Ranvier formation in the CNS, which does not depend on axoglial contacts and put forward oligodendrocyte secreted factors as additional cues promoting clustering of nodal proteins in the CNS (Freeman et al., 2015). The nature of the clustering factor(s) has been identified by our group (see result section). 

Chapter 3: Oligodendrocytes regulate action potential propagation, excitability and synaptic connectivity of neurons

One of the most fundamental principles of nervous system function is the temporal accuracy with which APs are transmitted from one neuron to another. Proper assessment of sensory, motor and cognitive functions relies on the fine tuning of nerve conduction velocity to specific targets. In the vertebrate CNS, oligodendrocytes represent key regulators of impulse transmission through their ability to generate myelin around axons, which enables fast saltatory conduction of APs at nodes of Ranvier. Yet, oligodendrocytes serve additional functions in a myelin-independent manner, which finely shape neuronal circuit function.

Myelination profile and nodes of Ranvier control the timing of impulse transmission 1.Myelination enables fast saltatory conduction of action potentials

Axons convert synaptic inputs into outputs as action potentials are initiated and propagate to synapses where they trigger transmitter release [START_REF] Debanne | Axon physiology[END_REF]. The speed at which APs are propagated along an axon is determined by two main biophysical parameters: the axial resistance of the axon to current flow and the capacitance of the axonal membrane (i.e., its ability to store charges). Over the course of evolution, two main strategies have emerged to diminish these parameters, thereby allowing a fast conduction of nerve impulses [START_REF] Hartline | Rapid conduction and the evolution of giant axons and myelinated fibers[END_REF]. First, increasing axonal diameter enhances the opportunity for ions to flow and therefore reduces of the axial resistance of the fiber [START_REF] Hartline | Rapid conduction and the evolution of giant axons and myelinated fibers[END_REF]. Such axonal gigantism is a feature used by cephalopods which, by increasing their axonal diameter from 1 µm up to 1 mm, have managed to speed up AP propagation throughout their large body (Zalc, 2006). However, such axonal diameter expansion turns out to be impractical for vertebrates, whose CNS is physically restricted by the skull and vertebral column. Consequently, myelination represents the alternative solution developed by vertebrates to achieve rapid AP propagation [START_REF] Hartline | Rapid conduction and the evolution of giant axons and myelinated fibers[END_REF]. Given its rich lipid content, myelin acts as an insulator which increases the transverse resistance and decreases the capacitance of the adjacent internodal membrane. Therefore, It is generally assumed that myelin insulates the internodal axolemma, which leads to consider the combination of the axon and myelin sheath as one unit with a single conductance. In contrast to this "single-cable" comprehension of saltatory conduction, several alternative models proposed that an axial conduction would occur between the myelin sheath and the axonal membrane, representing a different circuit known as the "double-cable" model [START_REF] Barrett | Intracellular recording from vertebrate myelinated axons: mechanism of the depolarizing afterpotential[END_REF][START_REF] Stephanova | A distributed-parameter model of the myelinated human motor nerve fibre: temporal and spatial distributions of action potentials and ionic currents[END_REF][START_REF] Devaux | Tight junctions potentiate the insulative properties of small CNS myelinated axons[END_REF][START_REF] Young | Oligodendrocyte Dynamics in the Healthy Adult CNS: Evidence for Myelin Remodeling[END_REF][START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]. Recently, using computational modeling in combination with high-speed voltage-calibrated optical recordings [START_REF] Popovic | The spatio-temporal characteristics of action potential initiation in layer 5 pyramidal neurons: a voltage imaging study[END_REF] across the nodal and internodal axolemma of myelinated neocortical pyramidal axons, as well as electron microscopy analysis, [START_REF] Cohen | Saltatory Conduction along Myelinated Axons Involves a Periaxonal Nanocircuit[END_REF] provided evidences for a second longitudinal conducting pathway formed by the periaxonal and paranodal submyelin spaces, therefore a double cable model for axonal conduction [START_REF] Cohen | Saltatory Conduction along Myelinated Axons Involves a Periaxonal Nanocircuit[END_REF]). Yet, elucidation of the biophysical basis of this model needs further study. In addition, clustering of Nav prior to myelin deposition at nodal like clusters or prenodes may constitute an early mechanism to accelerate conduction velocity, and suggests another level of influence by oligodendrocytes on the regulation of conduction velocity beyond the production of a myelin sheath (Freeman et al., 2015).

Determinants of action potential conduction along myelinated fibers

Axonal diameter is known as a major determinant regulating myelination (Lee et al., 2012a;[START_REF] Bechler | CNS Myelin Sheath Lengths Are an Intrinsic Property of Oligodendrocytes[END_REF]Goebbels et al., 2017;[START_REF] Mayoral | Initiation of CNS Myelination in the Optic Nerve Is Dependent on Axon Caliber[END_REF]. In the PNS, fibers with a diameter of 1 µm and more are usually myelinated [START_REF] Matthews | An electron microscopic study of the relationship between axon diameter and the initiation of myelin production in the peripheral nervous system[END_REF]). In the CNS, however, myelin can ensheathe fibers as small as 0.4 µm in diameter [START_REF] Hildebrand | Myelinated nerve fibres in the CNS[END_REF], which is consistent with theoretical considerations predicting that myelin can accelerate AP propagation of fibers with a diameter of 0.2 µm and above (Waxman and Bennett, 1972).

Once myelinated, the biophysical properties of the axon are regulated by two main microstructural parameters: myelin sheath thickness and internode distance (Figure 26) (i.e., the distance along the axon between the nodes of Ranvier) [START_REF] Hursh | Conduction velocity and diameter of nerve fibers[END_REF][START_REF] Huxley | Evidence for saltatory conduction in peripheral myelinated nerve fibres[END_REF][START_REF] Smith | Myelinated nerve fibers: computed effect of myelin thickness on conduction velocity[END_REF]. The amount of myelin wrapped around the axon leads to modify the g-ratio (the inner axonal diameter to the total outer diameter of the wrapped axon), which is thought to be optimized around 0.6 in the PNS and a bit higher in the CNS to maximize conduction velocity [START_REF] Rushton | A theory of the effects of fibre size in medullated nerve[END_REF][START_REF] Smith | Myelinated nerve fibers: computed effect of myelin thickness on conduction velocity[END_REF][START_REF] Chomiak | What is the optimal value of the g-ratio for myelinated fibers in the rat CNS? A theoretical approach[END_REF]. Theoretical simulations also demonstrated that conduction velocity increases with increasing internode distance up to 2000 μm [START_REF] Brill | Conduction velocity and spike configuration in myelinated fibres: computed dependence on internode distance[END_REF]. Other factors influencing the speed of signal propagation are the size and structure of nodes of Ranvier as well as the density of Nav channels (Figure 26) [START_REF] Waxman | Integrative properties and design principles of axons[END_REF][START_REF] Ford | Tuning of Ranvier node and internode properties in myelinated axons to adjust action potential timing[END_REF]Freeman et al., 2016;[START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]. Indeed, increasing nodes of Ranvier length will increase the node capacitance and axial resistance, which will lead to a slower conduction velocity. In this respect, combination of anatomical measurements of nodes of Ranvier in both the GM and WM with computational modelling led Arancibia-Cárcamo and colleagues (2017) to predict that small variations of nodes of Ranvier length can lead to significant changes in conduction speed [START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]. In turn, small changes on conduction velocity can have severe impacts on neuronal circuit function [START_REF] Pajevic | Role of myelin plasticity in oscillations and synchrony of neuronal activity[END_REF]. Therefore, changes of these myelin-related parameters, also referred as myelin plasticity, can finely tune information processing in complex neuronal networks. 

Myelination is a plastic mechanism

OPC differentiation and myelin deposition can occur in the absence of axonal cues, as oligodendrocytes can myelinate fixed axons [START_REF] Rosenberg | The geometric and spatial constraints of the microenvironment induce oligodendrocyte differentiation[END_REF] and inert synthetic fibers (Lee et al., 2012a;[START_REF] Bechler | CNS Myelin Sheath Lengths Are an Intrinsic Property of Oligodendrocytes[END_REF]. However, experiments conducted in the 60s introduced the idea that the myelination process may adapt to experience by reporting a delayed myelination of the optic nerve from mice raised in complete darkness [START_REF] Gyllensten | Myelinization of the optic nerve and its dependence on visual function--a quantitative investigation in mice[END_REF]. Subsequent studies demonstrated that optic nerve transection or intraocular injection of TTX impairs both OPC proliferation and oligodendrocyte survival (Barres and Raff, 1993;Barres et al., 1993). In this context, our laboratory reported that intraocular injection of TTX prevents optic nerve myelination while the injection of α-ScTX

Myelin thickness

Internode length Node length Axonal diameter (α-scorpion toxin, Nav channel activator) enhanced myelin deposition (Demerens et al., 1996).

Taken together, these studies emphasize the role of neuronal activity in modulating oligodendrocyte lineage cells progression and myelination, which was later on confirmed by an extensive number of studies. Converging evidences suggest that those plastic adaptations of myelin in response to ongoing activity of neuronal networks, both during development and in adulthood, finely tune axonal conduction and is required for learning (for review, see Bechler et al., 2018;Monje, 2018;Habermacher et al., 2019;[START_REF] Suminaite | Myelinated axon physiology and regulation of neural circuit function[END_REF]Ronzano et al., 2020b;[START_REF] Xin | Myelin plasticity: sculpting circuits in learning and memory[END_REF]. Nevertheless, underlying mechanisms of activity-dependent myelination are still not completely understood.

As described in Chapter I, OPCs can sense neuronal activity through synaptic signaling originating from both glutamatergic and GABAergic neurons [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF][START_REF] Lin | Synaptic signaling between GABAergic interneurons and oligodendrocyte precursor cells in the hippocampus[END_REF], which in turn modulate their proliferation and differentiation into myelinating oligodendrocytes. Interestingly, OPC-neuron co-culture systems have allowed to demonstrate that neurons secrete Neuregulin (NRG) or BDNF in an activity-dependent manner, which promotes the expression of NMDA receptors by OPCs [START_REF] Lundgaard | Neuregulin and BDNF induce a switch to NMDA receptor-dependent myelination by oligodendrocytes[END_REF]. Therefore, by tuning OPCs to sense neuronal activity, neurons switch the mode of myelination, from being by default independent of neuronal activity to an activity-driven or adaptive mode (Figure 27) [START_REF] Lundgaard | Neuregulin and BDNF induce a switch to NMDA receptor-dependent myelination by oligodendrocytes[END_REF]. However, in vivo inhibition of synaptic release appears to solely affect myelination of some neuronal subtypes, while others remain not affected [START_REF] Koudelka | Individual Neuronal Subtypes Exhibit Diversity in CNS Myelination Mediated by Synaptic Vesicle Release[END_REF] unravelling differences in the control of myelination by individual neuronal subtypes [START_REF] Nelson | Individual neuronal subtypes control initial myelin sheath growth and stabilization[END_REF]. In the adult CNS, OPCs remain abundant and continue to generate new oligodendrocytes throughout life [START_REF] Dimou | Progeny of Olig2-expressing progenitors in the gray and white matter of the adult mouse cerebral cortex[END_REF][START_REF] Rivers | PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform projection neurons in adult mice[END_REF][START_REF] Kang | NG2+ CNS glial progenitors remain committed to the oligodendrocyte lineage in postnatal life and following neurodegeneration[END_REF][START_REF] Young | Oligodendrocyte Dynamics in the Healthy Adult CNS: Evidence for Myelin Remodeling[END_REF][START_REF] Marisca | Functionally distinct subgroups of oligodendrocyte precursor cells integrate neural activity and execute myelin formation[END_REF]. These adult-born oligodendrocytes are thought to principally contribute to adaptive myelination, rather than replacing dying oligodendrocytes, as illustrated by the fact that ~95% of oligodendrocytes from the CNS (except from the optic nerve) survive over the first 8 months of life in mice [START_REF] Tripathi | Remarkable Stability of Myelinating Oligodendrocytes in Mice[END_REF]. Furthermore, as previously mentioned in Chapter I, both excitatory and inhibitory neurons remain partially myelinated in the adult cortex and hippocampus [START_REF] Tomassy | Distinct profiles of myelin distribution along single axons of pyramidal neurons in the neocortex[END_REF][START_REF] Micheva | A large fraction of neocortical myelin ensheathes axons of local inhibitory neurons[END_REF][START_REF] Micheva | Distinctive Structural and Molecular Features of Myelinated Inhibitory Axons in Human Neocortex[END_REF][START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF][START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]. These observations bring forward a window through which existing myelin patterns can be finely remodeled to sustain ongoing network activity. Active neurons have been indeed shown to adjust the number of internodes generated per oligodendrocytes [START_REF] Mensch | Synaptic vesicle release regulates myelin sheath number of individual oligodendrocytes in vivo[END_REF], their length [START_REF] Etxeberria | Dynamic Modulation of Myelination in Response to Visual Stimuli Alters Optic Nerve Conduction Velocity[END_REF], their thickness [START_REF] Gibson | Neuronal activity promotes oligodendrogenesis and adaptive myelination in the mammalian brain[END_REF] and their stabilization on the axon [START_REF] Hines | Neuronal activity biases axon selection for myelination in vivo[END_REF], thereby tuning their own axonal conduction. The control of myelin features by neuronal activity is also effective on inhibitory neurons. Indeed, chemogenic stimulation of PV + interneurons enhances axonal branching and increases myelination (Stedehouder et al., 2018). New myelin is formed and existing internodes are also remodeled, as well as the width of periaxonal space and the length of nodes of Ranvier [START_REF] Auer | Regulated release of BDNF by cortical oligodendrocytes is mediated through metabotropic glutamate receptors and the PLC pathway[END_REF][START_REF] Hill | Lifelong cortical myelin plasticity and age-related degeneration in the live mammalian brain[END_REF][START_REF] Cullen | Periaxonal and nodal plasticities modulate action potential conduction in the adult mouse brain[END_REF], which appears to be less energy consuming than addition of myelin [START_REF] Harris | The energetics of CNS white matter[END_REF][START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]. Of note, perinodal astrocytes can also regulate nodal length of adult mice by releasing thrombin protease inhibitors, which inhibits the proteolysis of Nfasc155 and consequently maintains the paranodal loops of myelin attached to the axon [START_REF] Dutta | Regulation of myelin structure and conduction velocity by perinodal astrocytes[END_REF]. These adjustments alter AP propagation and contribute to promote coincident arrival of synaptic inputs from multiple axons in target regions and improve the fidelity of signal transmission [START_REF] Pajevic | Role of myelin plasticity in oscillations and synchrony of neuronal activity[END_REF][START_REF] Ford | Tuning of Ranvier node and internode properties in myelinated axons to adjust action potential timing[END_REF].

Since neuronal activity finely modulates myelin pattern, each lived experience can lead to myelin plasticity. Indeed, following the seminal study of Gyllensten and Malmfors, several reports highlighted myelin modifications following sensory [START_REF] Mangin | Experience-dependent regulation of NG2 progenitors in the developing barrel cortex[END_REF][START_REF] Hill | Modulation of oligodendrocyte generation during a critical temporal window after NG2 cell division[END_REF][START_REF] Hughes | Myelin remodeling through experience-dependent oligodendrogenesis in the adult somatosensory cortex[END_REF] and social [START_REF] Liu | Impaired adult myelination in the prefrontal cortex of socially isolated mice[END_REF][START_REF] Makinodan | A critical period for social experiencedependent oligodendrocyte maturation and myelination[END_REF] experiences in adult rodents. Moreover, diffusion tensor imaging studies demonstrated that learning new motor tasks, such as piano practicing or juggling, is also associated with WM changes in humans [START_REF] Bengtsson | Extensive piano practicing has regionally specific effects on white matter development[END_REF][START_REF] Scholz | Training induces changes in white matter architecture[END_REF]. Further investigations in rodents have shown that such motor-induced changes in myelin may result from an increased proliferation of OPCs and their differentiation into myelinating oligodendrocytes, leading to an enhanced myelination (Sampaio- [START_REF] Sampaio-Baptista | Motor skill learning induces changes in white matter microstructure and myelination[END_REF]McKenzie et al., 2014;[START_REF] Xiao | Rapid production of new oligodendrocytes is required in the earliest stages of motor-skill learning[END_REF]. The role of myelin plasticity might finally be extended to higher cognitive functions, such as i) literacy acquisition, as seen by the greater amount of WM from ex-members of the Colombian guerilla who learnt to read in their 20s compared to their counterparts who remained illiterates [START_REF] Carreiras | An anatomical signature for literacy[END_REF] and ii) new language acquisition [START_REF] Schlegel | White matter structure changes as adults learn a second language[END_REF]. In addition, recent work highlights that myelination profile remodeling induced by sensory experience may differ between PV + interneurons and excitatory neurons [START_REF] Yang | Neuron class-specific responses govern adaptive myelin remodeling in the neocortex[END_REF]. Adaptive myelination of PV + GABAergic neurons, which innervate large numbers of pyramidal cells, may enhance rhythmic population activities.

of the contralateral cochlear nucleus via giant calyx of Held synapses. They project inhibitory signals to binaural comparator neurons in the medial and lateral superior olive (MSO and LSO respectively). Internodal length, internodal axon diameter and node diameter for each GBC axon, all change systematically with distance from the calyx of Held [START_REF] Ford | Tuning of Ranvier node and internode properties in myelinated axons to adjust action potential timing[END_REF].

Computer simulations suggest these graduated changes are essential to minimize conduction delay [START_REF] Ford | Tuning of Ranvier node and internode properties in myelinated axons to adjust action potential timing[END_REF]. These pathway specializations are detected in auditory circuits of the gerbil, which does compute inter-aural time differences, but absent in those of mice, which does not compute such differences. These data suggest axonal myelination is optimized to specific temporal processing requirements of different species [START_REF] Stange-Marten | Input timing for spatial processing is precisely tuned via constant synaptic delays and myelination patterns in the auditory brainstem[END_REF].

The influence of myelin on the reliability and timing of firing at the calyx of Held synapse has been examined by Kim and colleagues working with shaker mutant rats which lack compact myelin, due to a spontaneous genetic deletion of MBP (Kim et al., 2013a). The calyx of Held is a large terminal that allows direct patch-clamp recordings and provide a good model for synaptic transmission [START_REF] Borst | The calyx of Held synapse: from model synapse to auditory relay[END_REF]. Comparison with wild-type animals indicates myelination is crucial for precise presynaptic AP firing during high-frequency stimulation (Kim et al., 2013a(Kim et al., , 2013b)). It enhances the reliability of postsynaptic firing and promotes precise timing of sound signals in the ascending auditory system (Kim et al., 2013a). Moore and colleagues showed that impaired metabolic support from myelinating oligodendrocytes also affects auditory processing [START_REF] Moore | A role of oligodendrocytes in information processing[END_REF]. They compared auditory brainstem potentials and multiunit activity in the auditory cortex in dysmyelinated mice and in animals with a normal myelin profile but with a deleted monocarboxylate transporter 1 (MCT1 or SLC16A1) which provides metabolic support from oligodendroglia (Lee et al., 2012b), When neurons fired repetitively, either the reduced metabolic support or the absence of myelin induced conduction failure and affected temporal processing [START_REF] Moore | A role of oligodendrocytes in information processing[END_REF]. These data suggest that export of lactate from oligodendrocytes to axons by MCT1 may be critical to maintain repetitive firing.

Effects of myelination on GABAergic neurons

Fast-spiking PV + GABAergic interneurons have a key role in local cortical circuits and the speed and reliability of AP conduction is critical to their functions. The fast firing, fast signaling phenotype of PV + cells depends on high axonal Nav channel densities (Hu and Jonas, 2014). Myelin may provide metabolic support for the high energy needs of PV + cells during sustained high-frequency activities. Two recent studies have asked how myelination affects axonal conduction and the reliability of neurotransmission by GABAergic neurons (Benamer et al., 2020b;[START_REF] Micheva | Conduction velocity along the local axons of parvalbumin interneurons correlates with the degree of axonal myelination | bioRxiv[END_REF]. Micheva and colleagues showed that myelination increases conduction velocity in axons of mouse cortical PV + cells, by comparing latencies between interneuron firing and inhibitory post-synaptic currents (IPSCs) and using array tomography images to trace the length and myelination profile of individual axons [START_REF] Micheva | Conduction velocity along the local axons of parvalbumin interneurons correlates with the degree of axonal myelination | bioRxiv[END_REF]. These data suggest that increasing myelination and larger axonal diameters accelerate conduction supporting temporally precise synaptic interactions. Benamer and colleagues (2020) used transgenic mice with a genetic inactivation of the g2 subunit of GABAA receptors in OPCs, which specifically disrupts GABAergic synaptic transmission to OPCs and results in severe myelination defects of GABAergic axons (Benamer et al., 2020b). Myelination was severely perturbed in these mutants and was associated with a reduced PV + cell firing, suggesting that inhibitory cell maturation was compromised (Okaty et al., 2009). The strength of feedforward cortical IPSCs was reduced and latencies were increased, consistent with simulations based on a slower conduction for dysmyelinated axons [START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]Benamer et al., 2020b). These myelination defects for PV + cells of barrel cortex were associated with a degraded texture discrimination (Benamer et al., 2020b) showing behavioral consequences of dysfunction in cortical inhibitory circuits due to the loss of myelin.

Basket cell axons are characterized by an extensive branching where numerous numerous "en-passant" boutons arise, reviewed in (Hu et al., 2014). Interestingly, myelindeficient Shiverer mice [START_REF] Rosenbluth | Central myelin in the mouse mutant shiverer[END_REF][START_REF] Roach | Characterization of cloned cDNA representing rat myelin basic protein: Absence of expression in brain of shiverer mutant mice[END_REF]) exhibit an increased density and more proximal location of "en passant" boutons [START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF], suggesting that myelination influences sites of synapse formation. In addition, cortical feedforward inhibitory circuits have been shown, by 3D reconstructions of multiple electron microscopy sections, to involve thick and highly myelinated interneuron axons, which mediate a precisely timed inhibitory control of pyramidal cell firing [START_REF] Schmidt | Axonal synapse sorting in medial entorhinal cortex[END_REF][START_REF] Micheva | Conduction velocity along the local axons of parvalbumin interneurons correlates with the degree of axonal myelination | bioRxiv[END_REF]. and secondary progressive (SP) (Figure 28). Most patients progress into the disease with the RR form, characterized by a succession of relapses (i.e., acute attacks) followed by remission (i.e., recovery) leading to transient functional impairments such as blurred vision, weakness, motor or sensory deficits. After a decade of disease evolution, around half of them develop the SP form, leading to constant severe disabilities. A small proportion of patients present functional decline from the onset of the disease, which characterizes the PP form (for review, see [START_REF] Lublin | Defining the clinical course of multiple sclerosis[END_REF]. [START_REF] Lublin | Defining the clinical course of multiple sclerosis: results of an international survey. National Multiple Sclerosis Society (USA) Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis[END_REF]. So far, MS remains incurable. Current therapeutic strategies consist of immunomodulatory or immunosuppressive drugs such as interferons which reduce inflammation in order to restrain the frequency of relapses, for review see [START_REF] Hauser | Treatment of Multiple Sclerosis: A Review[END_REF]. However, these treatments are insufficient to block disability progression mainly caused by neuronal loss. Thus, new strategies have emerged to prevent neurodegeneration, aiming to restore myelin -through a process called remyelination -thereby re-establishing axonal conduction and metabolic support to the axon, for review see (Lubetzki et al., 2020a).

Relapsing

Multiple Sclerosis: "Inside-out" versus "Outside-in" paradigms

Remyelination is a spontaneous regenerative process which consists in the generation of new oligodendrocytes from OPCs and the formation of new myelin sheaths. While this process is known to be very efficient in animal models, the natural occurrence and extent of remyelination in MS patients remain poorly documented (for review, see [START_REF] Franklin | The translational biology of remyelination: past, present, and future[END_REF]. In order to properly measure the degree of myelin loss and regeneration over time in MS patients, our laboratory conducted a longitudinal study using positron emission tomography (PET) with Pittsburgh compound B (PiB) as myelin tracer [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF].

It appeared that the remyelination potential highly vary across patients and was inversely correlated with clinical disability [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF]. However, no significant correlation was found between the extent of demyelination and the degree of disability [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF], suggesting that additional factors may contribute to this variability. [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF] hypothesized that MS-mediated oligodendrocytes heterogeneity might be one of them [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF]. To test this hypothesis, they performed single nuclei RNA-sequencing (snRNAseq) of WM post-mortem tissue from control and MS patients. When comparing the transcriptional profiles of oligodendrocytes from these two populations, they found significant differences in the proportions of oligodendrocyte sub-clusters (Figure 29) [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF]. Similarly, Falcão et al., (2018) provided a dataset in which they identified MSspecific oligodendrocytes that are either involved in disease onset and/or progression (Falcão et al., 2018).

microglia and macrophages to demyelinated lesions. Yet, to date, the target antigens have not been identified and it is still unknown whether the pathogenic immune response is the cause of MS or the consequence of an undetermined process [START_REF] Wootla | Is Multiple Sclerosis an Autoimmune Disease? Autoimmune Diseases 2012:e969657[END_REF][START_REF] Sospedra | Immunology of Multiple Sclerosis[END_REF]. While the vast majority of studies have attempted to identify myelinspecific autoantigens, antibodies against Nfasc155/186 have also been found in MS patients [START_REF] Mathey | Neurofascin as a novel target for autoantibody-mediated axonal injury[END_REF]. These latter can bind to CNS nodes of Ranvier upon recognition of Nfasc186, thereby inducing axonal damage [START_REF] Mathey | Neurofascin as a novel target for autoantibody-mediated axonal injury[END_REF], suggesting that nodes of Ranvier and paranodal domains could represent potential targets of the pathogenic response observed in MS. Further identification of the juxtaparanodal protein Contactin-2 as a potential autoantigen target in MS [START_REF] Derfuss | Contactin-2/TAG-1-directed autoimmunity is identified in multiple sclerosis patients and mediates gray matter pathology in animals[END_REF] corroborates this idea, although additional confirmation needs to be performed.

Alteration of Nodes of Ranvier disrupts axonal conduction

Loss of myelin sheaths observed in demyelinating diseases such as MS is associated with severe alterations of the nodal architecture, for review see (Lubetzki et al., 2020a). Postmortem investigations of nodal structures from the CNS of MS patients reported a diffuse redistribution of juxtaparanodal, paranodal and nodal proteins along demyelinated axons of from the WM (Craner et al., 2004b;[START_REF] Coman | Nodal, paranodal and juxtaparanodal axonal proteins during demyelination and remyelination in multiple sclerosis[END_REF]. In addition, large aggregates of Nav channels have also been observed [START_REF] Coman | Nodal, paranodal and juxtaparanodal axonal proteins during demyelination and remyelination in multiple sclerosis[END_REF][START_REF] Howell | Activated microglia mediate axoglial disruption that contributes to axonal injury in multiple sclerosis[END_REF]. Moreover, molecular identity of Nav channels is affected: while Nav1.6 is typically clustered at CNS mature nodes, both Nav1.6 and the immature-related form Nav1.2 are diffusely expressed along naked axons within acute MS plaques (Craner et al., 2004b). Similar changes have been observed in experimental animal models of demyelination [START_REF] Boiko | Compact myelin dictates the differential targeting of two sodium channel isoforms in the same axon[END_REF][START_REF] Craner | Abnormal sodium channel distribution in optic nerve axons in a model of inflammatory demyelination[END_REF]Craner et al., , 2004a;;[START_REF] Rasband | Dysregulation of axonal sodium channel isoforms after adult-onset chronic demyelination[END_REF][START_REF] Pfeiffer | Structural adaption of axons during de-and remyelination in the Cuprizone mouse model[END_REF]. Diffusion of Kv1 channels also occur along demyelinated axons [START_REF] Coman | Nodal, paranodal and juxtaparanodal axonal proteins during demyelination and remyelination in multiple sclerosis[END_REF][START_REF] Howell | Activated microglia mediate axoglial disruption that contributes to axonal injury in multiple sclerosis[END_REF][START_REF] Jukkola | K+ channel alterations in the progression of experimental autoimmune encephalomyelitis[END_REF][START_REF] Bagchi | Disruption of myelin leads to ectopic expression of K(V)1.1 channels with abnormal conductivity of optic nerve axons in a cuprizone-induced model of demyelination[END_REF].

When addressing the functional consequences of myelin loss along with drastic modifications of voltage-gated ion channels distribution, it is not surprising to observe severe repercussions on axonal conduction. Accordingly, electrophysiological recordings reported a slow conduction velocity of APs along demyelinated axons from various CNS regions such as optic nerve or spinal cord [START_REF] Mcdonald | Focal experimental demyelination in the central nervous system[END_REF][START_REF] Bostock | The internodal axon membrane: electrical excitability and continuous conduction in segmental demyelination[END_REF][START_REF] Felts | Conduction in segmentally demyelinated mammalian central axons[END_REF]. To elucidate how APs can propagate along demyelinated axons, [START_REF] Hamada | Loss of Saltation and Presynaptic Action Potential Failure in Demyelinated Axons[END_REF] performed voltage-sensitive dye recordings [START_REF] Popovic | The spatio-temporal characteristics of action potential initiation in layer 5 pyramidal neurons: a voltage imaging study[END_REF] of cortical pyramidal neurons from mice fed with cuprizone, i.e., an established demyelinating agent [START_REF] Torkildsen | The cuprizone model for demyelination[END_REF], for 5 weeks [START_REF] Hamada | Loss of Saltation and Presynaptic Action Potential Failure in Demyelinated Axons[END_REF]. They demonstrated that, by diffusing laterally along the axon, Nav channels reduce their density to such an extent that they cannot support saltatory conduction of APs any longer [START_REF] Hamada | Loss of Saltation and Presynaptic Action Potential Failure in Demyelinated Axons[END_REF]). Yet, low densities of Nav channels along the demyelinated internodal axolemma, which consist of ~4% of that normally observed at mature nodes [START_REF] Shrager | Optical measurement of conduction in single demyelinated axons[END_REF], are sufficient to propagate APs through a slow continuous wave [START_REF] Hamada | Loss of Saltation and Presynaptic Action Potential Failure in Demyelinated Axons[END_REF]. Moreover, in the same experimental model, they showed that demyelinated neurons appear to be hyperexcitable, as seen by their enhanced susceptibility to initiate ectopic APs [START_REF] Hamada | Myelin loss and axonal ion channel adaptations associated with gray matter neuronal hyperexcitability[END_REF]. This matches previous findings collected from CNS and PNS demyelinated axons [START_REF] Rasminsky | Ectopic generation of impulses and cross-talk in spinal nerve roots of "dystrophic" mice[END_REF][START_REF] Baker | Ectopic activity in demyelinated spinal root axons of the rat[END_REF][START_REF] Felts | A mechanism for ectopic firing in central demyelinated axons[END_REF][START_REF] Kapoor | Slow sodium-dependent potential oscillations contribute to ectopic firing in mammalian demyelinated axons[END_REF]. As local application of potassium was sufficient to induce ectopic firing of demyelinated axons, impaired potassium buffering (see part II), combined with greater axonal exposition to the extracellular environment, may evoke anomalous AP generation upon demyelination [START_REF] Kapoor | Slow sodium-dependent potential oscillations contribute to ectopic firing in mammalian demyelinated axons[END_REF][START_REF] Hamada | Myelin loss and axonal ion channel adaptations associated with gray matter neuronal hyperexcitability[END_REF]. In addition, pharmacological blockade of Nav1.6-mediated persistent sodium inward currents by low concentrations of tetrodotoxin (TTX) prevented ectopic AP initiation, suggesting that Nav1.6 redistribution leads to increased excitability [START_REF] Hamada | Myelin loss and axonal ion channel adaptations associated with gray matter neuronal hyperexcitability[END_REF]. In fact, Craner et al., (2014) were the first to suggest the deleterious effect of Nav1.6 redistribution along the axonal membrane (Craner et al., 2004a). They indeed reported a correlation of Nav1.6 expression, but not Nav1.2 expression, with axonal injury (Craner et al., 2004a) in a mouse model of MS. In particular, Nav1.6 were associated with axonal damage when colocalizing with the Na + /Ca 2+ exchanger (NCX), which may lead to calcium overload (Craner et al., 2004a). To properly access the contribution of Nav1.6 in disease progression, deletion of Scn8a which encodes for the α-subunit of Nav1.6 was performed in RGCs from mice in an experimental model of MS [START_REF] Alrashdi | Nav1.6 promotes inflammation and neuronal degeneration in a mouse model of multiple sclerosis[END_REF]. They observed an increased RGC survival in mice lacking Nav1.6 compared to control mice, along with a reduced infiltration of immune cells [START_REF] Alrashdi | Nav1.6 promotes inflammation and neuronal degeneration in a mouse model of multiple sclerosis[END_REF], which may confirm the deleterious impact of Nav1.6 upon demyelination. Nevertheless, in this experiment, it remains unsure whether Nav1.6 deletion also occurs in glial cells such as astrocytes, microglia and macrophages which are known to normally express Nav1.6. Taken together, these data provide evidence to consider Nav channels as major contributors of axonal dysfunction/degeneration following myelin loss. In this regard, clinical trials of drugs targeting Nav channels have emerged. While lamotrigine, a partial blocker of Nav channels, was not associated to neuroprotection in patients with the SP form of MS [START_REF] Kapoor | Lamotrigine for neuroprotection in secondary progressive multiple sclerosis: a randomised, double-blind, placebo-controlled, parallel-group trial[END_REF], another Nav channels blocker named phenytoin reduced by 30% retinal thickness loss in MS patients displaying an optic neuritis [START_REF] Raftopoulos | Phenytoin for neuroprotection in patients with acute optic neuritis: a randomised, placebo-controlled, phase 2 trial[END_REF]. While those trials have not been further developed, investigations using blockers of specific Nav channels subtypes could more likely be associated with increased neuroprotection.

Myelination aside: oligodendrocytes as key regulators of neuronal excitability and connectivity

Even though the ability of oligodendrocytes to myelinate axons represents a major determinant of speed and reliability of AP propagation, oligodendrocyte lineage cells participate in additional fundamental functions which regulate neuronal excitability and connectivity within complex networks.

Oligodendrocytes regulate neuronal excitability

In their landmark studies, Kuffler and colleagues questioned the role of glial cells in perceiving and modulating neuronal activity. They introduced the concept of a potassium "spatial buffering" mediated by "low-resistance" connections between glial cells [START_REF] Kuffler | GLIA IN THE LEECH CENTRAL NERVOUS SYSTEM: PHYSIOLOGICAL PROPERTIES AND NEURON-GLIA RELATIONSHIP[END_REF][START_REF] Kuffler | Physiological properties of glial cells in the central nervous system of amphibia[END_REF][START_REF] Orkand | Effect of nerve impulses on the membrane potential of glial cells in the central nervous system of amphibia[END_REF]. Since then, many experimental studies have emerged, and identified astrocytes as the major regulators of neuronal excitability through potassium buffering [START_REF] Pannasch | Astroglial gap junctions shape neuronal network activity[END_REF][START_REF] Wang | Astrocytes modulate neural network activity by Ca 2 +-dependent uptake of extracellular K+[END_REF][START_REF] Tong | Astrocyte Kir4.1 ion channel deficits contribute to neuronal dysfunction in Huntington's disease model mice[END_REF][START_REF] Morquette | An astrocyte-dependent mechanism for neuronal rhythmogenesis[END_REF]. Astrocytes are indeed electrically coupled with each other through gap junctions, thus forming a syncytium which enables them to continually equalize their membrane potentials, thereby establishing a so-called "syncytial isopotentiality" [START_REF] Ma | Gap junction coupling confers isopotentiality on astrocyte syncytium[END_REF]. When potassium concentration increases in the extracellular space, the astrocytic syncytium transfers potassium to areas with lower potassium concentration, hence preventing network hyperexcitability (for review see [START_REF] Bellot-Saez | Astrocytic modulation of neuronal excitability through K+ spatial buffering[END_REF]. Astrocytes express the inward rectifying potassium channel Kir4.1 which enables the passive diffusion of potassium across the astroglial membrane following neuronal activity [START_REF] Neusch | Lack of the Kir4.1 channel subunit abolishes K+ buffering properties of astrocytes in the ventral respiratory group: impact on extracellular K+ regulation[END_REF][START_REF] Chever | Implication of Kir4.1 channel in excess potassium clearance: an in vivo study on anesthetized glial-conditional Kir4.1 knockout mice[END_REF][START_REF] Haj-Yasein | Evidence that compromised K+ spatial buffering contributes to the epileptogenic effect of mutations in the human Kir4.1 gene (KCNJ10)[END_REF]. Mutations of the gene encoding for Kir4. 1 (KcnJ10) results in numerous neurological dysfunctions, such as seizures, ataxia, dysmyelination and premature death in mice [START_REF] Neusch | Kir4.1 potassium channel subunit is crucial for oligodendrocyte development and in vivo myelination[END_REF][START_REF] Djukic | Conditional Knock-Out of Kir4.1 Leads to Glial Membrane Depolarization, Inhibition of Potassium and Glutamate Uptake, and Enhanced Short-Term Synaptic Potentiation[END_REF]. In humans, alteration of Kir4.1 is associated with the development of the EAST syndrome (epilepsy, ataxia, sensorineural deafness and tubulopathy) [START_REF] Bockenhauer | Epilepsy, ataxia, sensorineural deafness, tubulopathy, and KCNJ10 mutations[END_REF], idiopathic epilepsy [START_REF] Buono | Association between variation in the human KCNJ10 potassium ion channel gene and seizure susceptibility[END_REF] and autism spectrum disorder [START_REF] Sicca | Gain-of-function defects of astrocytic Kir4.1 channels in children with autism spectrum disorders and epilepsy[END_REF]. So far, such pathological conditions are imputed to a defect in astroglial potassium buffering. However, oligodendrocytes and OPCs have been previously shown to express Kir4.1, as reported by RNA-Seq [START_REF] Zhang | An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex[END_REF][START_REF] Tasic | Shared and distinct transcriptomic cell types across neocortical areas[END_REF] and electrophysiological recordings [START_REF] Maldonado | Oligodendrocyte Precursor Cells Are Accurate Sensors of Local K+ in Mature Gray Matter[END_REF]. In this context, growing evidence suggests that oligodendrocytes, whose location can coincide with axonal excitable domains, can also participate in the regulation of neuronal excitability through potassium buffering.

Perineuronal oligodendrocytes

When addressing whether oligodendrocytes modulate neuronal excitability, one obvious candidate is the perineuronal oligodendrocyte, as it occupies a strategic position, in close proximity to the site of AP initiation. In his seminal description of oligodendrocytes, Pío del Río-Hortega described a class of non-myelinating interfascicular oligodendrocytes which either appose directly to neurons cell bodies (perineuronal) or adhere to blood vessels (perivascular) [START_REF] Pérez-Cerdá | Pío del Río Hortega and the discovery of the oligodendrocytes[END_REF]. Perineuronal oligodendrocytes, also known as satellite oligodendrocytes, mainly populate the GM, as they have been observed in the hippocampus and cortex of both rodents and humans [START_REF] Ludwin | The perineuronal satellite oligodendrocyte. A role in remyelination[END_REF][START_REF] Taniike | Perineuronal oligodendrocytes protect against neuronal apoptosis through the production of lipocalin-type prostaglandin D synthase in a genetic demyelinating model[END_REF][START_REF] Van Landeghem | Expression of PACAP and glutamate transporter proteins in satellite oligodendrocytes of the human CNS[END_REF][START_REF] Vostrikov | Deficit of perineuronal oligodendrocytes in the prefrontal cortex in schizophrenia and mood disorders[END_REF][START_REF] Takasaki | Cytochemical and cytological properties of perineuronal oligodendrocytes in the mouse cortex[END_REF][START_REF] Szuchet | The genetic signature of perineuronal oligodendrocytes reveals their unique phenotype[END_REF]Battefeld et al., 2016;Yamazaki et al., 2018a). They are principally enriched in deep cortical layers of the cortex (IV-VI) where they are preferably apposed around the soma and basal dendrites of glutamatergic neurons, letting a very small interstitial space of about 12 nm [START_REF] Takasaki | Cytochemical and cytological properties of perineuronal oligodendrocytes in the mouse cortex[END_REF]Battefeld et al., 2016) (Figure 30). Of note, they have been more rarely found around cortical GABAergic neurons [START_REF] Takasaki | Cytochemical and cytological properties of perineuronal oligodendrocytes in the mouse cortex[END_REF]. Perineuronal oligodendrocytes are involved in several neurotrophic processes, such as protecting neurons from apoptosis through the production of Lipocalin-type Protaglandin D Synthase (L-PGDS) in a demyelinating animal model [START_REF] Taniike | Perineuronal oligodendrocytes protect against neuronal apoptosis through the production of lipocalin-type prostaglandin D synthase in a genetic demyelinating model[END_REF]. Moreover, perineuronal oligodendrocytes express several metabolic enzymes, which suggest their role in providing metabolic support for neurons [START_REF] Takasaki | Cytochemical and cytological properties of perineuronal oligodendrocytes in the mouse cortex[END_REF]. Initially considered as nonmyelinating oligodendrocytes, perineuronal oligodendrocytes have been shown to remyelinate axons following cuprizone-induced demyelination [START_REF] Ludwin | The perineuronal satellite oligodendrocyte. A role in remyelination[END_REF]. Investigation of their genetic signature confirmed their ability to respond to demyelination as they express the required genes to migrate, proliferate and to synthetize all major myelin proteins [START_REF] Szuchet | The genetic signature of perineuronal oligodendrocytes reveals their unique phenotype[END_REF]. Battefeld and colleagues (2016) observed internode-like structures along perineuronal oligodendrocytes within layer V of mice cortical slices (Battefeld et al., 2016) under normal conditions. Use of electron microscopy confirmed the existence of compact myelin, with an average of ~4 myelin wraps along their host pyramidal cells with small diameter (Battefeld et al., 2016).

Because perineuronal oligodendrocytes are closely located to the AIS of their host neuron, they may influence AP firing. Dual whole-cell recordings coupled with pharmacological tools reported that perineuronal oligodendrocytes from the neocortex respond to AP generation through barium sensitive (Ba2 + ) inward rectifying potassium channel (Kir) [START_REF] Gipson | Analysis of the K+ current profile of mature rat oligodendrocytes in situ[END_REF] currents which do not implicate Kir4.1 (Battefeld et al., 2016). Further analysis revealed that they are electrically coupled with surrounding astrocytes through gapjunctions, thus forming a glial syncytium enveloping pyramidal cells bodies (Battefeld et al., 2016). Computational modelling proposed that oligodendrocytes and astrocytes act in a coordinated manner through rapid AP-evoked potassium uptake, thus limiting elevation of extracellular potassium concentrations in the perisomatic domain upon high-frequency activity of pyramidal cells (Battefeld et al., 2016). This buffering prevents the positive feedback that could have increased concentration of potassium on AP firing, as confirmed by the observation that pyramidal cells surrounded by perineuronal oligodendrocytes display a less depolarized resting membrane potential and more regular firing patterns than those lacking perineuronal oligodendrocytes (Battefeld et al., 2016).

In the stratum radiatum of the rat hippocampus, perineuronal oligodendrocytes have been observed in close proximity to the soma of ~ 20% of interneurons [START_REF] Yamazaki | Direct evidence for mutual interactions between perineuronal astrocytes and interneurons in the CA1 region of the rat hippocampus[END_REF](Yamazaki et al., , 2018b)). As they display very few processes that are twined around the soma and proximal dendrites of interneurons, they might not myelinate their host (Yamazaki et al., 2018a).

Moreover, because Ba2 + does not affect their whole-cell current responses, they may not express Kir channels, suggesting that they do not participate in potassium buffering. Still, they express both iGlurRs and mGluRs and upon neuronal firing at frequency greater than 30 Hz, their hyperpolarization significantly decreases AP frequency (Yamazaki et al., 2018a).

This phenomenon might occur through the modulation of Kv3 channels expressed by interneurons, but further investigations are needed to elucidate the underlying mechanism of perineuronal oligodendrocytes-mediated effect on interneuron firing in the hippocampus (Yamazaki et al., 2018a).

Perinodal oligodendrocytes

One other key neuronal subcompartment for neuronal conduction is the node of Ranvier. Interestingly, examination of the nodal area by high resolution confocal microscopy and electron microscopy revealed that both perinodal oligodendrocytes and the inner tongue of myelin sheaths are enriched in Kir4.1 inward rectifying channels [START_REF] Schirmer | Oligodendrocyte-encoded Kir4.1 function is required for axonal integrity Westbrook GL[END_REF]. To better understand the role of oligodendroglial Kir4.1, selective deletions of Kir4.1 in oligodendrocytes were recently performed [START_REF] Larson | Oligodendrocytes control potassium accumulation in white matter and seizure susceptibility Westbrook GL[END_REF][START_REF] Schirmer | Oligodendrocyte-encoded Kir4.1 function is required for axonal integrity Westbrook GL[END_REF]. While no significant changes in myelination or oligodendrocyte development were observed, mice lacking oligodendroglial Kir4.1 progressively develop motor dysfunction and exhibit spontaneous seizures [START_REF] Larson | Oligodendrocytes control potassium accumulation in white matter and seizure susceptibility Westbrook GL[END_REF][START_REF] Schirmer | Oligodendrocyte-encoded Kir4.1 function is required for axonal integrity Westbrook GL[END_REF]. Because these deficits were elicited upon high neuronal activity, these results suggest the pivotal role of oligodendroglial Kir4.1 in regulating neuronal excitability. In addition, Kir4.1 expression increases during oligodendrocyte development, which may sustain increasing needs for potassium buffering with aging. Taken together, these results portray a model where oligodendrocytes surroundings nodes of Ranvier and inner myelin tongue may participate in potassium uptake upon high neuronal activity, thereby limiting neuronal excitability (Figure 31). This process could supplement potassium transfer from the juxtaparanodal axolemma to myelin which is known to be mediated by axonal Kv1 channels ultrastructurally coupled to Connexin29 channels in the myelin membrane [START_REF] Rash | KV1 channels identified in rodent myelinated axons, linked to Cx29 in innermost myelin: support for electrically active myelin in mammalian saltatory conduction[END_REF].

glutamatergic signaling within neuronal circuits. This idea may be supported by the fact that ablation of NG2 + cells in adult mice causes a deficit in glutamatergic signaling in the prefrontal cortex, resulting in a depressive-like behavior (Birey et al., 2015). Such phenotype may result from a downregulation of the secretion of fibroblast growth factor 2 (FGF2) by NG2 + cells (Birey et al., 2015). Indeed, the specific knockdown of FGF2 in NG2 + cells is sufficient to induce anxiety and social avoidance behaviors in mice (Birey et al., 2015). Yet, because pericytes also express NG2, it remains unsure whether the phenotype observed in these last two studies specifically originates from OPCs. Moreover, oligodendrocytes can secrete another neurotrophic factor in response to neuronal activity, namely BDNF [START_REF] Auer | Regulated release of BDNF by cortical oligodendrocytes is mediated through metabotropic glutamate receptors and the PLC pathway[END_REF]. Several evidences have reported the key role of BDNF in synaptic transmission and plasticity [START_REF] Kang | Long-lasting neurotrophin-induced enhancement of synaptic transmission in the adult hippocampus[END_REF][START_REF] Levine | Brain-derived neurotrophic factor rapidly enhances synaptic transmission in hippocampal neurons via postsynaptic tyrosine kinase receptors[END_REF][START_REF] Carmignoto | Brain-derived neurotrophic factor and nerve growth factor potentiate excitatory synaptic transmission in the rat visual cortex[END_REF][START_REF] Gärtner | Neurotrophin secretion from hippocampal neurons evoked by long-term-potentiation-inducing electrical stimulation patterns[END_REF][START_REF] Harward | Autocrine BDNF-TrkB signalling within a single dendritic spine[END_REF][START_REF] Vignoli | Peri-Synaptic Glia Recycles Brain-Derived Neurotrophic Factor for LTP Stabilization and Memory Retention[END_REF], notably through the regulation of glutamate vesicular release at presynaptic terminals [START_REF] Pozzo-Miller | Impairments in high-frequency transmission, synaptic vesicle docking, and synaptic protein distribution in the hippocampus of BDNF knockout mice[END_REF][START_REF] Tyler | BDNF enhances quantal neurotransmitter release and increases the number of docked vesicles at the active zones of hippocampal excitatory synapses[END_REF]. Observation of oligodendrocytes in close proximity to the calyx of Held synapses in the MNTB [START_REF] Berret | Oligodendroglial excitability mediated by glutamatergic inputs and Nav1.2 activation[END_REF], led Jang and colleagues investigate about the potential role of oligodendroglial BDNF in the auditory brainstem (Jang et al., 2019). They found that oligodendrocytes neighboring presynaptic terminals release BDNF which modulates glutamate release through presynaptic tropomyosin receptor kinase B (TrkB) (Jang et al., 2019). Oligodendrocytes might thus sense active neurons at the calyx synapse and modulate the strength of glutamatergic synaptic transmission, a critical mechanism for synaptic refinement during development (Jang et al., 2019). Recent work indicates that oligodendrocytes express the glutamate-metabolizing enzyme, glutamine synthetase, and demonstrates its role in maintaining glutamatergic synaptic transmission (Xin et al., 2019). However, oligodendrocyte glutamine synthetase expression is heterogeneous across the CNS, suggesting regional oligodendrocyte specialization and function. Currently, the role of astrocytes in glutamate uptake is well documented. Whether glutamate and glutamine exchange occur directly via oligodendrocyte transporters or via astrocyte intermediaries will require additional functional studies. Finally, oligodendrocytes also participate in the plasticity of synapses structures through Nogo-A, 2016). We note that astrocytes and neurons also produce ECM proteins with different splice variants and glycosylation profiles which contribute to ECM complexity.

In the CNS, glial-derived ECM surround nodes of Ranvier where they regulate axonal conduction through stabilization of both nodal proteins and ions within the nodal area (see Chapter II). Moreover, its structure is comparable to the ECM which surrounds soma and proximal dendrites of neurons in the CNS -forming the so-called perineuronal net (PNN) (Figure 33). PNNs are suggested to stabilize synaptic connections and so control long-term plasticity. Although PNNs can be associated with distinct types of neurons across the CNS, they are mainly found around fast-spiking PV + GABAergic neurons in the cortex and hippocampus. Several studies have shown that formation of PNNs onto PV + basket cells coincides with critical period closure, a developmental period in which neural circuits are still plastic and shaped by sensory experience. Critical period plasticity returns when ECM is removed enzymatically by Chondroitinase ABC, suggesting that PNNs act as a brake on experience-dependent plasticity [START_REF] Pizzorusso | Reactivation of ocular dominance plasticity in the adult visual cortex[END_REF][START_REF] Berardi | Extracellular matrix and visual cortical plasticity: freeing the synapse[END_REF][START_REF] Hensch | Critical period plasticity in local cortical circuits[END_REF]. In addition, induction of PNNs degradation by enzymatic treatment or genetic ablation leads to increased excitability of PV + cells [START_REF] Dityatev | Activitydependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF]. PNNs may then protect interneurons from sensory over-activation and stabilize cortical networks, even at the cost of reduced cortical plasticity and deficits in adult skill acquisition (Faini et al., 2018a). Similar observations were made in the medial entorhinal cortex where PNNs stabilize the proper spatial and temporal configuration of grid cells [START_REF] Christensen | Perineuronal nets stabilize the grid cell network[END_REF]. 

Aim of the dissertation

The seminal work of Kaplan andcolleagues (1997, 2001) demonstrated the capacity of oligodendroglial secreted factor(s) to induce early clustering of nodal proteins along RGC axons (Kaplan et al., 1997(Kaplan et al., , 2001)). Our laboratory has recently confirmed these data, revealing that OCM-mediated formation of such node-like clusters (or prenodes) is restricted to GABAergic neurons in the hippocampus and correlates with an increased AP conduction velocity (Freeman et al., 2015). The nature of the prenodal clustering factor(s) remained elusive. The first aim of my dissertation was to participate in the identification of the oligodendroglial factor(s) responsible for prenode assembly (Figure 34). [START_REF] Ching | Clustering of neuronal sodium channels requires contact with myelinating Schwann cells[END_REF]Feinberg et al., 2010;[START_REF] Vabnick | The clustering of axonal sodium channels during development of the peripheral nervous system[END_REF]. In the CNS, multiple complementary molecular mechanisms are proposed to trigger Na v clustering (Susuki et al., 2013).

First, the diffusion barrier established through the cytoskeletal assembly at paranodes has a prominent role in node formation (Amor et al., 2017;[START_REF] Brivio | Assembly of CNS nodes of Ranvier in myelinated nerves is promoted by the axon cytoskeleton[END_REF]Rasband et al., 1999;Susuki et al., 2013;Zonta et al., 2008). Paranodal associations can promote Na v clustering in the absence of Nfasc186 as demonstrated by genetic inactivation of Nfasc gene expression (Zonta et al., 2008). Second, ECM protein interactions with Nfasc186 are sufficient to promote Na v clustering independent of paranodal junction formation (Bhat et al., 2001;Boyle et al., 2001;[START_REF] Dupree | Axo-glial interactions regulate the localization of axonal paranodal proteins[END_REF]Susuki et al., 2013;Zonta et al., 2008). Third, both Na v α and ß subunits, as well as Nfasc186, bind to AnkyrinG, which is crucial for their clustering at the node (Gasser et al., 2012;[START_REF] Jenkins | Giant ankyrin-G: A critical innovation in vertebrate evolution of fast and integrated neuronal signaling[END_REF]Susuki et al., 2013). In addition to this tripartite mechanism, soluble oligodendrocyte-derived factors present in oligodendrocyte conditioned medium (OCM) are able to induce nodal protein clustering in neuronal cultures, in the absence of oligodendroglial cell contact and paranodal junctions. This was first demonstrated by the Barres group on retinal ganglion cells (Kaplan et al., 1997;Kaplan et al., 2001) and more recently reproduced by our group on hippocampal GABAergic neurons (Freeman et al., 2015). Axons with such early nodal protein clusters, also referred to as prenodes, show increased conduction velocity as demonstrated by single cell electrophysiology in hippocampal cultures (Freeman et al., 2015). To date, however, the molecular identity of this oligodendroglial clustering activity has remained elusive.

To identify the oligodendroglial factor(s) inducing Na v clustering, we conducted a proteomic analysis of OCM, and validated the activity of selected candidate proteins in purified hippocampal neuron cultures. Here, we report that Contactin-1 (also referred to as CNTN), secreted by oligo- 2 | MATERIALS AND METHODS

dendrocytes

| Animals

The care and use of rats and mice in all experiments conformed to institutional policies and guidelines (UPMC, INSERM, and European

Community Council Directive 86/609/EEC). The following rat and mouse strains were used in this study: Sprague-Dawley or Wistar rats (Janvier Breeding Center), PLP-GFP mice (Spassky et al., 2001) and

NrCAM -/ -(B6.129P2-NrCAM tm1Fgt/orl
) mice (EMMA center, CNRS, TAAM). The derivation of mice homozygous for the mutant contactin-1(Cntn1) allele was described previously (Berglund et al., 1999). 

Neuronal cultures

Mixed hippocampal cultures (containing neurons and glial cells) and purified hippocampal neuron cultures were obtained from E18 animals as previously described and characterized (Freeman et al., 2015). To obtain purified neuron culture, anti-mitotic agents (FdU and U 5 μM) were added 24 hr after dissection, and then removed after 36 hr. OCM (500 μL/well) was added to purified hippocampal neurons at 3 days in vitro (DIV) or at later time points as indicated. One-third of the medium was changed with neurobasal medium (NM) at 7 DIV, and then twice a week. Unless otherwise specified, cells were fixed at 17 DIV.

Glial cell cultures and OCM

Glial cell cultures were prepared form cerebral cortices from P2 Wistar rats as previously described (Freeman et al., 2015). Cortices were dissected free of meninges, incubated 35 min in papain (30 U/mL; Worthington), supplemented with L-cystein (0.24 mg/mL) and DNase (50 μg/mL) in DMEM at 37 and then mechanically homogenized and passed through a 0.70 μm filter. Cells were resuspended in DMEM with 10% FCS and 1% penicillin-streptomycin. Oligodendrocytes isolated at the later stage of development were obtained by FACS-sorting of dissociated brains from PLP-GFP mice at P9 (instead of P2), and were cultured with neurobasal medium for 48 hr to produce mature OCM.

| Tissue sections

Optic nerves from mice were dissected in 0.1 M phosphate buffer (PB) immediately after mice were killed. Nerves were fixed in 2% PFA (diluted in PBS 1X; pH 7.2), for 30 min, cryoprotected in 30% sucrose over-night, frozen in OCT (Tissue-Tek) and then cryosectioned (LeicaCM3050) at 6 μm.

| Antibodies and immunofluorescence

Cell cultures were fixed with 4% PFA for 10 min, or, for Na v channel staining, with 1% PFA, for 10 min at RT and then incubated with 

| Recombinant proteins

Unique or combination of recombinant proteins were added in culture media on hippocampal neurons at 3 to 14 DIV. Recombinant proteins were reconstituted at 100 μg/mL in sterile PBS, and unless otherwise specified, their final concentration in culture was 1.4 μg/mL. The following recombinant proteins from R&D systems were used: human contactin-Fc, human NrCAM-Fc and mouse NrCAM, human ChL-1, human olfactomedin-2 and human Tenascin-R.

Plasmid containing the carbonic anhydrase domain (CAH) plus fibronectin domains of RPTPß fused to the Fc of human IgG1 was a gift from O. Peles and purified rRPTPß-Fc was a gift from J. Devaux.

The following recombinant growth factors from Peprotech were used: BDNF and GDNF (20 ng/mL) and IGF-1 (100 ng/mL).

Contactin-Fc (0.7 μg/mL) was pre-clustered by incubation with antihuman Fc (1 μg/mL, Jackson Immunoresearch laboratories) in Neurobasal Medium for 30 min at 37 C; pre-clustered CNTN was added for 2 hr to purified neurons after 14 DIV and then incubated with Neurobasal culture medium until fixation at 17 DIV.

| Drugs

When indicated, the following drugs were incubated with oligodendrocyte cultures for 1 hr: edelfosine, a synthetic phospholipid analog that inhibits phosphatidylinositol phospholipase C (Tocris, CAS number: 77286-66-9, stock 5 mM in water, 10 μM final); U73122, a phospholipase C inhibitor (Sigma, CAS number: 112648-68-7, stock 5 mM in DMSO, 5 μM final). Then, medium was replaced with neurobasal medium for 48 hr to produce OCM. Na v clusters density has been quantified on images acquired from optic nerve sections immunostainings as the number of clusters with a fluorescence intensity at least three times higher than the background level and an area comprised between 0.5 and 4 μm 2 over the tissue area.

| Design and transfection of miRNA

| Immunoprecipitation

Immunoprecipitation of CNTN from OCM was performed using IgG4 anti-CNTN or IgG4 CTRL human antibodies (kind gift from J. Devaux)

(1:100). OCM samples were incubated with antibodies overnight at ). As previously reported, these clusters are restricted to GABAergic neurons (Freeman et al., 2015). Only few axons with Na v clusters were detected at 15 DIV, while the percentage of axons with clusters significantly increased by 17 and 21 DIV (mean ± SEM: 15.2 ± 1.5%, 30.4 ± 2.3%, and 36.4 ± 2.9%, respectively) (Figure 1d). This late response of hippocampal neurons to OCM addition suggests that neuronal maturation is necessary for the Na v clustering. Increased neuronal expression of the intermediate filament protein neurofilament M (NFM) upon OCM treatment was observed suggesting an effect of OCM on GABAergic neuron maturation (Figure 1a,b). In addition, we measured axonal lengths at 6 DIV in control purified neurons and neurons treated with either OCM or recombinant growth factors (GDNF, BDNF, and IGF1). As shown in Figure S1, both treatment conditions induced a significant increase in axonal lengths of both hippocampal GABAergic and glutamatergic pyramidal neurons. However, the possibility that OCM-induced nodal protein clustering is solely related to OCM-induced neuronal maturation was ruled out by the fact that addition of GDNF, BDNF, and IGF1 to purified neurons did not promote nodal protein clustering at 17 DIV (mean ± SEM, 2.7 ± 0.3%) (Figure 1c).

In these experiments, OCM was produced from cells of the oligodendrocyte lineage mostly expressing NG2 and O4 markers, hence corresponding to immature oligodendrocytes (Figure S2a). We then eluted fractions of OCM from the anion exchange column and tested each fraction on purified hippocampal neurons for Na v clustering activity. As control, activity of fractions from a culture medium not incubated with cells (control medium) was tested (Figure S3). From approximately 30 fractions in each experiment (n = 3), a peak of activity was reproducibly detected in 3-4 OCM elution fractions (Figure S3). Mass spectrometry analyses were performed on these fractions (named A 11 to A 13 in this representative experiment), either by pooling the fractions or by testing each one separately. Two OCM fractions without activity (A14-A15, in this representative experiment), as well as fractions of control medium with similar elution profile were also analyzed. As shown in Figure 2a, a total of 137 proteins were identified in the most active OCM fraction (A13, green) (Figure S4a). Amongst these, 61 proteins were also found in the OCM inactive fraction (A15, blue), while 76 were specifically detected in the active fraction (Figure S4b). From this list, candidates were selected by the criteria of known nodal expression, reported effects on axons and respective abundance in active versus inactive fractions for the proteins detected in both fractions. This generated a short list (Figure 2b 

| A multimolecular complex containing Contactin is sufficient to induce nodal protein clustering on hippocampal neurons

To validate clustering activity of the selected candidates, recombinant (r) proteins were added to purified hippocampal neuron cultures at 3 DIV (Figure 3a). As none of the added (r) proteins had a significant clustering effect on its own, we hypothesized that protein complexes might be needed to promote clustering. Thus, we tested the activity of all combinations including CNTN, NrCAM, Noelin-2, ChL1, RPTP/Phosphacan and TNR. Among them, as shown in Figure 3b and Figure S5a, only addition of rCNTN combined with rRPTP/Phosphacan or rTNR or both induced significant Na v clustering activity (i.e., mean ± SEM: 22 ± 4%, p = 0.005; 11 ± 3%, p = 0.009 and 21 ± 5%, p = 0.025, respectively). CNTN binds both to RPTP/Phosphacan and TNR (Peles et al., 1995;Rathjen, Wolff, & Chiquet-Ehrismann, 1991), suggesting possible formation of a multimolecular complex with CNTN. Compared to the full activity of OCM, rCNTN combined with rRPTP/Phosphacan or rTNR induced 72 and 36% of OCM-induced clustering, respectively.

With these combinations, as with OCM, other molecules of the nodal complex (i.e., AnkyrinG, Nfasc186, and NrCAM) were also recruited and colocalized with Na v clusters on GABAergic neurons (Figure 3c,d,e).

We next determined the localization of CNTN on purified neurons treated at 3 DIV with OCM and Fc-tagged rCNTN. Staining with the anti-Fc antibody showed rCNTN colocalized with Na v clusters (Figure 3f) indicating that soluble CNTN is stabilized in a complex at prenodes. To address whether CNTN-interacting proteins also associate with prenodes, purified neurons treated with OCM were incubated with rRPTP/Phosphacan fused to hFc for 1 hr before fixation. Staining with anti-Fc revealed colocalization of rRPTP/Phosphacan with Na v clusters (Figure S5b). In addition, TNR and CNTN were also detected at prenodes in purified neuron cultures treated with OCM (Figure S5c,d).

We also tested the same multi-molecular complexes or preclustered rCNTN at 14 DIV for clustering activity. We found that these protein complexes had significant Na v clustering activity (Figure 3g). In contrast to supplementing pre-clustered rCNTN at 14 DIV, addition at 3 DIV to hippocampal neurons was not able to induce Na v clustering due to possible toxic effect on neurons (not shown). Overall these results indicate that a multimolecular complex formed by CNTN with TNR and/or RPTP/Phosphacan can promote nodal protein clustering along hippocampal GABAergic axons.

| Role of oligodendroglial-secreted Contactin in Na v cluster formation

To further probe the role of CNTN in OCM-induced clustering, we used different strategies of CNTN depletion. We first performed immuno-depletion experiments with an anti-human CNTN Ab (Figure 4a) and compared the clustering activity of CNTN depleted OCM to control (i.e., non-relevant) Ig-treated OCM (Figure 4b). As shown in Figure 4b, a decrease of the clustering activity of anti-CNTN treated OCM compared to both untreated OCM and CTRL-Ig treated OCM was observed (mean ± SEM: 22.9 ± 3.1% vs. 35.0 ± 3.5%, and 33.8 ± 4.1%, respectively, p = 0.02). Of note, two successive immunoprecipitations (IP) resulted in a similar reduction of clustering activity (~30%, not shown). Then, as CNTN is a GPI-anchored glycoprotein which exists in membrane bound and soluble forms (Brümmendorf et al., 1993), and is susceptible to phosphatidylinositol-phospholipase C (PI-PLC) cleavage [START_REF] Koch | Expression of the immunoglobulin superfamily cell adhesion molecule F3 by oligodendrocyte-lineage cells[END_REF], we inhibited its cleavage by adding PI-PLC inhibitors (edelfosine or U73122) before harvesting OCM from oligodendrocyte cultures. As shown in Figure 4c, both PLC inhibitors, edelfosine or U73122, induced a ~30% reduction of Na v clustering activity compared to OCM from untreated oligodendrocytes (mean ± SEM: 22.3 ± 1.5% and 19.7 ± 0.3% vs. 32% ± 0.9, p = 0.0002 and p < 0.0001, respectively).

To further address the specific role of oligodendroglial CNTN, OCM was produced from CNTN-deficient oligodendrocytes isolated from the knockout mice (KO-OCM) and clustering activity was compared to OCM from WT oligodendrocytes (WT-OCM) in cultures of sequence by the identified peptides (Σ coverage), the number of identified peptides that are unique to this protein (no overlap with other proteins in the database) (Σ# unique peptides) and the peptide spectral match (Σ# PSMs), that is, indicating how many times the mass spectra match that of the peptide sequence. Values corresponding to the active fraction ( 13) are in green and to the inactive fraction ( 15) are in blue. OCM, oligodendrocyte conditioned medium; DIV, days in vitro purified rat hippocampal neurons. We verified that CNTN was expressed in WT but not in KO glial cell culture lysate (Figure 5d). Na v cluster formation was induced by WT-OCM and KO-OCM (Figure 5a, b), but a significant decrease (32.6%) of clustering activity was detected in KO-OCM compared to WT-OCM, (i.e., mean ± SEM: 30.4 ± 1.6% vs. 45.1 ± 2.6%, p = 0.002, respectively) (Figure 5c). To validate that the decreased clustering activity was due to the loss of CNTN, rCNTN was added to CNTN KO-OCM, which restored the clustering activity, that is, KO-OCM versus KO-OCM + rCNTN (mean ± SEM: 30.4 ± 1.6% vs. 43.7 ± 1.9%, p = 0.0095, respectively) and Altogether, these data indicate that oligodendroglial-secreted contactin-1 is critical in inducing CNS nodal protein clustering.

| Role of Contactin in early Na v clustering in vivo

We then addressed CNTN's contribution to nodal assembly in vivo in mice with inactivated gene expression (CNTN -/-) (Berglund et al., 1999). As these mice display developmental abnormalities in the hippocampal formation (unpublished results from B. Ranscht) analysis of CNTN's impact on nodal assembly was investigated elsewhere. OCMinduced Na v clustering has been previously shown on retinal ganglion cells in vitro (M. R. Kaplan et al., 1997), and optic nerves present an ideal structure for Na v cluster examination as no overt defects in innervating appropriate target regions were detected in the knockout condition (Çolako glu, Bergstrom-Tyrberg, Berglund, & Ranscht, 2014).

In WT mice, at P7 almost no Na v clusters were detected (not shown), while they were distinct at P8 (Figure 6a). Notably, at P8 Na v clusters were mainly detected in two states, in isolation or flanked on one side by paranodal Caspr (i.e., heminodal structure) (Figure 6a), and represented 66.1 ± 2.9% and 31.4 ± 2.4% of total Na v clusters, respectively (Figure 6c; mean ± SEM, n = 6 mice, 87 images). In addition, at P8 other molecules of the nodal complex (i.e., AnkyrinG and Nfasc186)

were also recruited and colocalized with Na v in isolated clusters, as

shown by plot profile tracing on acquired images (Figure 6b). The number of isolated clusters was decreased at P9 and represented 18.6 ± 1.7% of total Na v clusters, while heminodes represented 61.7 ± 3.1% and nodes of Ranvier flanked on both side by paranodal Caspr 19.6 ± 3.5% (Figure 6c; mean ± SEM, n = 4 mice, 40 images).

In the KO condition, no Caspr clusters were detected (Figure 6d) as expected (Çolako glu et al., 2014). Na v clusters were still formed and colocalized with AnkG and Nfasc (Figure 6c). We quantified the density of Na v clusters at P8 and observed a 42.5% reduction of Na v cluster density in the optic nerves of KO compared to the WT condition (i.e., number of Na v clusters / 10,000 μm 2 , mean ± SEM from 6 WT and 5 KO animals; 7.3 ± 1.3 for the WT vs. 4.2 ± 1.4 for the KO condition, ns) (Figure 6f). Heterogeneity in Na v clusters density among groups of WT as well as KO individuals may explain why this decrease is not statistically significant.

| Role of neuronal NrCAM in restriction of Na v clusters along axons

To further characterize mechanisms of nodal protein assembly induced by CNTN, we determined the role of its neuronal partners Nfasc186 and NrCAM (Morales et al., 1993;Volkmer et al., 1998). We have previously shown that clusters are still formed on neurons from Nfasc186 deficient mice (Nfasc186 -/-) (Freeman et al., 2015). To investigate the role of NrCAM, we used purified hippocampal neuron cultures from NrCAM -/-mice. As illustrated in Figure 7b, Na v clusters are formed along NrCAM -/-neurons treated with OCM, as well as with rCNTN and rRPTP/Phosphacan (Figure S6a-c). The OCMclustering activity was not significantly different in purified neuron cultures from WT versus NrCAM-KO mice (mean ± SEM from three different WT and five different KO cultures, 34.3 ± 4.4% and 34.8 ± 4.8%, respectively) (Figure 7c), indicating that OCM activity was not impaired in the absence of neuronal NrCAM. However, as illustrated in Figure 7a,b and quantified on plot profiles (Figure 7a 0 ,b 0 ), clusters were significantly elongated in the absence of neuronal NrCAM (Figure 7d).

We then asked whether a functional compensation could exist between neuronal NrCAM and Nfasc186. To address this question, a knockdown of Nfasc186 was performed by specific miRNA expression in NrCAM -/-neurons. Transfected cells, identified by GFP expression, showed a strong reduction of Nfasc expression (Figure S6d). As illustrated in Figure 7e, Nfasc knockdown in NrCAM -/-neurons did not prevent Na v clustering. However, the clusters formed were elongated (Figure 7e 0 ). No differences were observed compared to the control condition, that is, NrCAM -/-neurons transfected with control miRNA (not shown). 

| Mechanisms of nodal protein clustering induced by oligodendroglial Contactin

One of the first studies addressing Na v clustering mechanism in the CNS concluded that oligodendroglial-secreted soluble factors promote Na v clustering on retinal ganglion cell axons (Kaplan et al., 1997). Similarly, our previous data provided evidence that on hippocampal GABAergic neurons, nodal assembly occurs under the influence of secreted cues, without the need of direct oligodendroglial contact (Freeman et al., 2015).

The present study provides evidence that soluble CNTN in combination with ECM proteins RPTP/Phosphacan or TNR triggers assembly of nodal complexes, consisting of Na v channels, AnkyrinG, Nfasc186, and NrCAM. TNR and RPTP/Phosphacan have been previously shown to functionally interact with neuronal or glial CNTN isoforms (Brümmendorf et al., 1993;Peles et al., 1995; Rathjene ta l . ,1 9 9 1 ;Z a c h a r i a se ta l . , 1999). Such combinations could promote CNTN oligomerization, which would in turn increase the avidity of low-affinity interactions for axonal receptors and induce Na v clustering. Indeed, TNR forms trimeric structures that can function as molecular cross-linkers to assemble the ECM [START_REF] Lundell | Structural basis for interactions between tenascins and lectican C-type lectin domains: Evidence for a crosslinking role for tenascins[END_REF]Zacharias et al., 1999).

In the PNS, it has been shown that glial NrCAM modifies Gliomedin binding affinity to axonal Nfasc186 and Gliomedin-NrCAM interactions with Nfasc186 are required to promote Nfasc186 and Na v clustering at heminodes (Feinberg et al., 2010). In parallel, CNTN and NrCAM are present in OCM active fractions, however, their interactions are not required for developmental Na v clustering as combinations of rCNTN and rNrCAM did not induce Na v clustering on hippocampal axons.

Our results show that soluble CNTN is associated with proteins of the nodal complex. Neuronal Nfasc186 and NrCAM are expressed at nodes and known to be CNTN receptors (Morales et al., 1993;Volkmer et al., 1998). However, by miRNA mediated-knock-down of Nfasc186 in NrCAM -/-hippocampal neurons, we demonstrate that neither Nfasc186 (Freeman et al., 2015) nor neuronal NrCAM are critical for Na v clustering.

Nevertheless, as clusters are significantly elongated in the absence of oligodendroglial CNTN or neuronal NrCAM, CNTN interactions with NrCAM may have a role in stabilizing prenodes. 1999), interactions with RPTP/Phosphacan or TNR may bridge neuronal and OCM-derived CNTN. In addition, ß1 and ß2 Na v subunits, which are structurally very close to the family of CAMs (Catterall, 2010;[START_REF] Chopra | Molecular cloning and analysis of zebrafish voltage-gated sodium channel beta subunit genes: Implications for the evolution of electrical signaling in vertebrates[END_REF]Srinivasan, Schachner, & Catterall, 1998), have been reported to interact in cis or trans with CNTN, TNR or RPTP/phosphacan (Srinivasan et al., 1998;[START_REF] Xiao | Tenascin-R is a functional modulator of sodium channel β subunits[END_REF]. This interaction results in increased Na v 1.2 cell surface density and modulation of Na v 1.2 current (Kazarinova-Noyes et al., 2001;McEwen, Meadows, Chen, Thyagarajan, & Isom, 2004;[START_REF] Xiao | Tenascin-R is a functional modulator of sodium channel β subunits[END_REF]. Therefore, Na v ß subunits may represent other axonal partners mediating nodal protein clustering, as suggested by a recent study from our laboratory (Thetiot et al., submitted).

Finally, loss of AnkyrinG results in significant alterations in CNS nodal and prenodal clustering in hippocampal neurons (Freeman et al., 2015;[START_REF] Jenkins | Giant ankyrin-G: A critical innovation in vertebrate evolution of fast and integrated neuronal signaling[END_REF]Susuki et al., 2013). CNTN and RPTP/ Phosphacan or TNR binding to CAMs or Na v ß subunits could serve to recruit AnkyrinG with subsequent anchoring of the complex to the underlying cytoskeleton through interactions with ßIV spectrin (Lustig et al., 2001;Malhotra et al., 2002).

| Neuronal maturation occurs prior to myelination but is not sufficient to induce Na v clustering

Our results suggest that OCM induces axonal growth and maturation of hippocampal neurons, as indicated by increased neurofilament M expression (Shaw & Weber, 1982). This emphasizes the essential role of oligodendrocytes in providing complex trophic signals and/or metabolic support to neurons (Meyer-Franke, Kaplan, Pfrieger, & Barres, 1995;[START_REF] Sánchez | Oligodendroglia regulate the regional expansion of axon caliber and local accumulation of neurofilaments during development independently of myelin formation[END_REF]Wilkins, Chandran, & Compston, 2001; Wilkins, Majed, Layfield, Compston, & , 2003). The study by Kaplan et al. (2001) also demonstrates that axonal maturation is associated to early nodal protein clustering on retinal ganglion cells prior to myelination. This is consistent with our results which indicate that hippocampal neurons respond with cluster formation to OCM addition with a delay, suggesting that neuronal maturation is necessary for the Na v clustering process. This supports the hypothesis that OCM may induce complex intracellular signaling rather than simple mechanic clustering of proteins at the axon surface. Although neuronal maturation is a prerequisite for Na v clustering, it is not sufficient to induce Na v clustering as indicated by the lack of prenodes on neurons induced to mature by the addition of growth factors. Our results are in line with early cytochemical and freeze fracture studies which have provided evidence for the differentiation of the axon prior to formation of compact myelin in spinal nerve roots [START_REF] Waxman | Development of the axon membrane during differentiation of myelinated fibres in spinal nerve roots[END_REF] and demonstrated for the first time, in rat developing optic nerve axons, clusters of intramembranous (Waxman, Black, & Foster, 1982).

| Na v cluster assembly in vivo

In the mouse optic nerve, oligodendrocytes development and myelination begin at the start of the second postnatal week (Black, Foster, & Waxman, 1982;Skoff, Price, & Stocks, 1976). Our data in the WT mouse optic nerve indicate that as early as P8, isolated Na v clusters (i.e., without flanking Caspr immunoreactivity) are mostly detected. They colocalize with AnkyrinG and Nfasc186, forming prenodes or nodal-like clusters prior to paranodal junction assembly. We show that these prenodes are only transiently present during development (their proportion being strongly decreased at P9), suggesting a very dynamic maturation of the optic nerve in the second postnatal week. Our data are consistent with previous studies in the rat optic nerve, showing Na v clusters at P9-P10 (Rasband et al., 1999), including a small proportion of isolated structures without flanking Caspr immunoreactivity (Rasband et al., 1999). In addition to the optic nerve and the hippocampus (Freeman et al., 2015), prenodes have been detected in Purkinje cells in the cerebellum (Anne Desmazieres, unpublished results). What distinguishes axons that form prenodes might be their differentiation state and might be associated with the need for early establishment of neuronal connections during development of axons with long trajectories (Black et al., 1982;Freeman et al., 2015;Jinno et al., 2007). Physiological specialization linked to nodal structures has been previously shown along fibers in the neurogenic electric organ of the knife fish Sternarchus [START_REF] Waxman | Morphological correlates of functional differentiation of nodes of Ranvier along single fibers in the neurogenic electric organ of the knife fish Sternarchus[END_REF].

| Relevance of Contactin for nodal assembly in vivo

In the Cntn1-KO optic nerves, whereas paranodes are disrupted, as indicated by the absence of Caspr and as previously demonstrated (Boyle et al., 2001;[START_REF] Çolako Glu | Contactin-1 regulates myelination and nodal/paranodal domain organization in the central nervous system[END_REF], we show the presence of Na v clusters.

Our data are consistent with previous studies demonstrating that paranodal junction formation is not essential for initial Na v clustering in the CNS, as reported in mutants with disrupted paranodes, that is, in Caspr-, CGT-and CST-KO mice (Bhat et al., 2001;[START_REF] Ishibashi | A myelin galactolipid, sulfatide, is essential for maintenance of ion channels on myelinated axon but not essential for initial cluster formation[END_REF]Rios et al., 2003;Susuki et al., 2013) High level of CNTN expression is detected in oligodendrocyte progenitor cells and differentiating oligodendrocytes (Çolako glu et al., 2014).

CNTN binds both to RPTP/Phosphacan and TNR (Peles et al., 1995;Rathjen et al., 1991), suggesting possible formation of a multi-molecular complex which participates in early nodal clustering in vivo. Electron microscopic analysis revealed TNR immunoreactivity at contact sites between axons and processes of oligodendrocytes at P13/P14 (Bartsch, Bartsch, Dörries, & Schachner, 1992). Moreover, it has been shown that perinodal astrocytes and oligodendrocyte precursor cells extend processes that contact some nodes, which may participate in the formation of mature central node and/or stabilization [START_REF] Black | The perinodal astrocyte[END_REF][START_REF] Butt | Cells expressing the NG2 antigen contact nodes of Ranvier in adult CNS white matter[END_REF]Ffrench-Constant, Miller, Kruse, Schachner, & Raff, 1986;Serwanski, Jukkola, & Nishiyama, 2017). In addition, in situ hybridization analysis of RPTP-ß expression in the developing rat brain revealed high level of phosphacan transcript (i.e., 8.4-kb transcript) in glial cells that have migrated out of the proliferative zone [START_REF] Canoll | Three forms of RPTP-beta are differentially expressed during gliogenesis in the developing rat brain and during glial cell differentiation in culture[END_REF]. Notably, a strong signal was detected in the stratum oriens of the hippocampus at P7 [START_REF] Canoll | Three forms of RPTP-beta are differentially expressed during gliogenesis in the developing rat brain and during glial cell differentiation in culture[END_REF], a region where prenodes were observed (Freeman et al., 2015). Altogether, these in vivo observations support our hypothesis that an early dialogue between axons and oligodendrocyte precursors or differentiating oligodendrocytes is capable of eliciting Na v clustering along axons. The results from this study are in line with the suggestion that CNTN is one of the contributing molecules in this early communication.
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Figure S4: Protein list obtained from the proteomic analysis of OCM fractions. (A)

Proteins identified in the active fraction F13 (B) Proteins identified in the inactive fraction F15. Indicated parameters are the percent coverage of the total protein sequence by the identified peptides (∑ coverage), the number of identified peptides that are unique to this protein (no overlap with other proteins in the database) (∑# Unique Peptides) and the Peptide Spectral Match (∑# PSMs), i.e., indicating how many times the mass spectra match that of the peptide sequence. Article 2: Oligodendrocyte secreted factors shape hippocampal GABAergic neuron transcriptome and physiology
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ABSTRACT

Oligodendrocytes form myelin for central nervous system axons and release factors which signal to neurons during myelination. Here, we ask how oligodendroglial factors influence hippocampal GABAergic neuron physiology. In mixed hippocampal cultures GABAergic neurons fired action potentials of short duration and received high frequencies of excitatory synaptic events. In purified neuronal cultures without glial cells, GABAergic neuron excitability increased and the frequency of synaptic events decreased. These effects were largely reversed by adding oligodendrocyte conditioned medium. We compared the transcriptomic signature with the electrophysiological phenotype of single neurons in these three culture conditions. Genes expressed by single pyramidal or GABAergic neurons largely conformed to expected cell-type specific patterns. Multiple genes of GABAergic neurons were significantly downregulated by the transition from mixed cultures containing glial cells to purified neuronal cultures. Levels of these genes were restored by the addition of oligodendrocyte conditioned medium to purified cultures. Clustering genes with similar changes in expression between different culture conditions revealed processes affected by oligodendroglial factors. Enriched genes are linked to roles in synapse assembly, action potential generation and transmembrane ion transport, including of zinc. These results provide new insight into the molecular targets by which oligodendrocytes influence neuron excitability and synaptic function.

Keywords: GABAergic neurons, neuro-glia interactions, oligodendrocytes, secreted factors,

single-cell RNAseq

Communication between oligodendrocytes and neurons is crucial for circuit maturation but still not completely understood. The fast transmission of action potentials relies on insulating properties of myelin sheath which is interrupted at nodes of Ranvier, small axonal domains highly enriched in voltage-gated Na + channels (Sherman and Brophy 2005). The profile of myelination and nodes of Ranvier controls the timing of impulse transmission, critical for coincident arrival of synaptic inputs transmitted by multiple axons in sensory systems (Seidl 2014;Freeman et al. 2016;[START_REF] Arancibia-Cárcamo | Node of Ranvier length as a potential regulator of myelinated axon conduction speed[END_REF]Monje 2018). Both oligodendrocytes and oligodendrocyte precursor cells (OPCs or NG2 cells) sense neuronal activity, which triggers their differentiation and maturation into myelinating oligodendrocytes (Barres & Raff, 1993;Demerens et al. 1996). Adaptive myelination acts to reinforce selected circuits during learning (McKenzie et al. 2014;Bechler et al. 2018;Monje 2018;Stedehouder et al. 2018). Oligodendrocytes also release lactate to provide metabolic support to axons (Fünfschilling et al. 2012;Lee et al. 2012;[START_REF] Saab | Oligodendroglial NMDA Receptors Regulate Glucose Import and Axonal Energy Metabolism[END_REF].

Factors secreted by oligodendrocytes induce early formation of node-like clusters, termed prenodes, enriched in Nav channels, Nfasc186 and Ankyrin-G, along the axons of retinal ganglion cells and some hippocampal GABAergic neurons (parvalbumin or somatostatin immunopositive) before myelination (Kaplan et al. 1997;Freeman et al. 2015;Bonetto et al. 2019;Dubessy et al. 2019). These early clusters are associated with an increased axonal conduction velocity along GABAergic axons (Freeman et al. 2015). In addition, factors secreted by oligodendrocytes or their precursor cells close to the soma of pyramidal neurons modulate glutamatergic neurotransmission and restrain high-frequency firing [START_REF] Sakry | Oligodendrocyte precursor cells modulate the neuronal network by activity-dependent ectodomain cleavage of glial NG2[END_REF]Birey et al. 2015;Battefeld et al. 2016;Jang et al. 2019;Xin et al. 2019). Moreover, oligodendroglial exosomes and OPC secreted protein NG2 mediate glia signaling to neurons (Frühbeis et al. 2013;Sakry et al. 2015). The identity of molecular targets by which oligodendrocyte secreted factors affect GABAergic neuron excitability and synaptic interactions remain unknown.

The present study aimed to identify targets of oligodendrocyte mediated regulation of GABAergic hippocampal neurons. Electrophysiological phenotypes of rat hippocampal neurons were compared in mixed cultures, (with glial cells, CTRL) and purified neuron cultures (without glial cells, PUR). We then tested the effects of adding oligodendrocyte conditioned medium (OCM) to purified cultures. OCM tended to reverse changes in GABAergic neuron physiology and anatomy induced by eliminating glial cells from cultures Single-cell RNA-sequencing of GABAergic neuron cytoplasm collected in patch electrodes let us explore molecular targets of OCM-induced regulation. RNA-seq analysis was validated by the presence of cell-type specific genes, including those for subclasses of GABAergic neurons. Major targets of oligodendrocyte factor signaling to GABAergic neurons included ion channels and transporters contributing to the regulation of membrane potential and action potential generation as well transmembrane transport of zinc.

MATERIALS AND METHODS

Animals

Care and use of rats in all experiments conformed to institutional policies and guidelines (UPMC, INSERM, and European Community Council Directive 86/609/EEC). The following rat strains were studied: Sprague-Dawley or Wistar rats (Janvier Breeding Center) and VGAT-Venus Wistar rats in which a green fluorescent protein variant is selectively expressed in GA-BAergic cells (Uemastu et al. 2008). We assume that fluorescent cells in cultures correspond to GABAergic neurons.

Culture Media

We used the following culture media. NM, neurobasal medium (21103ium (2Gibco) supplemented with 0.5 mM L-glutamine, B27 (1×; Invitrogen), and penicillin-streptomycin (100 IU/mL). BS, Bottenstein-Sato medium: DMEM Glutamax supplemented with transferrin (50 μg/mL), albumin (50 μg/mL), insulin (5 μg/mL), progesterone (20 nM), putrescine (16 μg/mL), sodium selenite (5 ng/mL), T3 (40 ng/mL), T4 (40 ng/mL) and PDGF (10 ng/ml).

Preparation of oligodendrocyte conditioned medium

Glial cell cultures were prepared from cerebral cortices of P2 Wistar rats as described previously (Mazuir et al. 2020). After meninges were removed, cortices were incubated for 35 min in papain (30 U/mL; Worthington), supplemented with L-cysteine (0.24 mg/mL) and DNase (50 µg/mL) in DMEM at 37°. They were then mechanically homogenized and passed through a 0.70 µm filter. Cells were re-suspended in DMEM with 10% FCS and 1% penicillin-streptomycin. After 7 to 14 days in vitro (DIV), oligodendroglial lineage cells were purified from glial cell cultures which initially contain astrocytes and microglial cells. After cultures were shaken overnight at 230 rpm and 37°C, overlying oligodendroglial and microglial cells could be selectively detached. Microglia were then eliminated by differential adhesion (McCarthy and de Vellis 1980). Collected cells were incubated in dishes for 15 min. Non-adherent cells were retrieved and centrifuged in DMEM for 5 min at 1500 rpm. They were re-suspended and seeded at a density of 1.5x10 5 /cm 2 on Polyethylene-imine (PEI)-coated dishes with BS medium and 0.5% PDGF. Immunostaining showed that 90 ± 4% of cells were positive for the oligodendroglial marker O4 + , 7.2 ± 2.5% were GFAP + astrocytes and 4.6 ± 0.7% were CD11b + immunopositive microglial cells (Mazuir et al. 2020). Medium from these cultures was collected after 48 hours, filtered (0.22 µm) and stored for use as oligodendrocyte conditioned medium.

Neuronal cultures

Experiments were performed in three different culture conditions (Fig. 1A). Control (CTRL)

was mixed hippocampal cultures containing neurons, astrocytes and oligodendrocytes. They were prepared from E18 rat embryos and have been characterized (Freeman et al. 2015). Purified neuron cultures (PUR) were prepared by adding anti-mitotic agents (FdU and U 5µM) for 12 hours, starting at 24 hours after dissection. Immunostaining showed these cultures contained less than 5% astrocytes and virtually no oligodendrocytes. In OCM cultures oligodendrocyte conditioned medium was added to purified neuron cultures. Conditioned medium (500 μl/well) was added at 3 days in vitro (DIV). One-third of the medium was replaced with neurobasal medium (NM) at 7 DIV, and then twice a week. Axon initial segments were visualized by 20 min exposure to an anti-Nfasc antibody (clone A12/18, Antibodies Incorporated) coupled to Alexa 594 (using Apex antibody labeling kit, ref A10474, Thermofisher) before recordings. 

Patch-clamp electrophysiological recording and analysis

Electrophysiological

Statistical analysis of electrophysiological properties and morphology

Statistical analyses were performed using GraphPad Prism version 7.0. Experiments for each condition were carried out in at least 3 independent cultures from at least 3 different litters.

Electrophysiological parameters in Figs. 1 and2 were compared using the Mann-Whitney test (for PYR CTRL vs. GABA CTRL) and using Kruskal Wallis and Dunn's multiple comparison post hoc test (for GABA CTRL vs. GABA PUR, GABA PUR vs. GABA OCM and GABA CTRL vs. GABA OCM). P-values are given in Table 1.

Axonal and dendritic lengths were compared (Fig. 3) using Kruskal Wallis and Dunn's multiple comparison post hoc test (for GABA CTRL vs. GABA PUR and GABA PUR vs. GABA OCM and GABA CTRL vs. GABA OCM). Dendritic arborizations were assessed with Sholl analysis which measures the number of dendrites which intersect circles of increasing distance from the neuronal soma (20 µm increments were used). They were analyzed using a linear mixed-effects model (LMM) with culture condition and radial distance as fixed effects, and the cell identifier number as a random effect to account for the successive measurements over the concentric rings [START_REF] Wilson | Valid statistical approaches for analyzing sholl data: Mixed effects versus simple linear models[END_REF]. Significance for the main effects of condition, distance and their interaction was then evaluated using ANOVA Type II Wald chi-square tests. Analyses were made with R (R Development Core Team, ver 3.5.1, 2019) and plots were generated with the ggplot2 package [START_REF] Wickham | Ggplot2: Elegant Graphics for Data Analysis[END_REF]. LMM was fitted with the function lmer in the lme4 package [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF]. When a factor had a significant effect or when a significant interaction was found between condition and distance, post-hoc pairwise comparisons were completed with Tukey's method. Data were square root transformed before modeling to improve model assumptions of linearity, normality and constant variance of residuals, Data are presented as mean ± SEM (i.e. standard error of the mean). The level of statistical significance was set at p < 0.05 for all tests. Significance is represented as numbers of asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and n.s. indicates no significance.

cDNA synthesis, library preparation and sequencing mRNA capture, reverse transcription and amplification was achieved using the SMART-Seq v4 ultra low input RNA Kit (Takara, 634891). This kit improves synthesis of the full-length cDNA via a template switching mechanism for synthesis of the second strand cDNA. 5µl of sample was used for hybridization with the 3'smart-seq primer, then poly{T}-primed mRNA was converted to cDNA by reverse transcriptase and PCR amplification was done, according to the kit instructions. Full-length cDNA was then processed with a Nextera XT DNA Library Preparation Kit (Illumina, FC-131-1096). This kit aims to fragment and add adapter sequences onto template DNA with a single tube Nextera XT tagmentation reaction and so generate multiplex sequencing libraries. The resulting indexed paired-end libraries were sequenced by next-generation sequencing (NGS), using NextSeq500 2x75pb (Illumina NextSeq 500 platform) (Sup. Fig2A).

RNA-seq data analysis

RNA-Seq data analysis was performed by GenoSplice technology (www.genosplice.com). Sequencing, data quality, read distribution (to check for ribosomal contamination for instance), and insert size estimation were done with FastQC, Picard-Tools, Samtools and rseqc. Reads were mapped using STARv2.4.0 [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF]) on the rn6 Rat genome assembly. The regulation of gene expression was studied as in [START_REF] Noli | Discordant Growth of Monozygotic Twins Starts at the Blastocyst Stage: A Case Study[END_REF]. For each gene of the Rat FAST DB v2016_1 annotations, reads aligning on constitutive regions (not prone to alternative splicing) were counted. Normalization and differential gene expression was assessed from these reads using DESeq2 running on R (v. 3.2.5, Love et al. 2014). FastQC was used for quality control, sequencing quality per base and sequence, per base sequence and GC content, N content, overrepresented sequences, sequence lengths. Sequence coverage of introns and exons was used to ensure that the sequences derived from mRNA rather than genomic DNA.

From 64 samples, 21 passed these control quality steps. Others were discarded due to sample quality (n=32) or contamination detected from marker expression (n=11) based on the following GFAP, Aquaporin 4, Slc1a2, PDGFRa, MOG, Itgam (Sup. Fig2 B, D, E).

Genes were considered as expressed if their FPKM (i.e. Fragments Per Kilobase Million) value was greater than 98% of the background FPKM value from intergenic regions (Sup. Fig3).

Clustering and heatmap analyses were performed using dist" and "hclust" functions in R, with

Euclidean distance and Ward agglomeration method.

Genes were considered to be differentially expressed when the uncorrected p-value ≤ 0.05 and fold-change ≥ 1.5.

Enriched GO terms were assessed, from the identity of differentially expressed genes, with the DAVID Functional Annotation Tool (v6.8), [START_REF] Huang | The DAVID Gene Functional Classification Tool: a novel biological module-centric algorithm to functionally analyze large gene lists[END_REF]. GO terms were considered enriched when fold enrichment ≥ 2.0 and uncorrected p-value ≤ 0.05 (1.3 value in GO term graph matches with a p value of 0.05), and at least 2 regulated genes in the pathway/term.

A Pearson correlation-based approach was used to compare single-cell RNA values with electrophysiological parameters for neurons (Fig. 6). The procedure was restricted to genes expressed in at least five samples, with coefficients greater than 0.6 and significant p-values (p<0.05).

RESULTS

Oligodendrocyte secreted factors control the electrophysiological properties of hippocampal GABAergic neurons

We first asked how the presence of glial cells or oligodendrocyte secreted factors affected GABAergic neuron phenotype. Hippocampal neuron cultures were prepared from VGAT-Venus rat embryos so that GABAergic interneurons could be identified. Spontaneous activity and active and passive membrane properties were recorded in the current clamp mode from fluorescent GABAergic neurons (n=36). These properties were compared with those of unlabeled pyramidal cells (n=11). We further compared the physiology of GABAergic neurons in control cultures (CTRL) with those in purified cultures lacking glial cells (PUR) and with those in purified cultures supplemented with oligodendrocyte conditioned medium (OCM) (Fig. 1A,B).

Spontaneous synaptic events and spiking activity of recorded cells was quantified at resting potential with no injected current (Fig. 1C-E). In pyramidal cells (PYR), frequencies of excitatory postsynaptic potentials (EPSP) and action potentials (AP) were low in CTRL cultures (PYR CTRL, EPSPs, 7±2 Hz; APs, 0.03±0.01 Hz; n=11). Mean resting potential was -63±3 mV and mean input resistance was 330±66 MΩ (Fig. 1F,G; Table 1). EPSP frequency and AP discharge rate were both higher in GABAergic neurons from the same cultures. Mean EPSP frequency was 70±13 Hz and AP discharge frequency was 0.6±0.5 Hz (GABA CTRL, n=11).

In PUR neuronal cultures, both EPSP frequency and AP discharge by GABAergic neurons were reduced (GABA PUR, EPSPs, 6±2 Hz, n=10; APs, 0.03±0.03 Hz, n=11). This despite a more depolarized mean resting membrane potential (GABA PUR, -49±4 mV vs GABA CTRL, -55±2 mV) and a significantly higher input resistance than in control cultures (GABA PUR, 144±14 MΩ vs GABA CTRL, 74±16 MΩ). Supplementing PUR cultures with oligodendrocyte conditioned medium tended to increase EPSP and AP frequencies towards CTRL levels (GABA OCM, EPSPs, 19±4 Hz, n=13; APs, 0.4±0.03 Hz, n=12). Mean membrane potential and input resistance also reverted towards values in CTRL mixed cultures (GABA OCM, -54±2 mV and 110±29 MΩ). These data suggest that oligodendrocyte secreted factors influence active and passive aspects of the physiological phenotype of GABAergic neurons.

We next asked whether the properties of fluorescent and non-fluorescent cells were consistent with those of GABAergic neurons and pyramidal cells respectively (Pelkey et al. 2017).

In control cultures, the mean resting potential of fluorescent neurons was significantly more depolarized (GABA CTRL, -55±1 mV vs. PYR CTRL, -63±3 mV; Fig. 1F), and their input resistance was significantly lower than that of non-fluorescent cells (74±16 MΩ vs. 330±66 MΩ; Fig. 1G). Comparing neuronal responses to depolarizing and hyperpolarizing step current injections (Sup. Fig. 1, Fig. 2) revealed significant differences in the membrane time constant tau (Fig. 2C, GABA CTRL, 12±3 ms vs. PYR CTRL, 31±5 ms), sag ratio, which is linked to the presence of an h-current, (Fig. 2D, 1.27±0.03 vs 1.10±0.03), rheobase current (Fig. 2E, 427±86 pA vs 121±25 pA) and firing rate induced by a 200 pA step current injection (Fig. 2F, 3±2 Hz vs 26±6 Hz). Input-output plots of the number of APs against the injected current had a mean initial slope of 99±15 Hz/pA in fluorescent cells, significantly lower than 224±45 Hz/pA for non-fluorescent cells (Fig. 2G). Action potential width in fluorescent neurons was short, 0.50±0.06 ms (Fig. 2I), as is characteristic of some interneurons, compared to an AP width of 1.51±0.25 ms in non-fluorescent neurons. AP thresholds were similar: -32.2±1.1 mV in fluorescent cells (Fig. 2H) and -30.5±0.1 mV in non-fluorescent cells. AP rising amplitude (Fig. 2K) was 61±3 mV in fluorescent cells, significantly lower than a value of 78±2 mV in nonfluorescent cells. Maximum depolarization and repolarization rates were 294±21 V/s and -164±25 V/s respectively in fluorescent cells, compared to 325±64 V/s (Fig. 2L) and -61±8 V/s (Fig. 2M) in non-fluorescent neurons. Action potential after hyper-polarizations (AHP) were larger in fluorescent cells at -28±1 mV compared to -19±1 mV (Fig. 2J). The latency to the first AP at rheobase was significantly shorter, 167±52 ms compared to 349±76 ms (Fig. 2N). Overall these data confirm that fluorescent neurons from VGAT-Venus animals correspond to GA-BAergic neurons, and non-fluorescent cells to pyramidal cells. Table 1 summarizes these physiological data and provides statistical support for comparisons.

Our next objective was to compare electrophysiological phenotypes for GABAergic neurons in control conditions (CTRL), in purified cultures (PUR) with no glial cells and in PUR cultures supplemented with oligodendrocyte conditioned medium (OCM). We found nodal proteins were clustered on GABAergic axons in CTRL but not in PUR cultures (not shown). Adding OCM to PUR cultures induced prenode formation as previously shown (Freeman et al. 2015;Dubessy et al. 2019). We also found some electrophysiological parameters of GABAergic neurons changed when glial cells were absent, and were partially restored by OCM treatment (Fig. 1, 2 and Table 1). The mean resting membrane potential of GABAergic neurons did not change significantly (Fig. 1F These data show that factors of the OCM have significant effects on the input resistance, rheobase current, and AP and AHP amplitudes of GABAergic neurons. These effects partially reverse changes induced by switching from a mixed culture of neurons, oligodendrocytes, and other glial cells, to a purified neuronal culture.

Impact of OCM on hippocampal GABAergic neuron morphology

We next asked whether factors secreted by oligodendrocyte exert trophic effects on GA-BAergic neuron anatomy. Biocytin-filled GABAergic neurons from CTRL, PUR, and OCM cultures were reconstructed and axonal and dendritic lengths were measured (Fig. 3A-C). The absence of glial cells had no significant effect on total axonal length (CTRL, 1179 ± 174 µm, n=6;PUR, 1929 ± 583 µm, n=5; Fig. 3B) or total dendritic length (CTRL, 4405 ± 401 µm, n=6;

PUR, 4794 ± 725 µm, n=5; Fig. 3C). Scholl analysis of dendritic arbors revealed slight differences (Fig. 3D). However, in OCM cultures, total axonal length (OCM, 6451 ± 1695 µm, n=8) was significantly increased compared to CTRL (p=0.0148) and mid-dendritic arbors were significantly more complex at distances of 260-700 µm from the soma compared to CTRL and PUR (Fig. 3B,D). Thus oligodendrocyte derived factors exert effects on axons and dendrites of GABAergic neurons, which were not apparent on switching from CTRL to PUR cultures.

Single-cell transcriptomic analysis of electrophysiologically characterized neurons

We used single cell RNA-sequencing (scRNA-seq) of the cytoplasmic contents of GA-BAergic neurons to pursue the identity of protein targets underlying changes in their phenotype induced by OCM. When patch-clamp recordings were completed, the same pipette was used to harvest neuronal cytosolic contents (n=64). Sup. Fig. 2A, B illustrates the experimental workflow and bioinformatics pipeline. We noted a strong correlation (R=0.79) between the number of expressed genes and the number of aligned reads suggesting that increasing reads could improve transcript detection (Fig. 4-1C). RNA-seq data was filtered to exclude samples of poor RNA quality where fewer than 2000 transcripts were detected. We also excluded samples which expressed glial cell specific genes, such as Mog or Gfap, as likely contaminated. Samples from 21 neurons passed these two controls.

Principal component analysis (PCA) of transcriptomic profiles captured 22% of explained variance with the first two principal components, PC1 and PC2 (Fig. 4A). Pyramidal cells and GABAergic neurons were clearly segregated in this two-dimensional space. GA-BAergic neurons from PUR cultures were separated from GABAergic neurons in CTRL cultures. Transcriptomes of GABAergic neurons from OCM cultures overlapped with those of CTRL cultures.

We investigated transcriptomic differences between hippocampal neuron types and the transcriptional response to glial factors in GABAergic neurons. The heat map of Fig. 4B shows in red up-regulated genes and in blue genes that were down-regulated with respect to mean expression in all three conditions. High, deep sequencing detected up to 5,700 expressed genes in single neurons. Hierarchical clustering of samples from different cells in the heat map segregated 4 out of 5 pyramidal neurons from GABAergic neurons. GABAergic neurons from purified cultures (PUR) were also grouped together in the dendrogram while GABAergic neurons sampled in CTRL and OCM cultures overlapped in a large branch (Fig. 4B).

As a step towards validation of these results, we searched for the presence of known Elfn1, the serotonin receptor Htr3a, KCC2 the potassium chloride cotransporter 2, Slc12a5, the kinase Erbb4 and the protease reelin, Reln. We note that some molecular markers examined here are not entirely specific to GABAergic neurons, and were also detected in samples from 1 or 2 pyramidal cells (Slc12a5,Calb1,Satb1,Reln,Sst,Npy,Elfn1 and Cck.). Furthermore, no samples from either pyramidal or GABAergic neurons expressed Vip, Calb2 or Nos1 (Fig. 4D).

Ion channel and transmitter receptor gene expression in single hippocampal neurons

The cellular and synaptic physiology of neurons depends on the expression of genes coding for ion channels, transporters and neurotransmitter receptors. We examined quantitative expression of these genes in samples from each neuron in our RNAseq data set (Fig. 5A,B).

Different neurons expressed different levels of Atp1a, b genes coding for Na + /K + -transporting ATPase subunits and Clcn3-7 genes coding for Cl -/H + exchangers, which contribute to stabilize membrane potential. The depolarization phase of action potentials is due to opening of voltagegated sodium channels, which consist of an α-subunit forming pore (Scn1a-9a) and auxiliary ß subunits (Scn1b-4b). Almost all neurons expressed high levels of Scn2a (encodes Nav1.2). In contrast, only GABAergic neurons in CTRL cultures with glial cells or with oligodendroglial factors (OCM) expressed Scn1a (Nav1.1) and few expressed Scn8a (Nav1.6). The Na + channel modifier 1 (Scnm1), which governs alternative splicing of pre-mRNAs, was detected in samples from some GABAergic neurons but not from pyramidal cells.

Various potassium channels are crucial for action potential repolarization, generate the AHP and contribute to maintenance of membrane potential. Voltage-gated K + channels differ in structure, biophysics and pharmacology from voltage independent, two-pore-domain (K2P) channels which support leak-type K + conductances. We found that distinct neurons express specific combinations of K + channel ∝ (Kcna-v) and auxiliary subunits (Kcnab1-2) as well as K2P channels (Kcnk1-10). We also examined Ca 2+ channels, Ca 2+ -activated K + channels and hyperpolarization-activated, cyclic nucleotide gated, K + /Na + permeable 'h' channels (HCN).

Fig. 5B shows genes encoding ionotropic glutamate receptors, expressed at excitatory synapses, and including AMPA receptors (Gria1-4), NMDA receptors (Grin1-3) and kaand k receptors (Grik1-5). Genes encoding GABAA receptors (Gabra-g), which mediate fast inhibitory neurotransmission and are assembled as heteropentameric chloride channels, are also indicated as are detected genes which code for subunits of nicotinic cholinergic receptors (Chrnab), serotonin receptor (Htr3a) and glycine receptor (Glra2). Fig. 5C shows genes coding for Gprotein linked receptors including metabotropic glutamate (Grm2, 5) and GABAB (Gabbr1, 2)

receptors.

Correlation-based approach

These scPatch-seq data permit quantitative assays of transcriptomic features. We attempted to relate them to intrinsic neuronal electrophysiology by searching for correlations between values from transcriptomic samples and different electrophysiological parameters. Fig. 6 plots genes coding for ion channels, transporters and synaptic receptors for which a correlation (p-value <0.05) with electrophysiological parameters was detected. The analysis was based on all neurons with complete electrical and transcriptomic datasets and on cells from all culture conditions. Genes were clustered based on their relations with electrophysiological parameters.

One cluster coding for α1, ß1 and α3 subunits of the Na + , K + -ATPase (Atp1a1, Atp1b1 and Atp1a3), was correlated with neuronal input resistance, Atp1b1 was also correlated with time constant, tau and AP width. The Na + channel subunit Scn2a (coding for Nav1.2) was correlated with the time constant tau and with AP threshold, neuronal input resistance and AP width. A larger cluster, consisting of several K-channel linked genes (Kcnc2, coding for Kv3.2; Kcnk3, Task-1; Kcnip1, K + channel modulatory protein), as well as two Zn transporters (Slc30a3, ZnT3; Slc30a4, ZnT4) was strongly correlated with the Sag ratio, the AP threshold and the after-hyperpolarization amplitude (AP AHP).

Transcriptomic patterns across groups of neurons in relation to biological processes

Gene Ontology (GO) analysis let us estimate biological processes underlying differential expression of groups of genes in different neurons or in different culture conditions. For instance, 326 genes were differentially expressed in GABAergic neurons and pyramidal neurons in CTRL cultures (Fig. 7A). GO process terms derived from the identity of the genes were related to synaptic transmission, organization and transmitter transport as well as cortical development. Comparing GABAergic neurons in CTRL and PUR cultures we found 219 genes were differentially expressed, mostly down-regulated in PUR conditions (Fig. 7B). Inversely, comparing GABAergic neurons in PUR and OCM cultures, 192 genes were differentially expressed, mostly up-regulated in OCM conditions (Fig. 7C). Many genes were down-regulated in one comparison and up-regulated in the other. GO process terms identified from their identity regulate neuronal action potential, synapse assembly, Ca 2+ -dependent exocytosis, protein phosphorylation, kinase signaling and cell division (Fig. 7B,C). GO-analysis further suggested that genes coding for proteins involved in transmembrane transport of K + were up-regulated by OCM treatment (Fig. 7C).

Further insights into processes affected by oligodendrocyte factors were obtained by grouping genes with similar profiles of changes. RNA-seq data from GABAergic neurons in different culture conditions was normalized with respect to expression of each gene in pyramidal cells (Fig. 8A, B and Sup. Fig4). A total of 241 genes were identified as differentially expressed between pyramidal and GABAergic neurons in CTRL cultures and were mostly insensitive to PUR or OCM culture conditions (Sup. Fig4).

We found a significant difference in the group of genes that were reduced in PUR cultures and restored in OCM cultures. For one group of these genes, expression in GABAergic and pyramidal neurons in CTRL conditions were comparable (Fig. 8A; n=137). Another second group of genes differed in that expression in GABAergic neurons was systematically higher than in pyramidal cells in CTRL cultures (Fig. 8B; n=120). GO term analysis of the identities of the first group of genes (Fig. 8a') linked them to processes including negative regulation of protein kinase activity and apoptosis signaling pathways. In contrast, the identities of the second group of genes (Fig. 8b') evoked biological processes including the membrane transport of zinc, K + channels, regulation of membrane potential and action potential and G-protein coupled receptor signaling pathways.

Finally we present target genes whose expression was affected by the absence of glial cells in PUR cultures and inversely by OCM and which are linked to GABAergic cell physiology.

These target transcripts code for ion channels, transporters, synaptic markers, vesicle trafficking, cytoskeleton remodeling, cell adhesion molecules, growth factors and signaling (Fig. 8C)

and were mostly up-regulated in CTRL and OCM neurons. They included Na + channels, Scn1a (Nav1.1) and Scn1b (ß1Nav) and K + channels, Kcna1 (Kv1.1), Kcnab1 (ß1Kv), Kcnk3 (Task-1), Kcnip1 (KChip-1, a K + channel modulatory protein). Genes encoding zinc transporters (Slc39a11, Slc30a4 and Slc30a3), were upregulated by OCM, while a Na + /K + /Ca 2+ exchanger (Slc24a2) was one of the few transcripts downregulated by OCM. Among genes coding for signaling molecules, growth factors and receptors, the kinases Nek7, Pak1 and Akt1, and growth factors Vegfb, Pdfga, Fgf9 and Rara were up-regulated in OCM culture conditions. Only the protein kinase C binding protein Nell2 and the neuropeptide hormone Proenkephalin (Penk)

were downregulated by OCM.

DISCUSSION

Data presented here suggests that factors released by oligodendrocytes modulate the transcriptome, electrical phenotype and morphology of GABAergic neurons. The absence of glial cells from purified neuron cultures reduced synaptic activity and action potential firing of GABAergic neurons and many genes were downregulated. Processes linked to these changes included synapse assembly, action potential generation and transmembrane ion transport. Our results should help identify some of the molecular targets by which oligodendrocytes modulate GA-BAergic neuron excitability and synaptic function.

A hippocampal culture model permits investigation of regulation of interneuron morphology, excitability and firing properties by glial factors

This study was based on dissociated hippocampal cell cultures. Recordings were made from (i) glutamatergic and GABAergic neurons in the presence of glial cells (CTRL), (ii) GA-BAergic neurons in the absence of glial cells (PUR) and (iii), GABAergic neurons in cultures without glial cells but with added oligodendroglial conditioned medium (OCM). Our data showed (Fig. 2) GABAergic neurons in culture conserved properties, including a relatively depolarized resting potential, and action potentials of short duration followed by a prominent AHP, which distinguish them from hippocampal pyramidal cells [START_REF] Spruston | Perforated patch-clamp analysis of the passive membrane properties of three classes of hippocampal neurons[END_REF][START_REF] Fricker | Cell-attached measurements of the firing threshold of rat hippocampal neurones[END_REF][START_REF] Staff | Resting and active properties of pyramidal neurons in subiculum and CA1 of rat hippocampus[END_REF]Hu et al. 2014).

The frequency of excitatory synaptic events impinging on hippocampal GABAergic neurons was strongly reduced in the absence of glial cells. This is consistent with data showing that glutamatergic synaptic transmission is enhanced by factors secreted by glia (Turko et al. 2019) including astrocytes (Baldwin and Eroglu 2017). Here we demonstrate for the first time that oligodendrocytes regulate synaptic excitation of GABAergic interneurons. Adding OCM to PUR cultures partly restored EPSC frequencies. The absence of astrocyte related factors from the conditioned medium may appear to reduce the strength of the oligodendrocyte related effect.

Anatomical analysis revealed that oligodendrocyte secreted factors (OCM) enhanced the complexity of dendritic arbors, although dendritic length differed little between cultures that did (CTRL) or did not (PUR) contain glial cells. Novel synapses formed on more complex dendrites in OCM cultures may contribute to the increased EPSC frequency in these conditions.

We found similar electrophysiological properties for GABAergic neurons grown in CTRL and OCM cultures, notably a low input resistance and high rheobase. Rheobase was reduced and AP firing frequency significantly depressed in PUR cultures. The phenotype of low intrinsic excitability corresponds to mature neurons expressing a large array of voltage dependent or independent ion channels. Glial factors may operate homeostatically so that neurons adapt to levels of spontaneous firing in cultures with dense synaptic connections.

We did not attempt to identify factors released by oligodendrocytes, and their precursor cells, which mediated the effects of OCM on GABAergic neurons. Candidate molecules may include the proteoglycan NG2 [START_REF] Sakry | Oligodendrocyte precursor cells modulate the neuronal network by activity-dependent ectodomain cleavage of glial NG2[END_REF], FGF2 (Birey et al. 2015), or BDNF (Jang et al. 2019) which modulate glutamatergic neurotransmission on pyramidal cells but their effects on GABAergic neurons are not known. Our mass spectrometry analysis has shown that contactin-1, together with RPTPß/phosphacan or tenascin R, is present in a previous OCM, and influences early formation of Na+ channel clusters on axons of GABAergic cells (Dubessy et al. 2019). Cell adhesion molecules and extracellular matrix proteins secreted by oligodendrocytes form peri-nodal complexes that transmit signals to neurons which could influence their physiology and connectivity (Fawcett, Oohashi and Pizzorusso, 2019).

Technical points

This work combined patch clamp recordings with single neuron RNA-seq analysis. Relatively few studies have demonstrated strong correlations between single-neuron transcriptomic profiles and electrophysiological phenotypes [START_REF] Cadwell | Electrophysiological, transcriptomic and morphologic profiling of single neurons using Patch-seq[END_REF][START_REF] Földy | Single-cell RNAseq reveals cell adhesion molecule profiles in electrophysiologically defined neurons[END_REF][START_REF] Fuzik | Integration of electrophysiological recordings with single-cell RNA-seq data identifies neuronal subtypes[END_REF][START_REF] Muñoz-Manchado | Diversity of Interneurons in the Dorsal Striatum Revealed by Single-Cell RNA Sequencing and PatchSeq[END_REF][START_REF] Scala | Layer 4 of mouse neocortex differs in cell types and circuit organization between sensory areas[END_REF]. We took several steps to ensure and verify the validity of our results. The duration of patch electrode recordings was deliberately limited to ~10 min in order to minimize perturbation of the transcriptome [START_REF] Fuzik | Integration of electrophysiological recordings with single-cell RNA-seq data identifies neuronal subtypes[END_REF]. When possible patch electrodes targeted isolated neuronal somata to reduce possible mRNA contamination from adjacent cells [START_REF] Tripathy | Transcriptomic correlates of neuron electrophysiological diversity[END_REF].

As for previously published single-cell RNAseq datasets, the number of sequenced reads per cell was found to be positively correlated with detected transcript counts and did not reach a plateau [START_REF] Cadwell | Electrophysiological, transcriptomic and morphologic profiling of single neurons using Patch-seq[END_REF][START_REF] Tasic | Adult mouse cortical cell taxonomy revealed by single cell transcriptomics[END_REF][START_REF] Tripathy | Transcriptomic correlates of neuron electrophysiological diversity[END_REF]. We attempted to validate our data by cross-correlating transcripts detected for recorded pyramidal and inhibitory neurons with expected profiles for these cell types. Most GABAergic neurons expressed molecular markers, including peptides and Ca-binding proteins, specific to known subclasses of these cells (Zeisel et al. 2015;[START_REF] Gouwens | Toward an integrated classification of neuronal cell types: morphoelectric and transcriptomic characterization of individual GABAergic cortical neurons[END_REF]. Larger numbers of sequenced cells would have permitted enhanced statistics to assure data quality even if links between specific transcripts and identified cell types tends to support our approach.

Single neuron transcriptomes obtained in this way helped us define a global view of processes initiated by oligodendrocyte conditioned medium. They showed glial factors modify the transcriptome of GABAergic neurons to change intrinsic electrophysiological properties, AP generation, EPSC frequencies and dendritic anatomy.

Gene expression in hippocampal neuron types

Transcriptomic data are defining the classification of cortical neurons (Zeisel et al. 2015;Cembrowski et al. 2016;[START_REF] Harris | Classes and continua of hippocampal CA1 inhibitory neurons revealed by single-cell transcriptomics[END_REF][START_REF] Sugino | Mapping the transcriptional diversity of genetically and anatomically defined cell populations in the mouse brain[END_REF][START_REF] Yuste | A community-based transcriptomics classification and nomenclature of neocortical cell types[END_REF]. A recent study based on Patch-seq data from several 1000s of cells may offer the best current correspondence between transcriptomic, anatomical and electrophysiological data for GABAergic mouse cortical neurons [START_REF] Gouwens | Toward an integrated classification of neuronal cell types: morphoelectric and transcriptomic characterization of individual GABAergic cortical neurons[END_REF]. Our data can be interpreted in the light of those studies. Most GABAergic neurons studied in the hippocampal cultures studied here expressed Somatostatin (SST) associated with other peptide markers. Several subtypes of hippocampal inhibitory cells express SST including long-range inhibitory neurons which possess myelinated axons (and also express Calbindin and Npy), oriens-lacunosum moleculare (O-LM) interneurons (also Elfn1 and Pnoc), or oriens-bistratified neurons (also Tac1, Npy, Satb1 and Erbb4) [START_REF] Somogyi | Defined types of cortical interneurone structure space and spike timing in the hippocampus[END_REF][START_REF] Jinno | Structural organization of long-range GABAergic projection system of the hippocampus[END_REF][START_REF] Harris | Classes and continua of hippocampal CA1 inhibitory neurons revealed by single-cell transcriptomics[END_REF]. We found some cells expressed genes for Sst, Pnoc and Pvalb (Jinno and Kosaka 2000;[START_REF] Jinno | Structural organization of long-range GABAergic projection system of the hippocampus[END_REF][START_REF] Harris | Classes and continua of hippocampal CA1 inhibitory neurons revealed by single-cell transcriptomics[END_REF].

A minority of GABAergic neurons expressed genes for Reelin and NPY as do neurogliaform cells (Pelkey et al., 2017).

GABAergic neuron data revealed genes coding for proteins relevant to specific aspects of inhibitory cell physiology. They included Nav1.1 (Scn1a), Kv3.2 (Kcnc2) and Task-1(Kcnk3) in neurons with PV and/or SST genes [START_REF] Chow | K(+) channel expression distinguishes subpopulations of parvalbumin-and somatostatin-containing neocortical interneurons[END_REF][START_REF] Torborg | TASK-like conductances are present within hippocampal CA1 stratum oriens interneuron subpopulations[END_REF][START_REF] Lorincz | Cell-type-dependent molecular composition of the axon initial segment[END_REF]. Kv3 channels with fast kinetics curtail action potentials permitting sustained firing at high frequencies [START_REF] Rudy | Kv3 channels: voltage-gated K+ channels designed for high-frequency repetitive firing[END_REF][START_REF] Gu | Balanced Activity between Kv3 and Nav Channels Determines Fast-Spiking in Mammalian Central Neurons[END_REF][START_REF] Hu | Complementary Tuning of Na+ and K+ Channel Gating Underlies Fast and Energy-Efficient Action Potentials in GABAergic Interneuron Axons[END_REF]. Task-1 forms K + permeable leak channels which contribute to resting potential and membrane resistance (Okaty et al. 2009). We found high levels of genes for the zinc transporters, ZnT3 (Slc30a3) and ZnT4 (Slc30a4), which are found in SST-containing interneurons (Paul et al. 2017). ZnT3 is a vesicular transporter which may contribute to the co-release of zinc in synaptic vesicles with GABA (McAllister and Dyck 2017).

Correlation between gene expression and electrophysiological parameters

We attempted to link expression of genes for ion channels and neurotransmitter receptors with elements of electrophysiological phenotypes using a correlation-based analysis on data from different cell types and culture conditions. The analysis suggests genes for α1, ß1 and α3 subunits of the Na + , K + -ATPase, Atp1a1, Atp1b1 and Atp1a3, are linked to neuronal input resistance. The Na + /K + -ATPase maintains transmembrane ionic gradients and resting membrane thus affecting neuronal excitability [START_REF] Larsen | Managing Brain Extracellular K(+) during Neuronal Activity: The Physiological Role of the Na(+)/K(+)-ATPase Subunit Isoforms[END_REF]. The Na-channel subunit Scn2a (Nav1.2) was found to be correlated with action potential width, neuronal input resistance, and the membrane time constant, tau. A cluster including several K + channels (Kcnc2, Kcnk3 and Kcnip-1) and two Zinc transporters (Slc30a3 and Slc30a), was expressed selectively in GA-BAergic neurons, and correlated with AP threshold, sag ratio and the after-hyperpolarization amplitude. We should note that these correlations do not imply causality and caution that classdriven correlations are an important confound in our dataset. Some within-cell-type correlations may have been missed [START_REF] Bomkamp | Transcriptomic correlates of electrophysiological and morphological diversity within and across excitatory and inhibitory neuron classes[END_REF].

Biological processes affected by glial cells and oligodendroglial secreted factors

Clustering genes with similar patterns of altered expression revealed GO process terms regulated by factors in OCM. Processes identified in this way matched quite efficiently with changes in GABAergic neuron phenotype inferred from electrophysiological and anatomical observations. Enriched processes included synapse assembly, action potential generation, transmembrane transport of ions specifically zinc, and kinase signaling. They derived from differential expression of K + channel genes, including Kcna1 (Kv1.1), Kcnab1 (Kv ß1chain), Kcnip1

(KChIP) and Kcnk3 (Task-1), and Na + channel genes, including Scn1a (Nav1.1) and Scn1b

(Nav ß1chain). We found two kinases which were upregulated in OCM. Nek7 is involved in microtubule polymerization during the formation of PV+ interneuron connections [START_REF] Hinojosa | The Microtubule Regulator NEK7 Coordinates the Wiring of Cortical Parvalbumin Interneurons[END_REF]). Akt1, mediates the effects of growth factors to regulate neuronal survival, actin polymerization, synaptic transmission and to initiate myelination by oligodendrocytes [START_REF] Wang | Control of synaptic strength, a novel function of Akt[END_REF][START_REF] Lai | Akt1 deficiency affects neuronal morphology and predisposes to abnormalities in prefrontal cortex functioning[END_REF]Goebbels et al. 2017).

In 1. 1

. P-values given in Table 1. (D) Sholl analysis showing for each condition the number of dendrites intersecting increasing radii (20-1000 µm from the soma at interval 20 µm). The two segmented lines above the plot indicate significant differences between GABA OCM and CTRL (blue) and between GABA OCM and PUR (red). There were no significant differences between GABA CTRL and PUR.

LMM and Type II Wald chi-square tests followed by post-hoc analyses using Tukey's method. Sup. Figure 3: Comparison of distributions for genes expressed (representative example, sample 34, PYR) within noncoding regions (intergenic, black) and coding regions. Genes were not detected when their expression fell within 98% of intergenic regions. In this case, Scn1b and Kcnc1 were considered to be expressed while Bsn was not.

Sup. Figure 4: Expression of genes in a cluster with similar expression pattern in different culture conditions. Gene expression was normalized to that of pyramidal cells in control conditions. The number of genes for each cluster is indicated. The continuous black line shows the mean gene expression in different culture conditions.

In the late twenty century, Kaplan and colleagues were among the first to investigate the mechanisms underlying nodes of Ranvier formation in the CNS (Kaplan et al., 1997(Kaplan et al., , 2001)).

They put forward arguments on the existence of a soluble factor secreted by oligodendrocytes capable of clustering Nav channels along unmyelinated retinal ganglion cells (RGCs) in vitro (Kaplan et al., 1997(Kaplan et al., , 2001). Yet, a decade of work later, it is now generally assumed that nodes of Ranvier formation relies on pivotal contacts between myelinating oligodendrocytes and the axon, notably through paranodal junctions formation, for review see [START_REF] Rasband | Mechanisms of node of Ranvier assembly[END_REF]. Nevertheless, our laboratory suggested that nodes of Ranvier formation may differ between neuronal subtypes (Freeman et al., 2015). While hippocampal pyramidal cells assemble nodes of Ranvier concomitantly with myelination, high densities of Nav channels, co-localizing with Nfasc186 and AnkG, are clustered along the axon of hippocampal GABAergic neurons prior to myelin deposition and correlate with a 150% increase of AP conduction velocity (Freeman et al., 2015). Importantly, hippocampal GABAergic neurons fail to form such node-like clusters (or prenodes) in the absence of glial cells, but the addition of OCM is sufficient to induce prenodal formation (Freeman et al., 2015). The first aim of my dissertation was to participate in the identification of the oligodendroglial secreted factor(s) responsible for prenodal formation along hippocampal GABAergic neurons. We successfully identified the oligodendrocyte-derived clustering factors as a multimolecular complex, consisting of Contactin-1 combined with the extracellular matrix proteins RPTP/Phosphacan or Tenascin-R (Dubessy et al., 2019) (Figure 35). Beyond inducing early clustering of Nav channels, factors released by oligodendrocyte lineage cells have also neuromodulatory functions. Several reports demonstrated the role of oligodendroglial cues in promoting both neuronal survival and axonal growth of excitatory neurons (Meyer-Franke et al., 1995;Wilkins et al., 2001Wilkins et al., , 2003;;Frühbeis et al., 2013). Furthermore, recent evidences put forward their contribution in the modulation of glutamatergic transmission and connectivity [START_REF] Sakry | Oligodendrocyte precursor cells modulate the neuronal network by activity-dependent ectodomain cleavage of glial NG2[END_REF]Birey et al., 2015;[START_REF] Zemmar | Oligodendrocyte-and Neuron-Specific Nogo-A Restrict Dendritic Branching and Spine Density in the Adult Mouse Motor Cortex[END_REF]Jang et al., 2019;Xin et al., 2019). However, in these studies, GABAergic neurons have been neglected. Given that expression of prenodes illuminates communication between oligodendrocytes and GABAergic neurons (Freeman et al., 2015;Dubessy et al., 2019), the second objective of my dissertation was to examine how oligodendroglial factors influence hippocampal GABAergic neuron physiology. To do so, we aimed to identify targets of oligodendrocyte mediated regulation of hippocampal GABAergic neurons. An electrophysiological and transcriptomic analysis of single GABAergic neurons, revealed that glial cell presence enhances AP discharge and excitatory post-synaptic potentials (EPSPs) received by GABAergic neurons. Specific changes in transcripts for ion channels, transporters and synaptic markers were induced in glial cell co-cultures and adding OCM (Mazuir et al., 2020a) to purified GABAergic cell cultures partly recapitulated these changes (Mazuir et al., 2020b). Conditioned medium also increased dendritic arborizations of GABAergic neurons (Figure 35).

What are the characteristics of neurons that form prenodes?

In contrast to nodes of Ranvier, prenodes are found along developing unmyelinated axons. At the molecular level, they are highly close to nodes as they are enriched in Nav channels, the CAMs Nfasc186 and NrCAM and the whole being anchored to the underlying cytoskeleton through AnkG/ßIV-spectrin. In addition, similar to nodes, prenodes extend over an average length of about 2 µm. One key feature which distinguishes them from mature nodes is the spacing of around 16 µm between two prenodal clusters (Freeman et al., 2015), which is significantly lower that the internodal distance of myelinated neurons [START_REF] Freeman | Acceleration of conduction velocity linked to clustering of nodal components precedes myelination[END_REF][START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF]. This periodicity may imply an underlying cytoskeletal patterning of the axon. It has been indeed shown through stochastic optical reconstruction microscopy (STORM) that actin forms ring-like structures around the circumference of hippocampal axons with a regular periodicity of 180-190 nm. Such periodic cytoskeletal structures are coordinated with the expression of both Nav channels and AnkG, which are also forming semi-periodic patterns along the axons [START_REF] Xu | Actin, spectrin and associated proteins form a periodic cytoskeletal structure in axons[END_REF]. Investigation of the cytoskeletal organization of both nodes of Ranvier and AIS revealed similar periodic arrangement of CAMs, ion channels and cytoskeletal proteins [START_REF] D'este | STED nanoscopy reveals the ubiquity of subcortical cytoskeleton periodicity in living neurons[END_REF][START_REF] D'este | Ultrastructural anatomy of nodes of Ranvier in the peripheral nervous system as revealed by STED microscopy[END_REF]. In the AIS, such periodic patterning of the cytoskeleton restricts protein motion within repetitive patterns, an observation corroborated by mathematical modeling predicting that actin rings could act as a physical barrier to lateral diffusion of membrane proteins [START_REF] Albrecht | Nanoscopic compartmentalization of membrane protein motion at the axon initial segment[END_REF]. Investigation of the underlying lattice structure of prenodes using similar superresolution fluorescence microscopy could allow to gain insights into the mechanisms maintaining prenodal structures at a defined periodicity.

In the developing CNS, prenodal formation is restricted to specific neuronal subpopulations. Initially observed along RGC axons, our laboratory brought further evidences, both in culture and in vivo, that they are also specifically formed along PV + and/or SST + GABAergic axons in the hippocampus (Freeman et al., 2015). Such clusters are accompanied by a diffuse expression of Kv1.2 along these axons in hippocampal neuron cultures (Bonetto et al., 2019). Recent work from our laboratory demonstrated that Purkinje cells of the cerebellum are also capable of forming early clusters of Nav channels in myelinating organotypic cerebellar slices cultures (Lubetzki et al., 2020a;Ronzano et al., 2020a). So far, what distinguishes neurons that form prenodes from others, where assembly of nodes of Ranvier coincides with myelination, remains unknown. While Purkinje cells are also GABAergic, RGCs are glutamatergic neurons, suggesting that the clustering permissivity does not depend on the type of neurotransmitter. In our model, identification of specific markers characterizing GABAergic neurons with prenodes turned out to be complex.

First, to this end, it is senseless to compare the transcriptional profile of hippocampal pyramidal cells with GABAergic neurons as they are two distinct cell populations with a wide range of transcriptional divergence. Therefore, we focused our analysis on the specific influence of OCM on GABAergic neurons (Mazuir et al., 2020b). While we did not identify an exclusive signaling pathway/marker underlying prenodal formation, we provide several evidences of overlapping mechanisms which could mediate early Nav channels clustering (discussed in this section).

One striking feature shared by neurons forming prenodes is that they become myelinated in vitro when co-cultured with oligodendrocytes and in vivo. In the adult optic nerve, virtually all RGC axons are myelinated over their entire projection to the thalamus (Black et al., 1982) and Purkinje cells represent the only myelinated neurons in the adult cerebellum [START_REF] Hirano | Purkinje Neurons: Development, Morphology, and Function[END_REF]. In the hippocampus, the largest share of the myelin content originates from GABAergic neurons, which can reach 80% in stratum pyramidale and radiatum [START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF]. Interestingly, among the large diversity of GABAergic subpopulations, the vast majority of myelinated GABAergic neurons in the hippocampus are PV + interneurons and, to a smaller extent, SST + long-distance projecting neurons (Jinno et al., 2007;[START_REF] Stedehouder | Fast-spiking Parvalbumin Interneurons are Frequently Myelinated in the Cerebral Cortex of Mice and Humans[END_REF]. Similarly, in hippocampal neuron cultures, about 80% and 60% of neurons with prenodes are SST + and/or PV + (Freeman et al., 2015). Whether clustering of nodal components promotes myelination is a standpoint discussed below. Moreover, except from fast-spiking PV + interneurons, RCGs, Purkinje cells and long-range SST + neurons project their axons to remote brain areas [START_REF] Brodal | The olivocerebellar projection in the monkey. Experimental studies with the method of retrograde tracing of horseradish peroxidase[END_REF]Black et al., 1982;Jinno et al., 2007). In this context, assembly of prenodal clusters may underlie a developmental strategy for increasing AP conduction thereby sustaining early information transmission over long distances. Regarding PV + GABAergic neurons, whose axon branches extensively (Hu et al., 2014), Nav channels clustering may prevent AP conduction failure occurring at branch points [START_REF] Debanne | Axon physiology[END_REF]. In this regard, theoretical considerations predict that Nav channels clusters along unmyelinated axons could function as acceleration points, thereby maintaining a reliable propagation of APs [START_REF] Zeng | Effect of clustered ion channels along an unmyelinated axon[END_REF].

A proposed model for OCM-mediated formation of prenodes

Contactin-1: a key clustering factor

To identify OCM-derived factors promoting Nav channels clustering, we analyzed by mass spectrometry active versus inactive fractions of OCM (i.e., fractions inducing prenodal clustering and fractions which do not) (Dubessy et al., 2019). We then performed a candidatebased approach according to their respective abundance in the active fraction and their known expression at nodes of Ranvier. From this, we selected Contactin-1, Noelin-2, close homolog to L1 (ChL1), NrCAM, Tenascin-R and Phosphacan as potential proteins mediating Nav channels clustering.

In looking at the list of potential clustering factors, it was tempting to speculate about a possible analogy with mechanisms at play in the PNS, where glial NrCAM and gliomedin drive nodes of Ranvier assembly through the recruitment of axonal Nfasc186 (Feinberg et al., 2010). This interaction is mediated by olfactomedin and collagen domains harbored by gliomedin [START_REF] Eshed | Gliomedin mediates Schwann cell-axon interaction and the molecular assembly of the nodes of Ranvier[END_REF][START_REF] Eshed | Secreted gliomedin is a perinodal matrix component of peripheral nerves[END_REF]. With this in mind, NrCAM and Noelin2, which also contains olfactomedin domains (Tomarev and Nakaya, 2009), appeared to be promising candidates. However, none of them had a significant clustering effect. Yet, addition of Contactin-1 combined with Phosphacan or Tenascin-R to purified hippocampal neuron cultures was sufficient to trigger prenodal formation along GABAergic axons. We note that Contactin-1 had no significant clustering effect on its own, which suggests that the formation of a multimolecular complex with Contactin-1 as a core protein is required to cluster Nav channels. We further confirmed the pivotal role of Contactin-1 by reporting a ~30% reduction of OCM-induced clustering upon Contactin-1 depletion (either by immunoprecipitation, cleavage inhibition or production of OCM from CNTN -/-mice (Berglund et al., 1999)). Finally, we addressed the contribution of Contactin-1 in nodal assembly in vivo. Because mice with a specific deletion of CNTN in oligodendrocytes are not yet available, we investigated prenodal formation in constitutive knockout mice for CNTN (Berglund et al., 1999). Such mice display developmental abnormalities in the hippocampal formation, making it impossible to inspect hippocampal neurons. Therefore, we examined the optic nerve, where prenodes were first reported (Kaplan et al., 1997(Kaplan et al., , 2001) ) and where high levels of Contactin-1 have been detected in oligodendrocytes progenitor cells (OPCs) and differentiating oligodendrocytes (Çolakoğlu et al., 2014). Although mice lacking Contactin-1 display disrupted paranodes (Bhat et al., 2001;Boyle et al., 2001;[START_REF] Çolakoğlu | Contactin-1 regulates myelination and nodal/paranodal domain organization in the central nervous system[END_REF], nodes of Ranvier are still formed on optic nerve myelinated axons but are more variable in length and shape (Bhat et al., 2001;Rios et al., 2003;[START_REF] Çolakoğlu | Contactin-1 regulates myelination and nodal/paranodal domain organization in the central nervous system[END_REF]. We first characterized the proportions of nodal structures during development in wild type mice. We observed that Nav channels start to cluster around postnatal day 8 (P8), upon which they are mostly observed in isolation (i.e., prenode; 66% of Nav channel structures) or flanked by one side by Caspr (i.e., heminode; 30% of Nav channels structures). These results differ from those of Rasband and colleagues (1999) who showed that first Nav channels clusters were detectable from P9-P10 in the optic nerve and were in most cases associated with Caspr immunoreactivity (Rasband et al., 1999). We propose that differences in the antibody used or the fixation protocol may explain such diverging results. As the proportion of prenodes dramatically decreases at P9 (i.e., 19% of Nav channel structures), we decided to examine the impact of CNTN knockout at P8, when prenodes are predominant. In these mice, we observed the presence of Nav channels clusters at P8, but we showed that their density was reduced by 40% compared to wild type mice. This suggests that oligodendroglial Contactin can be one of the molecules eliciting Nav channels clustering along axons in vivo.

Interaction between Contactin-1 and Tenascin-R or Phosphacan have been described (Rathjen et al., 1991;Brümmendorf et al., 1993;Peles et al., 1995b), and could trigger Contactin-1 oligomerization, thus increasing the avidity for low-affinity interactions with potential axonal receptors. In line with this hypothesis, Tenascin-R have been indeed shown to form trimeric structures with Contactin-1 (Zacharias et al., 1999). Thus, we propose that, by trans-interacting with axonal receptor(s) -so far undetermined -, Contactin-1 promotes clustering of nodal proteins prior to myelination (Figure 35). Finally, although combination of Contactin-1 with Phosphacan displays a higher clustering activity than with Tenascin-R, it remains ~30% lower than OCM-induced clustering. Such observation could imply the existence of additional oligodendroglial clustering partners that we failed to identify. It would therefore be interesting to precipitate Contactin-1 from OCM and to analyze by mass spectrometry which proteins coprecipitate with Contactin-1. The reduced capacity of Contactin-1 to cluster Nav channels could also highlight additional effects of OCM on the overall physiology of GABAergic neurons that we further discuss below. In addition, since the absence of Contactin-1 did not totally prevent prenodal assembly, other unidentified clustering factors could be at play to compensate the absence of Contactin-1.

Axonal CAMs as potential receptors

To further characterize the mechanisms by which Contactin-1 promotes prenodal formation, we attempted to identify its neuronal receptor(s) (Dubessy et al., 2019). Contactin-1 is known to interact with nodal Nfasc186 and NrCAM (Morales et al., 1993;Volkmer et al., 1998), suggesting that they could represent suitable candidates. However, it has been previously shown that Nfasc is not required for prenodal assembly and we demonstrated that neither is NrCAM. Moreover, we bring evidences which reject the possibility of a compensatory mechanism mediated by one of those L1-CAM in the absence of the other. We indeed showed that knock-down of Nfasc186 within NrCAM -/-hippocampal GABAergic neurons does not alter prenodal clustering. Yet, observation of elongated clusters in NrCAM -/-hippocampal cultures suggests that NrCAM may rather participate in the stabilization of the nodal complex. Nevertheless, another CAM could represent a potential axonal partner, namely β2-subunit of Nav channels. Besides modulating gating properties of α-subunits, βsubunits modulate Nav channel expression and targeting at the cell membrane. They are involved in cis-or trans-interaction with Contactin-1, Tenascin-R and Phosphacan (Srinivasan et al., 1998;Ratcliffe et al., 2000b;McEwen et al., 2004). Recent work from our laboratory demonstrated that β2Nav is the first CAM observed at prenodes, and notably before β1Nav, Nfasc186 and NrCAM [START_REF] Thetiot | An alternative mechanism of early nodal clustering and myelination onset in GABAergic neurons of the central nervous system[END_REF]. In addition, silencing β2Nav expression in hippocampal cultures significantly halved the number of GABAergic neurons with prenodes [START_REF] Thetiot | An alternative mechanism of early nodal clustering and myelination onset in GABAergic neurons of the central nervous system[END_REF]. Ongoing experiments are performed in our laboratory to further study prenodal formation in mice lacking β2Nav [START_REF] Chen | Reduced sodium channel density, altered voltage dependence of inactivation, and increased susceptibility to seizures in mice lacking sodium channel beta 2-subunits[END_REF].

OCM-mediated effects on protein synthesis and vesicular trafficking

When applied to purified hippocampal neurons, OCM initiates prenodal clustering following a 14-day delay. This observation may suggest that OCM promotes complex intracellular signaling leading to cluster nodal proteins at specific axonal sites.

First, we can speculate that synthesis of new proteins might be required for prenodal clustering. To address this question, purified hippocampal neurons were treated with cycloheximide (CHX; protein synthesis blocker) few days after OCM addition, which significantly prevented Nav channels clustering (data not shown). Of note, CHX had no significant effects when applied at later time points. These results demonstrate that early protein synthesis is required for nodal protein accumulation before secondary rearrangements induce cluster formation (Figure 35). However, it remains unknown which protein are specifically targeted, as it could be cytoskeletal scaffolds, nodal proteins, or other proteins implicated in the transport and targeting of nodal components. By analogy with the PNS, Schwann cells secreted factors have been shown to upregulate Nav channel mRNAs in DRG neurons [START_REF] Hinson | Schwann cells modulate sodium channel expression in spinal sensory neurons in vitro[END_REF]. In our model, target genes whose expression is regulated by OCM are revealed through the comparison of the transcriptional profile of GABAergic neurons treated or not with OCM (Mazuir et al., 2020b). Among nodal proteins, we found that OCM significantly increases the expression of Scn1a, encoding for Nav1.1 which is specifically expressed at prenodes. In addition, OCM also significantly promotes the expression of genes encoding for vesicle trafficking proteins and signaling molecules that could be at play in prenodal clustering. It is worth mentioning that OCM might not only act at the transcriptional level but may also regulate the translation process. In this context, ribosome profiling approaches could allow to precisely assess the protein expression changes upon OCM treatment, for review see [START_REF] Brar | Ribosome profiling reveals the what, when, where, and how of protein synthesis[END_REF].

Second, OCM might also influence the trafficking of nodal proteins along the axons.

To assess this, our laboratory performed live imaging studies on hippocampal neurons transfected with the pTRIP-Syn-ß1Nav-mCherry plasmid, which allows to examine the trafficking of β1Nav, a specific prenodal protein. It was reported that OCM treatment promotes the anterograde transport of β1Nav along the axon (data not shown) (Figure 35).

Yet, further investigations are needed to examine the impact of OCM on the axonal transport of other nodal proteins. In this context, recent evidences showed that exosomes secreted by oligodendrocytes [START_REF] Krämer-Albers | Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins: Trophic support for axons?[END_REF][START_REF] Bakhti | Inhibition of Myelin Membrane Sheath Formation by Oligodendrocyte-derived Exosome-like Vesicles[END_REF] which have been known to be neuroprotective (Frühbeis et al., 2013) can also facilitate axonal transport, thereby maintaining axonal integrity [START_REF] Frühbeis | Oligodendrocytes support axonal transport and maintenance via exosome secretion[END_REF].

OCM-mediated effects on neuronal maturation

From this proposed working model, we cannot preclude the potential influence of oligodendroglial secreted cues on the overall maturation state of hippocampal GABAergic neurons. Factors released by oligodendrocytes have been indeed characterized through their ability to provide a trophic support for excitatory neurons (Meyer-Franke et al., 1995;Wilkins et al., 2001Wilkins et al., , 2003;;Frühbeis et al., 2013). To address whether neuronal maturation is sufficient for hippocampal GABAergic neurons to form prenodes, we treated purified hippocampal neurons with a combination of recombinant growth factors (GDNF, BDNF, IGF1). Although we showed an enhanced length of hippocampal GABAergic axons shortly after growth factor addition, we did not observe Nav channel clusters along these axons at later time points (Dubessy et al., 2019). These results emphasize the fact that neuronal maturation is not sufficient by itself to promote prenodal clustering.

We can speculate that OCM confers a certain level of maturity to GABAergic neurons, which could in turn be required for nodal protein clustering. At the morphological level, we observed that the axonal length of hippocampal GABAergic neurons significantly increases few days after OCM treatment (Dubessy et al., 2019) but is not significantly different from that of non-treated purified GABAergic neurons at later time points (Mazuir et al., 2020b).

These results suggest that OCM is not essential for, but rather accelerates axonal growth of hippocampal GABAergic neurons. Moreover, we showed that OCM promotes the expression of neurofilament M (NFM) -a key indicator of axonal maturity (Shaw and Weber, 1982) along hippocampal GABAergic axons (Dubessy et al., 2019), which coincides with an upregulation of the expression of Nefm transcripts upon OCM treatment (Mazuir et al., 2020b). Several other transcriptional changes allow us to assess the degree of maturity of hippocampal neurons in our model. For example, we can compare our results with those of Okaty and colleagues (2009) who performed whole-genome microarray and patch-clamp analyses to characterize the transcriptional events that drive the maturation process of GABAergic neurons. Similar to what we observed for hippocampal GABAergic neurons treated with OCM, they showed that mature GABAergic neurons are enriched in genes encoding for potassium leak channels, notably Kcnk3 (Task-1), and voltage-gated channels mediating outward currents, such as Kcna1 (Kv1.1), which may mediate decreased excitability (Okaty et al., 2009). OCM also induces a low input resistance and an increase in rheobase, which seem to be key characteristics of mature fast-spiking GABAergic neurons (Okaty et al., 2009). Altogether, these data support the idea that oligodendrocytes, through the secretion of unidentified factor(s), promote the maturation of hippocampal GABAergic neurons. One potent candidate could be BDNF, which is known to be released by oligodendrocytes [START_REF] Auer | Regulated release of BDNF by cortical oligodendrocytes is mediated through metabotropic glutamate receptors and the PLC pathway[END_REF]. During early post-natal life, transgenic mice with an enhanced BDNF signaling in pyramidal cells display an accelerated maturation of PV + GABAergic neurons [START_REF] Huang | BDNF regulates the maturation of inhibition and the critical period of plasticity in mouse visual cortex[END_REF]. Moreover, BDNF have been reported to regulate both GABAergic transmission and interneuron functions [START_REF] Fiorentino | GABA(B) receptor activation triggers BDNF release and promotes the maturation of GABAergic synapses[END_REF][START_REF] Sakata | Critical role of promoter IV-driven BDNF transcription in GABAergic transmission and synaptic plasticity in the prefrontal cortex[END_REF][START_REF] Shinoda | Calcium-dependent activator protein for secretion 2 (CAPS2) promotes BDNF secretion and is critical for the development of GABAergic interneuron network[END_REF][START_REF] Zheng | TrkB signaling in parvalbumin-positive interneurons is critical for gamma-band network synchronization in hippocampus[END_REF]. Whether oligodendroglial BDNF can recapitulate those effects remains unknown. In this context, it could be worth to investigate the transcriptional and electrophysiological signature of hippocampal GABAergic neurons treated with OCM depleted from BDNF.

Although it seems that purified GABAergic neurons are less mature when cultured in the absence of oligodendroglial secreted cues, they are not completely immature. In the developing CNS, one key determinant of neuronal maturation is the transition of GABA signaling from excitation to inhibition [START_REF] Owens | Developmental neurotransmitters?[END_REF][START_REF] Blaesse | Cation-chloride cotransporters and neuronal function[END_REF]. This switch is governed by the chloride gradient across the postsynaptic membrane which relies on the relative expression of cation-chloride cotransporters NKCC1 and KCC2. Mature neurons express KCC2 which, in contrast to NKCC1, extrudes chloride (Cl -) out of the cell, thereby maintaining a low intracellular Cl -concentration that is required for the hyperpolarizing inhibitory effect of GABA [START_REF] Rivera | The K+/Cl-co-transporter KCC2 renders GABA hyperpolarizing during neuronal maturation[END_REF]. When examining the expression of both Slc12a2 and Slc12a5 which encode for NKCC1 and KCC2, respectively, we observed that the mature-related form Slc12a5 is homogenously expressed across all culture conditions by hippocampal GABAergic neurons. Thus, even in purified hippocampal cultures, neurons are sufficiently mature to perceive inhibitory signaling. Such inhibitory GABAergic transmission is in turn critical for proper maturation of neuronal circuit function (for review see (Le [START_REF] Magueresse | GABAergic Interneurons Shape the Functional Maturation of the Cortex[END_REF]. Turko et al. (2019) showed glial-secreted factors influence growth and survival of both inhibitory and pyramidal cells and that glial factors are needed for the formation of excitatory but not inhibitory synapses (Turko et al., 2019a). However the origin of glial cell secretions was not clearly defined. We attempted to correct this deficit by work on interactions between GABAergic neurons and factors secreted selectively by oligodendroglia (Mazuir et al., 2020b). To do so, we compared the electrophysiological, transcriptional and morphological phenotype of hippocampal GABAergic neurons from mixed cultures (with glial cells; CTRL) with purified neuron cultures in the absence (PUR) or presence of OCM (OCM). We provide evidences that oligodendrocytes secreted cues tend to reverse the observed changes in GABAergic neuron physiology caused by removing glial cells from cultures. This observation is particularly apparent at the transcriptional level. Following high, deep sequencing, we excluded sampled with poor RNA quality and selected those on which we detected a minimum of 2000 genes. We observed that 219 genes were differentially expressed between GABAergic neurons from CTRL and PUR cultures, 96% of them being downregulated. Inversely, 192 genes were differentially expressed between GABAergic neurons from PUR and OCM cultures, 93% of them being upregulated. Examination of the differentially expressed genes involved in these comparisons highlights that same set of genes are downregulated in the absence of glial cells and upregulated in the presence of OCM. GO terms analyses revealed their key role in neuronal action potential, synapse assembly, Ca 2+ dependent exocytosis, protein phosphorylation, kinase signaling and cell division. Several conclusions can be made from these results. First, it appeared that oligodendrocyte secreted factors are partly sufficient to restore the transcriptional phenotype shaped by glial cells. This idea is strengthened by the fact that only 68 genes are differentially regulated in GABAergic neurons from CTRL and OCM cultures. Second, rather than targeting a wide range of biological processes, (oligodendro)glial cues specifically regulate the expression of genes with converging functions in the regulation of the electrophysiological phenotype of hippocampal GABAergic neurons. Examination of the voltage responses to depolarizing and hyperpolarizing current steps provides further evidence that OCM have significant effects on the input resistance, rheobase current, and AP and AHP amplitudes of GABAergic neurons. This may imply that the changes observed upon OCM treatment do not only arise from different neuronal maturation states but seem to highlight that oligodendroglial cues target specific aspects of inhibitory cell physiology.

OCM influences the transcriptome and physiology of GABAergic neurons

Although we did not attempt to identify oligodendroglial factor(s) mediating those effects, several candidates are worth to be considered. We previously showed that Contactin-1, together with Phosphacan or Tenascin-R are present within OCM and influence early formation of Nav channels clusters along hippocampal GABAergic axons (Dubessy et al., 2019). In the CNS, CAMs and extracellular matrix proteins (including Phosphacan and Tenascin-R) released by oligodendrocytes are known to form perineuronal nets (PNNs) which surround soma and proximal dendrites of neurons and particularly inhibitory interneurons (Fawcett et al., 2019). PNNs are suggested to stabilize synaptic connections and protect interneurons from sensory over-activation [START_REF] Pizzorusso | Reactivation of ocular dominance plasticity in the adult visual cortex[END_REF][START_REF] Berardi | Extracellular matrix and visual cortical plasticity: freeing the synapse[END_REF][START_REF] Hensch | Critical period regulation[END_REF]Faini et al., 2018b;[START_REF] Christensen | Perineuronal nets stabilize the grid cell network[END_REF]. We can hypothesize that Contactin multimolecular complexes may incorporated into PNNs, which can in turn regulate their stabilization/activity. Among other potential candidates, we can address the role of oligodendroglialsecreted NG2, FGF2 or BDNF which have been shown to modulate glutamatergic neurotransmission on pyramidal cells [START_REF] Sakry | Oligodendrocyte precursor cells modulate the neuronal network by activity-dependent ectodomain cleavage of glial NG2[END_REF]Birey et al., 2015;Jang et al., 2019).

Potential effects of OCM on excitatory transmission received by hippocampal GABAergic neurons

During patch-clamp recordings, the first observation we made was the reduced frequencies of spontaneous excitatory synaptic events impinging on hippocampal GABAergic neurons in the absence of glial cells (Figure 35). This appears to corroborate previous findings emphasizing the role of glia, and notably astrocytes, in regulating glutamatergic synaptic transmission (Baldwin and Eroglu, 2017). Yet, we showed that addition of OCM to such purified hippocampal cultures partly restored EPSC frequencies, suggesting for the first time that oligodendrocytes regulate synaptic excitation of GABAergic neurons. These changes occurred despite a low intrinsic excitability of GABAergic neurons upon OCM treatment, as observed by their low input resistance and high rheobase.

A question emerges from these observations: does OCM influence hippocampal GABAergic physiology in a cell non-autonomous manner, meaning via the regulation of presynaptic properties of hippocampal pyramidal cells? Several studies have indeed reported that oligodendrocytes modulate glutamatergic transmission, notably through the regulation of glutamate release at pre-synaptic terminals [START_REF] Sakry | Oligodendrocyte precursor cells modulate the neuronal network by activity-dependent ectodomain cleavage of glial NG2[END_REF]Birey et al., 2015;Jang et al., 2019;Xin et al., 2019). To delineate the role of hippocampal pyramidal cell transmission in the adjustment of their inhibitory counterparts, we purified hippocampal GABAergic neurons and cultured them with or without OCM. Purification was performed according to a previous published protocol (Turko et al., 2019b), through fluorescence-activated cell sorting of hippocampal GABAergic neurons from VGAT-Venus Wistar rats (Uematsu et al., 2008). Preliminary observations showed that in such purified GABAergic neuron cultures, the presence of OCM was not sufficient to induce prenodal formation (data not shown). We thus speculated about the role of glutamatergic synaptic transmission in promoting Nav channels clustering along unmyelinated hippocampal GABAergic neurons. To further test this hypothesis, we assessed the clustering activity of OCM in purified hippocampal neuron cultures treated with antagonists of GluRs. Preliminary quantifications reported that OCM clustering activity was more than halved when both NMDA and AMPA receptors were blocked (upon kynurenate treatment; data not shown). Furthermore, blockade of Nav channels using TTX reduced by 70% OCM-induced clustering activity (data not shown).

Ongoing experiments performed in our laboratory tend to confirm these results, showing that chemogenetic stimulation of neuronal activity in organotypic cerebellar slices cultures increases the number of prenodes (Rémi Ronzano, Anne Desmazières; data not shown).

Taken together, these data, albeit preliminary, suggest that OCM may trigger hippocampal GABAergic neurons activity by promoting their synaptic excitation, which seems to be required for prenodal clustering. Neuronal activity of GABAergic neurons could in turn drive several key processes, such as transcriptional regulation, protein synthesis, vesicular trafficking, and nodal protein targeting (Figure 35).

OCM could regulate several processes leading to increased glutamatergic signaling.

Among them, we can hypothesize that OCM participates in the formation of excitatory synapses received by GABAergic neurons. To address this, we quantified the number of excitatory and inhibitory synapses received by GABAergic neurons in the three culture conditions. We immunostained pre-and post-synaptic markers for excitatory (Synaptophysin, PSD95) and inhibitory (VGAT, Gephyrin) synapses and observed that their respective density and colocalization were significantly increased along the soma and dendrites of hippocampal GABAergic neurons upon OCM treatment (data not shown). These results demonstrate that OCM regulates the formation of both pre-and post-synaptic structures of excitatory and inhibitory synapses received by GABAergic neurons. Moreover, we showed that factors released by oligodendrocytes significantly increase the complexity of the dendritic arborization of hippocampal GABAergic neurons. Thus, formation of novel synapses on more complex dendrites may contribute to increase glutamatergic transmission upon OCM treatment.

We showed through GO term analyses that OCM significantly increases the expression of genes related to key biological processes that could be required for GABAergic 

A privileged interaction between oligodendrocytes and GABAergic neurons?

When addressing the physiological response of neurons to oligodendroglial secreted cues, several key points have to be considered. Since both oligodendrocytes and OPCs are known to mediate glia signaling to neurons (reviewed in the introduction part), it remains fundamental to properly assess which type of oligodendrocytes, among the large variety of oligodendrocyte lineage cells, are involved in the communications that we describe here. In our model, OCM is obtained from enriched oligodendroglial lineage cell cultures. In such cultures, analysis of the expression of different oligodendroglial markers revealed that most of the cells are pre-oligodendrocytes, with about 90% of O4 + cells, 86% of NG2 + cells and 5%

of PLP + cells (Mazuir et al., 2020a). To address whether the capacity to form prenodes is influenced by the state of oligodendroglial maturation, we tested the clustering activity of OCM either enriched in NG2 + cells or PLP + cells (Dubessy et al., 2019). We did not observe any significant differences in the clustering activity of these OCM, indicating that oligodendrocytes lineage cells, throughout their progression, retain the ability to induce Nav channels clustering (Dubessy et al., 2019). Yet, such conclusions cannot be made for OCMmediated effects observed on GABAergic neurons transcriptome and physiology.

Experiments were indeed performed using solely regular OCM (i.e., enriched in preoligodendrocytes) (Mazuir et al., 2020b), it remains thus unknown whether the observed changes in neuronal physiology are specifically induced by pre-oligodendrocytes or are also valid for all oligodendrocyte lineage cells. On the other side, there is one remaining question:

do hippocampal GABAergic neurons represent a privileged target for oligodendroglial secreted cues? In this context, several evidences suggest privileged interactions between GABAergic neurons and oligodendrocyte lineage cells. First, GABAergic neurons, and particularly PV + and SST + neurons, share common embryonic origins with ventrally-derived OPCs [START_REF] Kessaris | Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage[END_REF][START_REF] Jakovcevski | Oligodendrocyte development and the onset of myelination in the human fetal brain[END_REF][START_REF] Ma | Subcortical origins of human and monkey neocortical interneurons[END_REF][START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF], which has been shown to favor their interaction. Recent work have indeed unraveled preferential interactions of these ontogenetically-related populations, as they form preferential clusters within the developing mouse somatosensory cortex where they participate in special synaptic interactions [START_REF] Orduz | Developmental cell death regulates lineage-related interneuron-oligodendroglia functional clusters and oligodendrocyte homeostasis[END_REF]. Moreover, in the hippocampus, OCM-induced nodal protein clustering is observed specifically along PV + and SST + GABAergic axons (Freeman et al., 2015). In lines with these observations, we solely focused on the physiological response of hippocampal GABAergic neuron to oligodendrocyte secreted factors (Mazuir et al., 2020b). Therefore, it is still undetermined whether oligodendrocytes regulate the phenotype of hippocampal pyramidal cells to the same extent (Figure 35). To properly assess whether hippocampal GABAergic neurons are more permissive than their excitatory counterparts towards oligodendrocyte secreted factors, it would be interesting to investigate the electrophysiological, transcriptional and morphological phenotypes of hippocampal pyramidal cells in mixed, purified and OCM cultures. This could notably allow us to gain insights into the cell autonomous versus nonautonomous nature of OCM signaling to hippocampal GABAergic neurons.

Do oligodendrocyte secreted factors sharpen cells for myelination?

As previously noted, the molecular composition of prenodes is highly similar to that of mature nodes of Ranvier and neurons exhibiting prenodes during development are myelinated at a later stage in vivo. This raises the question of the extent to which prenodes participate in the assembly of nodes of Ranvier and the associated myelination process. The observed space between prenodes is about half of the one in between nodes of Ranvier, which suggests that reorganization of these structures might occur as myelination proceeds (Freeman et al., 2015). To elucidate the fate of early nodal clusters, our laboratory recently performed live-imaging experiments on myelinating hippocampal cultures and showed that prenodes not only persist with ongoing myelination, but also participate in the initiation of myelination and nodal assembly [START_REF] Thetiot | An alternative mechanism of early nodal clustering and myelination onset in GABAergic neurons of the central nervous system[END_REF]. Two distinct scenarios have been observed: prenodes can either be contacted by oligodendrocyte processes and serve as attractive signals for myelin deposition and thus become heminodes. They can also fuse with adjacent heminodal structures as myelination proceeds, thereby participating in nodal assembly [START_REF] Thetiot | An alternative mechanism of early nodal clustering and myelination onset in GABAergic neurons of the central nervous system[END_REF]. So far, the nature of the underlying axonal signal guiding myelin deposition remains undetermined. Nevertheless, we can hypothesize that the increased conduction velocity resulting from prenodal formation (Freeman et al., 2015) may promote myelination. Numerous studies have indeed demonstrated the role of neuronal activity (for review see (Monje, 2018) in promoting myelin deposition and notably by regulating axon selection for myelination [START_REF] Hines | Neuronal activity biases axon selection for myelination in vivo[END_REF]. In this context, we can speculate that adenosine triphosphate (ATP) may represent an attractive signal as it has been shown that neurons release adenosine triphosphate (ATP) in an activity dependent manner, which promotes OPCs proliferation and differentiation [START_REF] Stevens | Adenosine: a neuron-glial transmitter promoting myelination in the CNS in response to action potentials[END_REF] as well as myelination [START_REF] Ishibashi | Astrocytes promote myelination in response to electrical impulses[END_REF][START_REF] Wake | Nonsynaptic junctions on myelinating glia promote preferential myelination of electrically active axons[END_REF].

To further probe the role of OCM in the regulation of myelination, we added purified oligodendrocytes to purified hippocampal neuron cultures treated or not with OCM (Mazuir et al., 2020a). Preliminary observations showed an increased myelination (quantified as the number of internodes normalized to the number of oligodendrocytes) upon OCM treatment compared to non-treated cultures (data not shown). In addition to trigger early Nav channels clustering, OCM may promote hippocampal GABAergic myelination through additional mechanisms. Recent evidence suggests that interneuron myelination topography is ruled by axonal morphology, and notably by the caliber of the axon and its arborization [START_REF] Stedehouder | Local axonal morphology guides the topography of interneuron myelination in mouse and human neocortex[END_REF]. We showed that OCM significantly increases the complexity of GABAergic dendritic arbors (Figure 35), it could be thus interesting to investigate whether OCM influences axonal arborization to the same extent. In addition, we reported that OCM significantly increases NFM expression (Dubessy et al., 2019) along hippocampal GABAergic axons, which was further confirmed at the transcriptional level (Mazuir et al., 2020b). Given the established role of neurofilaments in regulating axonal diameter [START_REF] Yuan | Neurofilaments at a glance[END_REF], OCM may control the radial growth of hippocampal GABAergic axons through NFM expression.

Moreover, stimulation of the neuronal Akt1-mTOR pathway through genetical depletion of PTEN (Phosphatase and TENsin homolog) has been shown to increase axon caliber and to promote recruitment of OPCs and myelination (Goebbels et al., 2017). As we showed that OCM significantly increase the expression of Akt1 in hippocampal GABAergic neurons, it could be interesting to further dissect the role of Akt1-mTOR pathway in OCM-induced GABAergic myelination. Overall, it is worth to examine the effect of OCM on axon caliber by electron microscopy.

Prenodal clustering might participate in functional recovery following demyelination.

In multiple sclerosis (MS) patients, clusters of Nav channels have been observed along demyelinated fiber within lesions undergoing remyelination [START_REF] Coman | Nodal, paranodal and juxtaparanodal axonal proteins during demyelination and remyelination in multiple sclerosis[END_REF]. These data suggest that clustering of nodal proteins may not only precede developmental myelination but also remyelination. Even though mechanisms at play during myelin repair have yet to be deciphered, early clustering of nodal proteins may operate to sustain conduction of APs along demyelinated fibers and/or promote myelin recovery. Furthermore, recent neuropathological work on motor cortex in secondary progressive forms of demyelinating diseases such as MS, revealed a selective vulnerability of inhibitory interneurons [START_REF] Zoupi | Selective vulnerability of inhibitory networks in multiple sclerosis[END_REF]. Dissecting mechanisms of bi-directional communication between oligodendroglia and their precursors and GABAergic cells will improve understanding of such vulnerabilities and help develop better therapies for neurological disorders.

Introduction

Oligodendrocytes (OLs) are glial cells of the central nervous system (CNS) that generate myelin wrapping around axons. OLs originate from oligodendrocyte precursor cells (OPCs) which proliferate within the ventricular zones of the embryonic CNS and then migrate and differentiate into fully mature OLs (i.e., myelin-forming cells)

1

. OPCs are abundant during early development, but also persist in the adult brain where they represent the major proliferative cell population 2 . A single OL ensheathes multiple axons in non-excitable sections (i.e., internodes), and the edge of each myelin loop attaches to the axon forming the paranodal domain which is crucial for the insulating properties of myelin 1,3 . In between the paranodes are small unmyelinated gaps called the nodes of Ranvier. These nodes are rich in voltage-gated sodium channels (Nav), allowing the regeneration and rapid propagation of action potentials through saltatory conduction 4 . This tight interaction also enables axonal energy support through neuronal uptake of lactate from OLs 5,6

.

The maturation of oligodendroglial lineage cells and the myelination process are tightly regulated by their interactions with neurons 7 . Indeed, OLs and OPCs, also named NG2 cells, express an array of receptors for neurotransmitters, and can receive input from excitatory and inhibitory neurons, allowing them to sense neuronal activity that can trigger their proliferation and/or differentiation into myelinating cells 2 . In turn, OPCs/ OLs secrete microvesicles and proteins into the extracellular space which alone or synergistically mediate neuromodulative and neuroprotective functions 8,9,10,11,12 . However, the molecular mechanisms controlling the multiple modes of interactions between oligodendroglial lineage cells and neurons are yet to be fully deciphered.

Moreover, in several CNS pathological conditions, OLs are primarily affected, thus disturbing their interaction with neurons. For instance, in Multiple Sclerosis (MS), neurological dysfunction is caused by focal demyelination in the CNS, secondary to OLs loss that can lead to axonal damage and related disability accumulation. Remyelination can take place, albeit insufficiently in most cases 13 . Progress in the last decade, due to the development of immunotherapies, have reduce the relapse rate but promoting remyelination remains to date an unmet need. As such, a better understanding of OLs role, functions and influences is of particular interest to the development of new therapies for a wide spectrum of CNS conditions.

Here, we describe the methods of OLs purification and culture. This enables precise examination of intrinsic mechanisms regulating their development and biology. In addition, such highly enriched OLs cultures allow the production of oligodendrocyte-conditioned medium (OCM), which can be added to purified neuron cultures to gain insight into the impact of OLs-secreted factors on neuronal physiology and connectivity. Furthermore, we describe how to implement an in vitro co-culture system where purified oligodendrocytes and neurons are combined together, allowing to address the mechanisms regulating (re)myelination. . After shaking the mixed glial cell cultures, detached cells consist mainly of oligodendroglial lineage cells, but also some microglial cells and few astrocytes. Microglial cells are removed through differential adhesion on uncoated Petri dishes. Of note, removal efficiency can be improved by performing an additional adhesion step. However, about 5% of microglial cells are still found in enriched oligodendroglial cell cultures, as well as 5% to 9% of astrocytes. It is possible to decrease contamination from astrocytes to less than 5% by performing an additional immuno-panning step using O4 antibody-coated Petri dishes; for a detailed protocol see supplemental information in Freeman et al.

14

. The removal of debris 2 h after plating oligodendroglial cells is a critical step, which relies on the strength of the flow applied with the pipet. At this step, it is important to examine the culture under the microscope before and after clearing to verify the efficiency as the presence of too much debris may impair cell viability and growth. Of note, it is also important to use freshly made BS medium, otherwise it could alter oligodendrocytes survival. In addition, purified cells survive only up to 6 days after plating. Indeed, it is known that other glial cells and neurons promote OPC survival and proliferation or differentiation through secreted factors or direct contacts 2,[START_REF] Domingues | Astrocyte, and Microglia Crosstalk in Myelin Development, Damage, and Repair[END_REF] .

Other methods allow OLs isolation immediately after brain dissociation, using immunolabelling with O4 antibody followed by fluorescentactivated cell sorting by flow cytometry (FACS) or magnetic-activated cell sorting (MACS). In addition, GFP-positive OPCs or GFP-positive oligodendrocytes can be purified by fluorescent-activated cell sorting from PDGFαR:GFP or PLP:GFP mice, respectively [START_REF] Klinghoffer | An allelic series at the PDGFalphaR locus indicates unequal contributions of distinct signaling pathways during development[END_REF][START_REF] Spassky | The early steps of oligodendrogenesis: insights from the study of the plp lineage in the brain of chicks and rodents[END_REF] . These sorting methods are more relevant for studying physiological state of oligodendrocytes compared to cultures treated with growth factors which could alter their phenotype. Notably, fluorescent-activated cell sorting has been used for gene-profiling approaches in the normal physiological state and demyelinating conditions 21 . As cell survival could be altered by cell sorting, it is better to perform functional assays immediately after sorting.

We have shown that OL cultures can be detached and added to purified hippocampal neuron cultures at 14 DIV. Such OL-neuron co-culture allows the study of early steps of myelination which starts during the first week of co-culture (Dubessy, unpublished results). Other models of OL-hippocampal neuron myelinating co-culture have been achieved by adding oligodendrocytes immediately after sorting [START_REF] Gardner | Myelination of rodent hippocampal neurons in culture[END_REF][START_REF] Thetiot | An alternative mechanism of early nodal clustering and myelination onset in GABAergic neurons of the central nervous system[END_REF] . Furthermore, we produced OCM to further dissect OL-neuron interactions and address the role of OL-secreted factors on neuron cultures. By using this technique, we demonstrated that hippocampal GABAergic neuron subtypes (i.e., parvalbumin + and/or somatostatin + ) can form clusters of nodal proteins along their axon which are induced by OCM prior to myelination [START_REF] Freeman | Acceleration of conduction velocity linked to clustering of nodal components precedes myelination[END_REF][START_REF] Dubessy | Role of a Contactin multi-molecular complex secreted by oligodendrocytes in nodal protein clustering in the CNS[END_REF] . Mass spectrometry analysis of OCM has unraveled several secreted proteins and led to identify oligodendroglial Contactin-1 that in synergy with extracellular matrix proteins mediates early steps of nodal clustering 24 . Primary cultures are useful models that allow the assessment of oligodendroglial lineage cell differentiation and interactions with neurons. However, other approaches have also been developed to evaluate OL functions and myelination, demyelination and remyelination from
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Figure 1 :

 1 Figure 1: Cajal's "butterflies of the soul". Diversity of cells populating the chick cerebellum drawn by Santiago Ramón y Cajal following Golgi staining. Estructura de los centros nerviosos de las aves. Ramón y Cajal, 1888.

Figure 2 :

 2 Figure 2: A classification of cortical GABAergic neurons. Three main classes account for almost all cortical GABAergic neurons: parvalbumin-expressing (PV+) neurons, somatostatin-expressing (SST+) neurons, and ionotropic serotonin receptor-expressing (5HT3aR+) neurons. Of the PV+ cells, chandelier cells are axo-axonic cells which synapse with the initial segments of pyramidal cell axons. PV+ basket cells are the most abundant type of neocortical interneuron. They are fast-spiking cells which innervate the soma and proximal dendrites of pyramidal cells and other interneurons. A small fraction of PV+ basket cells also express SST. There are two major types of SST+ interneuron: Martinotti cells which innervate pyramidal cell dendrites and non-Martinotti cells, which include cells that project over long distances. 5HT3aR neurons can be divided into two subgroups based on the expression of the neuropeptide VIP. Different classes of interneurons are generated and specified from spatially distinct progenitor cells in the preoptic area (POA), the medial and caudal ganglionic eminences (MGE and CGE, respectively).

Figure 3 :

 3 Figure 3: Synaptic connectivity of the hippocampus. A simplified schematic representation of the synaptic connectivity of the hippocampus. Deeply buried in the medial temporal lobe, the hippocampus supports both episodic memory and spatial navigation (O'Keefe and Nadel, 1978;[START_REF] Morris | Place navigation impaired in rats with hippocampal lesions[END_REF][START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF][START_REF] Ergorul | The hippocampus and memory for "what," "where," and "when[END_REF][START_REF] Takahashi | The Hippocampal Ensemble Code for Spatial Navigation and Episodic Memory[END_REF]. The hippocampus is part of the hippocampal formation

Figure 4 :

 4 Figure4: OPCs and cortical GABAergic: common origins. Three sequential waves of OPCs originate from distinct subpallium germinal regions following a ventro-dorsal progression. GABAergic neurons derive from overlapping regions: 60% from the MGE, 10% from the POA and about 30% from the CGE. Adapted from(Benamer et al., 2020a).

Figure 5 :

 5 Figure 5: Oligodendrocyte lineage cell progression. Oligodendrocyte lineage cells can be subdivided into three stages: oligodendrocyte precursor cell (OPC), pre-myelinating oligodendrocyte and myelinating oligodendrocyte. Each stage of the lineage is defined by the expression of specific markers.

Figure 6 :

 6 Figure 6: Model of myelin sheath formation in the CNS. From left to right: oligodendrocyte process contacts the unmyelinated axons. During wrapping, the growth zone (green) of oligodendrocyte membrane pushes underneath pre-deposited myelin layer. Compaction begins as soon as three layers are wrapped and preserves non-compacted cytoplasmic channels which allow communication between the inner and outer tongues.

Figure 7 :

 7 Figure 7: Molecular composition of myelin in the CNS. Schematic representation of CNS myelin components. Myelin contains high proportions of lipids (80%; phospholipids, glycolipids and cholesterol) and few proteins (20%; PLP, MOG, CNPase, MBP and MAG).Left: architecture of CNS myelin. Right: Note the asymmetrical arrangement of glycolipids in the outer leaflet. Adapted from[START_REF] Podbielska | Molecular and immunogenic features of myelin lipids: incitants or modulators of multiple sclerosis?[END_REF].

Figure 8 :

 8 Figure 8: The myelinated fiber in the CNS. Schematic representation of the axonal domains of the myelinated fiber in the CNS. Myelinated sections (i.e., the internodes) begin after the axon initial segment and are separated by small myelin-free regions enriched in voltage-gated sodium channels (Nav channels; the nodes of Ranvier). Nodes of Ranvier are flanked on both side by paranodes (PN) and juxtaparanodes (JPN).

Figure 10 :

 10 Figure 10: Characteristics of myelinated PV + interneurons. The vast majority of myelinated GABAergic neurons are fast-spiking PV + interneurons. Myelination is most strong along proximal axonal segments, with larger axonal diameters, and diminishes gradually in more distal and thinner axons which are enriched in "en passant" boutons. The first internode is located stereotypically at ~30 μm from the axonal origin and following internodes are segmented by axonal branch points at distances of 14 μm or more. Compared to excitatory neurons, myelin of GABAergic cells is enriched in CNPase and MBP and axons contains many mitochondria and neurofilaments. GABAergic internodes and nodes are shorter than those of excitatory neurons.

Figure 11 :

 11 Figure 11: The neuron/OPC synapse. Electron micrograph illustrating an oligodendrocyte process (black) receiving synapse (white arrowhead) from a neuronal bouton (b). Scale bar: 0.2 µm. From Bergles et al., 2000.

Figure 12 :

 12 Figure 12: Oligodendroglial exosome secretion. (1) Electrically active neurons release glutamate, which activates oligodendroglial glutamate receptors. (2) Activation of glutamate receptors leads to calcium entry which promotes (3) exosomes release from oligodendrocytes along internodes or at somas. (4) Neurons (N) internalize exosomes and retrieve their protein and RNA. Exosome uptake by microglia (M) is also indicated. FromFrühbeis et al., 2013. 

  reporting the existence of Nodes of Ranvier was conducted by Louis AntoineRanvier (1835Ranvier ( -1922) ) at the Collège de France (Paris) in 1871. Precise examination of isolated myelinated fibers led him to observe discrete unmyelinated regions between myelin sheaths which he called "étranglements annulaires" (or annular constrictions) and postulated that they may be implicated in the nutrition of the myelinated fiber (Ranvier, 1871). Later, through experimental stimulation of rabbit sciatic nerves, he assumed for the first time their role in nerve conduction(Ranvier, 1878). Following this original observation, advances in electron microscopy, especially the freeze-fracture technique, molecular biology and electrophysiology have extensively broadened our knowledge of these "annular constrictions" that we now call nodes of Ranvier or nodes.

Figure 13 :

 13 Figure 13: The node of Ranvier. (A) Original drawings by Louis Antoine Ranvier of rabbit sciatic nerves upon silver nitrate staining illustrating the "étranglement annulaires". (A) is from Ranvier, 1878. (B) Electron micrograph of a longitudinal section of human brain tissue (Prof. J.M. Vallat). Node of Ranvier and paranodes are identified with black and white asterisks, respectively. Boxed insert illustrates paranodal myelin loops. Scale bar: 1mm. (B) is adapted from Lubetzki et al., 2020a.

Figure 14 :

 14 Figure 14: Molecular composition of nodes of Ranvier. (A) Schematic representation of the molecular organization of nodes, parananodes and juxtaparanodes in the CNS. At the node of Ranvier, cell adhesion molecules (Nfasc186, NrCAM, Contactin) and voltage-gated sodium channels (Nav channels) are maintained through AnkyrinG (AnkG) anchoring to the actin cytoskeleton via βIV-spectrin and interactions with extracellular matrix proteins.Voltage-gated potassium channels (Kv channels) and two-pore-domain potassium channels (K2P) are also concentrated at nodes. At paranodes, axonal complex Contactin/Caspr interacts with glial Nfasc155 and with 4.1B on the cytoplasmic side of the axolemma, which provides a link to the actin cytoskeleton through αIIβ/II spectrin. At juxtaparanodes, Kv channels co-localize with the complex Caspr2/Tag1. This complex interacts with glial cells through glial Tag1 and is linked to the actin cytoskeleton by the complex 4.1B/αIIβ/II spectrin. (B) Immunolabeling of nodes (Nav channels), paranodes (Caspr) and juxtaparanodes (Kv1.2) of the optic nerve. Scale bar: 10 µm. (B) is from[START_REF] Rasband | Mechanisms of node of Ranvier assembly[END_REF] 

Figure 15 :

 15 Figure 15: Structure of Nav channel.Schematic representation of the primary structure of Nav channel. Each channel is composed of one poreforming α subunit, which consists of four homologous domains (I-IV) of six transmembrane segments (S1-S6) and two "auxiliary" β subunits.

Figure 18 :

 18 Figure 18: Structure of Contactin-1. Schematic representation of the structure of Contactin-1. Ig domains are represented in blue and FNIII domains in yellow.

Figure 19 :

 19 Figure 19: Loss of Contactin-1 alters nodal and paranodal structures of the CNS. (A) Electron micrograph of P16 optic nerve sections from wild type (WT) and Cntn-1 knockout (KO) mice. In WT optic nerves, paranodal loops (pseudocolored in yellow) are tightly attached to the axolemma. In KO optic nerves, paranodes are disrupted as observed by the loss of axonal anchoring, averted myelin loops (pseudocolored in blue) and invasion of cellular processes (pseudocolored in red) in between the axon and glial membrane. (Pn: paranode; Ax: axon; N: node of Ranvier). In addition, loss of Contactin-1 reduces (B) density of Nav channels clusters and (C) expression of mature isoform Nav1.6. Adapted from Çolakoglu et al., 2014.

Figure 21 :

 21 Figure 21: The node of Ranvier: a critical site for neuroglial interactions. Schematic representation of the contacts between glial cells and neurons at the node of Ranvier. Astrocyte, microglia and oligodendrocyte precursor cells (OPCs) have been observed to contact nodes. Scheme adapted from R. Ronzano for Lubetzki et al., 2020a.

Figure 22 :

 22 Figure 22: Three mechanisms contribute to node of Ranvier assembly in the CNS. (A) Schematic representation of the three compensatory mechanisms (paranodal junctions, extracellular matrix and cytoskeletal scaffolds) supporting node of Ranvier formation in the CNS. (B-D) Proportion of nodes with Nav channel clusters in wild type (WT) and mutant mice for paranodes (PJ; Caspr -/-), extracellular matrix (ECM; Brevican -/-, Versican -/-, Bral1 -/-) and cytoskeletal scaffolds (CS; qv 3j , a βIV spectrin mutant) and their combination. Compared to WT, single mutation has no or little effect on the proportion of Nav channel clusters. However, double mutants display severe reduction of Nav channel clusters, putting forward that CS, PJ and ECM compensate for each other to promote CNS node assembly. (A-D) are adapted from Susuki et al., 2013.

Figure 24 :

 24 Figure 24: Oligodendroglial secreted cues cluster Nav channels along GABAergic neurons of the hippocampus prior to myelination. (A-B) Immunolabeling of mixed hippocampal cultures at 17 days in vitro. (A) Clusters of Nav channel (i.e., prenodes; green) along the axon of GABAergic neuron (GAD67+, red) in the absence of myelin (blue). (B) Absence of prenodes along hippocampal pyramidal cells (Ca 2+ /calmodulin dependent protein kinase + ; CAMKII + ; green) axons as observed by the restriction of AnkyrinG (AnkG) immunoreactivity at the axon initial segment (AIS). (C) Conduction velocity of hippocampal neurons with prenodes is significantly enhanced compared to neurons without prenodes. (D) Immunolabeling of sagittal section at post-natal day 12 (P12) of GAD-GFP mouse hippocampus. Nav channel and AnkG clusters (white arrows) are observed along GABAergic neurons (GAD+) in the absence of myelin (white). Scale bar: 10 µm. Adapted from Freeman et al., 2015.

Figure 26 :

 26 Figure 26: Physiological plasticity increasing action potential conduction velocity.Biophysical modifications of myelin thickness, (inter)nodal length and axon diameter regulate the conduction velocity of action potentials. Adapted fromLubetzki et al., 2020a. 

1. 6 .

 6 Alteration of myelinated fibers disrupts nerve conduction 1.6.1. Multiple Sclerosis (MS) The first descriptions of anatomical lesions of multiple sclerosis (MS) were concurrently reported between 1835 and 1838 by Jean Cruveilhier (1791-1874) in Paris and Robert Carwell (1793-1857) in London. Yet, it was not until 1868 that the French neurologist Pr. Jean-Martin Charcot delivered a series of lectures at the Salpêtrière hospital in Paris where he depicted the first correlations between anatomical and clinical features of MS, thus establishing a novel disease which he named Multiple Sclerosis. MS is a chronic inflammatory demyelinating and neurodegenerative disease of the CNS affecting more than 2.3 million persons worldwide, most of them being young adults (National Multiple Sclerosis Society). MS lesions are characterized by multifocal demyelinated plaques in both WM and GM of the CNS which lead to axonal damage. Four distinct clinical forms of MS have been standardized: relapsing-remitting (RR), progressive relapsing (PR), primary progressive (PP)

Figure 28 :

 28 Figure 28: Clinical course of Multiple Sclerosis. Schematic representation of the different forms of Multiple Sclerosis (MS). Adapted from[START_REF] Lublin | Defining the clinical course of multiple sclerosis: results of an international survey. National Multiple Sclerosis Society (USA) Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis[END_REF].

Figure 30 :

 30 Figure 30: The perineuronal oligodendrocyte. (A) Electron micrograph of mouse neocortex shows perineuronal oligodendrocyte (p-OL; pseudocolored in red) in close proximity of host neuron (pseudocolored in green) Scale bar: 3 µm. (B) Heatmap representing

Figure 33 :

 33 Figure 33: The perineuronal net. (A) Immunolabeling of a perineuronal net (PNN; Semaphorin 3A+, red) surrounding the soma of a parvalbumin-expressing interneuron

  Prior to my arrival, work from Dr. Anne-Laure Dubessy and Mr. Quentin Rappeneau allowed to identify oligodendroglial Contactin-1 as a key clustering factor in vitro. In this context, I further investigated the role of Contactin-1 in prenodal clustering in vivo. From these results emerged another question: what are the axonal receptor(s) involved? Using knockout and knockdown in vitro approaches, I attempted to decipher the role of potential candidates. This work has been published in Glia in 2019 and is inserted in page 97 (Dubessy*, Mazuir*, et al. 2019).Considering that prenodes are restricted to GABAergic axons in the hippocampus, we questioned the influence of oligodendroglial secreted factors on the overall physiology of hippocampal GABAergic neurons. To shed light on this, we investigated the effects of OCM on the transcriptomic signature and electrophysiological phenotype of single hippocampal GABAergic neurons (Figure34). We then further explored the regulation of OCM on the morphology of hippocampal GABAergic neurons (Figure34). This study results from a cooperative work with Dr. Desdemona Fricker (Integrative Neuroscience and Cognition Center, Université de Paris) and her students, Mr. Louis Richevaux and Dr. Mérie Nassar who notably performed the electrophysiological recordings. We also worked with Dr. Pierre de la Grange and Dr. Noémie Robil (GenoSpice) for the bioinformatic analyses. The study, recently published in bioRxiv[START_REF] Mazuir | Oligodendrocyte secreted factors shape hippocampal GABAergic neuron transcriptome and physiology[END_REF], is detailed from page 123 and is currently under peer-review and revision process.

Figure

  Figure 34: Aim of the dissertation.

  has a central role in OCM-induced clustering activity. Our data provide evidence that a multi-molecular complex consisting of a combination of recombinant CNTN with ECM proteins RPTP/Phosphacan or Tenascin-R is sufficient to induce nodal protein clusters on hippocampal GABAergic neurons. Depletion of CNTN from OCM using either immunoprecipitation or glycosyl-phosphatidylinositol (GPI) cleavage inhibition, significantly reduces the clustering activity. Furthermore, we show that OCM from oligodendrocytes with inactivated Cntn1 gene expression displayed reduced clustering activity, and that this deficiency is rescued by addition of soluble CNTN. Finally, neither Nfasc186 nor NrCAM, are required for OCM induced-clustering, although the presence of elongated clusters suggests a possible role for NrCAM in the stabilization of the complex.

2. 2 |

 2 Cell cultures 2.2.1 | Culture media NM, neurobasal medium (21103-049; Gibco) supplemented with 0.5 mM L-glutamine, B27 (1×; Invitrogen), and penicillin-streptomycin (100 IU/mL each). Bottenstein-Sato medium (BS): DMEM Glutamax supplemented with transferrin (50 μg/mL), albumin (50 μg/mL), insulin (5 μg/mL), progesterone (20 nM), putrescine (16 μg/mL), sodium selenite (5 ng/mL), T3 (40 ng/mL), T4 (40 ng/mL), PDGF (10 ng/mL).

After 7

 7 to 14 DIV, flasks were shaken overnight at 230 rpm at 37 C.Collected cells were then incubated in dishes for 15 min and nonadherent cells were then collected and centrifuged in DMEM for 5 min at 1500 rpm and re-suspended and seeded on Polyethyleneimine (PEI)-coated dishes at a density of 1.5 × 10 5 /cm 2 in BS medium with 0.5% PDGF. Media was replaced with NM and collected after 48 hr. OCM was filtered through a 0.22 μm filter. Protein concentration (4.1 μg/μl ± 2.4, mean ± SD of four OCMs) was measured using the BCA protein assay (Pierce). Brains from P0 to P2 CNTN +/+ or CNTN -/-pups were harvested in the laboratory of Dr. B. Ranscht, La Jolla, and sent at 4 C in Hibernate™ medium (Gibco) and treated as rat cerebral cortices. After 7 to 10 DIV, depending on density, medium was replaced by BS medium. After 48 hr, the first conditioned medium was collected, and culture medium was renewed, allowing the second collection after 48 hr.

  methanol for 10 min at -20 C. Coverslips were then washed with PBS 1X. After fixation, cells were incubated with blocking buffer (PBS 1X, normal goat serum [NGS] 5%, Triton 0.1%) for 15 min and then with primary Ab diluted in blocking buffer for 2 hr at RT or at 4 C overnight. Coverslips were then washed and incubated with secondary Ab at RT for 1 hr. After last wash, coverslips were mounted with Fluoromount-G with DAPI (Southern Biotech). Optic nerve sections were incubated with blocking buffer (PB 1X, NGS 10%, Triton 0.3%) for 1 hr and then with primary Ab overnight at 4 C. Slides were then washed and incubated with secondary Ab at RT for 1 hr, washed again and mounted with Fluoromount-G with DAPI. The following primary Abs were used for immunolabeling. Mouse mAbs included anti-AnkG (clone N106/36; 1:50) and Nfasc (pan, external; cloneA12/18; 1:100) from Antibodies Incorporated (Neuromab). Anti-Nav (pan; clone K58/35; 1:300) was from Sigma.Anti-GAD67 (clone 1G10.2; 1:400) was from Millipore. Anti-TNR (clone 619, 1:150) was from R&D system. Anti-O4 (IgM; 1:5 hybridoma) was also used. Rabbit polyclonal Abs included anti-NG2 (1:500; Chemicon), neurofilament M, C-terminus (1:400; Millipore), Caspr (1:400; Abcam), Nfasc (pan; 1:100; Abcam), NrCAM (1:1500, Abcam), AnkG (1:500; provided by François Couraud INSERM, UMRS952, Paris). We also used chicken anti-GFP (1:400; Millipore), chicken anti-MBP (1:500; Millipore) and rat anti-PLP (1:10; hybridoma). Secondary Abs were Alexa Fluor 488, 594, or 647 goat anti-rabbit or anti-mouse IgG2a, IgG1, or IgM, anti-chicken, anti-rat from Invitrogen (1:1000), and Alexa488-conjugated anti-human Fc antibody from Jackson Immunoresearch laboratories (1:1000). The following Abs were used for Western Blotting (WB): Sheep anti-CNTN (1:1000) from R&D systems, mouse anti-Actin (1:4000) and anti-GAPDH (clone 6C5; 1:4000) from Millipore, mouse anti-TNR (clone 619, 1:4000) from R&D system. Secondary antibodies included rabbit anti-sheep HRP (1:3000) from Life technologies, goat antimouse HRP (1:4000) Sigma-Aldrich or Invitrogen.

  To generate Nfasc miRNA constructs, we used the Block-it PolII miR RNAi Expression Vector kit (K4936-00). Two different miRNA sequences were designed to knock down the expression of Nfasc: TGC TGT AAA GGA TCA CCC TGA TGA G CG TTT TGG CCA CTG ACT GAC GCT CAT CAG TGA TCC TTTA and CCT GTA AAG GAT CAC TGA TGA GCG TCA GTC AGT GGC CAA AAC GCT CAT CAG GGT GAT CCT TTAC. They were then cloned into the supplied vector (pcDNA 6.2-GW/EmGFP-miR). A plasmid expressing miRNA predicted not to target any known vertebrate gene was used as a control. A GFP marker was co-expressed to identify transfected cells.Culture medium of mixed hippocampal cultures at 6 DIV was replaced with PS-free medium 2 hr before transfection. Nfasc186 miRNA (0.4 μg DNA/well) were transfected into the cells using lipofectamine 2000 transfection reagent following manufacturer instructions (Invitrogen, ThermoFisher Scientific, Waltham, Massachussets).
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 27 Image acquisition and quantitative analysisImages were acquired using an Olympus FV-1200 Upright Confocal Microscope or a Zeiss Axio-Imager-Apotome. Z-series of optical sections were performed at 0.3 μm increment, and blue, green, red, and far-red fluorescence were acquired sequentially. Maximum orthogonal projection of images and plot profiles of immunofluorescence intensity were carried out using Fiji software (NIH, Bethesda, Maryland). At least 50 GABAergic neurons per coverslip, identified by GAD67 + immunostaining, were counted, and the percentage of GAD67 + neurons with Na v /AnkG clusters was determined for at least two coverslips per condition. Results were expressed as mean ± SEM of at least three independent experiments. p-value between the tested condition and control condition were calculated using the Mann-Whitney test, unless otherwise specified. A Na v cluster was defined by its length and mean intensity of area (i.e., size of clusters varied from 1 to 8 μm, and mean value of cluster area was at least 2.5 that of the adjacent part of the axon). Cluster length was measured on Na v plot profiles, and was measured at half-height of the fluorescence peak. For the quantification of cluster lengths in KO-OCM and WT-OCM treated neurons, >600 clusters in three different experiments were quantified per condition, p-value was hence calculated using a Student t-test.

4 C

 4 , then Dynabeads © Protein G (Novex © ) were added to the medium and incubated 1.5 hr at 4 C. Using a magnet (DynaMag™), Dynabeads-Ab-CNTN/CTRL complexes were then separated from OCM. CNTN/CTRL depleted-OCM was either added on neurons or submitted to a second cycle of incubation with anti-CNTN/CTRL antibody to improve the depletion. Dynabeads-Ab-CNTN/CTRL complexes were then eluted and analyzed by WB.2.2.9 | Western blot analysisProtein extracts were obtained from lysates of cell cultures, OCM, or eluted from Dyneabeads following immunoprecipitation. They were separated on Bis-Tris10% gels (ThermoSci) and transferred onto nitrocellulose membranes. Membranes were incubated with 1X PBST with 5% nonfat dry milk for 1 hr RT, then incubated overnight at 4 C with a primary antibodies solution in PBS-Milk. Proteins of interest were detected with HRP-conjugated secondary antibodies and visualized with the Pierce ECL Western blotting substrate (Thermo Scientific, Rockford, IL), according to the provided protocol.
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 2104 OCM fractionation and proteomic analysesAbout 45-50 mL of OCM or control media was concentrated using a 10 K MWCO Vivaspin-20 to a final volume of 1.5 mL. Each sample was diluted to 3.5 mL with Buffer-A(25 mM Tris pH 7.6) to reduce the salt concentration and loaded on a Mono-Q (0.5 × 5 cm) anion exchange column (GE Life Sciences) equilibrated in Buffer-A at 1 mL/min. The column was washed to baseline with Buffer-A and proteins were eluted with a NaCl gradient as follows; 0-0.25 M NaCl over 30 min, 0.25-0.5 M NaCl in 5 min. Any remaining proteins were stripped off the column with 2 M NaCl. One-milliliter fractions were collected and assayed for nodal formation activity, reserving 100 μL for subsequent protein identification. Peak activity fractions and corresponding fractions from control media were reduced by addition of DTT to 10 mM and incubated at 55 C for 30 min. Samples were alkylated by addition of Iodoacetamide to 30 mM and incubated at room temperature in the dark for 30 min. Samples were digested with trypsin overnight at 37 C. Digestion was quenched by addition of trifluoroacetic acid (TFA) to 0.5% and loaded on a C18 ultramicro spin column (The nest group). The spin columns were washed with 0.2% TFA and eluted with 0.2% TFA + 25% acetonitrile, followed by 0.2% TFA + 60% acetonitrile. The eluates were combined and dried in a speed-vac centrifuge. LC/MS/MS was performed on an Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany) with a Nanoflex source (Thermo Fisher Scientific), coupled to a Dionex Ultimate 3,000 UHPLC system (Thermo Fisher Scientific). Each sample was injected onto a PepMap Acclaim trap column (0.075 × 20 mm 2 ,5μm C18 particles; Thermo Fisher Scientific) at 5% acetonitrile and 0.1% formic acid loaded at 30 μL/min for 8 min; peptides were then separated on a PepMap Acclaim analytical column (0.075 × 500 mm 2 ,3μm C18 particles; Thermo Fisher Scientific) at 300 nL/min on a linear gradient of 5-50% acetonitrile in 0.1% formic acid over 100 min. The 10 most intense precursor ions (m/z 300-2000 and charge state or 2+ or 3+) were isolated at a width of 1.5 Da, and selected for MS/MS using collision-induced dissociation with a normalized collision energy of 38%. Dynamic exclusion option was enabled with a repeat count of one and exclusion duration of 30 s.Raw data were proceeded using Proteome Discoverer v1.Thermo Fisher Scientific) with Mascot v2.4 (Matrix Science, London, UK) against Uniprot (UP Human without isoform, 14.3 release version), following LC-MS/MS analysis. Protein identification was accepted with a 1% protein FDR threshold as calculated by the Percolator node; a minimum of two peptides meeting the criteria were required for protein identification.
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 31 Figure 1a,b) and a length comprised between 1 and 8 μm (arrowheads and arrows in Figure 1b,b 0 ). As previously reported, these clusters are

3 . 2 |

 32 To address whether the state of oligodendroglial maturation influences OCMclustering activity (quantified as the percentage of axons with Na v clusters among GABAergic neurons), we produced OCM from either less differentiated oligodendroglial cells (increased percentage of NG2 expressing cells) or from oligodendrocytes isolated at a later stage of development (purified by flow cytometry from PLP [proteolipid protein]-GFP mouse brains) (Spassky et al., 2001) and added these different OCMs to hippocampal neurons. No significant differences in clustering activity were observed (Figure S2b,c). This establishes that the soluble oligodendroglial factor(s) responsible for Na v clustering can be produced by cells throughout oligodendroglial lineage progression. Identification of oligodendroglial factors promoting Na v clustering activity To gain insight into the nature of OCM-derived factors promoting Na v clustering, we first established that OCM activity was abolished by heating at 70 C or by trypsin treatment, indicating that the clustering activity is proteinaceous. Centrifugation of OCM on filters with different MW cut-offs indicated that 100, 90, and 60% of the activity was retained by a 30, 50, and 100 kDa filter, respectively. In addition, OCM activity was fully retained on an anion exchange column. These characteristics established that clustering activity is supported by protein(s) with a MW ≥50 kDa and bearing a global negative charge.

  ) comprising Contactin-1 (or Contactin, CNTN), a CAM belonging to the super-family of immunoglobulins (Ig), with Ig and fibronectin domains and a glycosyl-phosphatidyl-inositol (GPI) anchor, NrCAM, close homolog to L1 (ChL1), Noelin-2 (also named Olfactomedin-2) which is an olfactomedin domain-containing protein like Gliomedin(Tomarev & Nakaya, 2009), and Phosphacan, a cleavage product of RPTPß. In parallel, SILAC studies were also performed, based on comparison of OCM versus astrocyte-CM or versus neuron-CM which have a poor or no Na v clustering activity, respectively (not shown). Amongst proteins upregulated in OCM, we noted the extracellular matrix protein Tenascin-R (TNR), which is a binding partner of Nfasc186(Volkmer, Zacharias, Nörenberg, & Rathjen, 1998) and Contactin-1(Nörenberg, Hubert, Brümmendorf, Tárnok, & Rathjen, 1995; Zacharias, Nörenberg, & Rathjen, 1999).

FIGURE 1

 1 FIGURE 1 OCM promotes Na v clustering on GABAergic hippocampal neurons in culture. (a, b, c) immunostainings of purified hippocampal neurons cultured in the absence of OCM (a), presence of OCM (b) or growth factors (GF); that is, IGF-1, BDNF, and GDNF (c) fixed at 17 DIV. The axon initial segment (AIS) is detected in all conditions (a-c), but clusters of Na v (green) are only detected in the presence of OCM (b) on GABAergic axons (GAD67 + ; red). The periodic clusters of Na v channels are shown at a higher magnification of the framed part. Neurites are stained with an antibody targeting neurofilament M (NFM; white). Scale bars 25 μm. (a 0 ,b 0 ) Fluorescence intensity profiles correspond to axonal Na v immunolabeling from (a and b); individual peaks in b 0 (arrows) represent Na v clusters. (d) Clustering activity represents the percentage of GABAergic axons (GAD67 + , AIS + ) having at least two Na v clusters and is quantified after 15, 17, or 21 DIV. Purified neurons were cultured in the absence of OCM (non-hatched box), or with OCM (hatched box) added at 3 DIV. The mean ± SEM of three independent experiments is shown. For each experiment, at least 100 neurons were analyzed. OCM, oligodendrocyte conditioned medium; DIV, days in vitro

FIGURE 2

 2 FIGURE 2 Proteomic analysis of OCM fractions. (a) Representative diagram of partially overlapping proteomic content of an active(13, green) and an inactive (15, blue) fraction, with 61 proteins present in both fractions, 76 proteins only in the active fraction and 118 only in the inactive fraction. (b) Short list of candidates retained for further testing. Indicated parameters are the percent coverage of the total protein sequence by the identified peptides (Σ coverage), the number of identified peptides that are unique to this protein (no overlap with other proteins in the database) (Σ# unique peptides) and the peptide spectral match (Σ# PSMs), that is, indicating how many times the mass spectra match that of the peptide sequence. Values corresponding to the active fraction (13) are in green and to the inactive fraction (15) are in blue. OCM, oligodendrocyte conditioned medium; DIV, days in vitro

FIGURE 3

 3 FIGURE 3 Legend on next page.

FIGURE 3

 3 FIGURE 3 Contactin (CNTN) in combination with RPTP/Phosphacan or tenascin-R (TNR) induces Na v clustering on purified hippocampal neurons. (a) Schematic representation of experiment timing: recombinant proteins (1.4 μg/mL) were added at 3 or 14 DIV (red arrow) to purified hippocampal neurons obtained by antimitotic treatment (U + FdU, blue rectangle) for 36 hr. Cultures were fixed at 17 DIV for immunostainings (brown arrow). (b) Addition of single recombinant proteins to neuron cultures at 3 DIV induces weak Na v clustering activity (evaluated as the percentage of GAD67 + axons with Na v clusters) compared to control (i.e., untreated neurons, CTRL), while addition of CNTN combined with other ligands (RPTP/Phosphacan, TNR, or both) induced significant Na v clustering compared to control, (*p = 0.0238 for CNTN-RPTP/Phosphacan-TNR vs. CTRL; **p = 0.0087 for CNTN-TNR vs. CTRL and **p = 0.0048 for CNTN-RPTP/Phosphacan vs. CTRL; Mann-Whitney test). The mean ± SEM of four independent experiments is shown. For each experiment, at least 100 neurons were analyzed. (c-e) Immunostainings of neurons treated with CNTN and RPTP/Phosphacan at 3 DIV showing Na v clusters (white) colocalized with AnkG (green) (c), Na v clusters (red) colocalized with Nfasc (green) (d), and NrCAM clusters (e) along GABAergic axons (GAD67 + ; red) (c and e); scale bars 25 μm. (f) rCNTN is detected at Na v clusters at 17 DIV. OCM was supplemented with rCNTN and added on neurons at 3 DIV. rCNTN is identified by antihuman Fc staining (hFc, green), colocalizing with Na v clusters (white) along GAD67 + axon (red), scale bar 25 μm. (g) Significant Na v clustering activity can be induced by late addition (14 DIV) of CNTN with RPTP/Phosphacan (*p = 0.0238), CNTN with TNR (**p = 0.0048), or CNTN preclustered by incubation with antihuman Fc antibody (*p = 0.0238); Mann-Whitney test. The mean ± SEM of four independent experiments is shown. For each experiment, at least 100 neurons were analyzed. OCM, oligodendrocyte conditioned medium; DIV, days in vitro

FIGURE 4 FIGURE 5

 45 FIGURE 4 Depletion of CNTN from OCM by immunoprecipitation or phospholipase C inhibitors reduces its clustering activity. (a) CNTN immunoprecipitated from OCM using either anti CNTN-IgG4 or CTRL-IgG4 as shown by Western blot analysis with identification of CNTN in the precipitate; (b) Clustering activity of these OCMs added at 3 DIV to purified hippocampal neurons measured at 17 DIV, mean ± SEM of three different immunoprecipitated OCMs. Significant decrease of the clustering activity of anti-CNTN treated OCM compared to both untreated OCM and CTRL treated OCM, *p =0.02,pairedt-test. (c) OCM obtained from oligodendroglial cell cultures treated with phospholipase C inhibitors (U73122, 5 μMorEdelfosine,10μM) have a decrease clustering activity compared with control OCM; mean ± SEM, n =3andn =4differentexperiments,respectively;****p <0.0001; ***p =0.0002,Dunn'smultiplecomparisontest.OCM,oligodendrocyte conditioned medium; DIV, daysinvitro;CNTN,contactin

FIGURE 6

 6 FIGURE 6 Impact of CNTN on early Na v channel cluster formation in the optic nerve at P8. (a and d) immunostainings of sections of WT (a) and CNTN-KO (D) P8 mice optic nerve show the presence of Na v clusters (green), Caspr clusters (red) in the WT (a) but not the KO condition (d), and myelin (MBP + , white). Both heminodes (blue arrowhead) and prenodal clusters (white arrowhead) are observed in the WT (a). Scale bars: 10 μm. (b and r) immunostainings of sections of WT (B) and KO (E) P8 mice optic nerve show clusters with Na v (green), AnkyrinG (red) and Nfasc (white) that are colocalizing (plot profile). Scale bars: 2 μm. (c) Quantification of the proportion of the different structures (i.e., nodes, heminodes, and prenodes or isolated Na v clusters) from images of Na v and Caspr immunostainings on WT optic nerve at P8 (n = 6 mice, 87 images) and P9 (n = 4 mice, 40 images). (f) Quantification of density of Na v clusters per 10,000 μm 2 for the WT and the KO at P8, mean ± SEM, student t-test, ns. Values were obtained from n = 6 WT and n = 5 KO animals, with 10 to 20 images acquired per animal

FIGURE 7

 7 FIGURE 7 Formation of Na v clusters in the absence of NrCAM and Nfasc186 Immunostainings of hippocampal purified neurons from NrCAM +/+ (a) or NrCAM -/-(b) mice at 17 DIV, in cultures treated with WT OCM, showing clusters of Na v (red) along a GAD67 + axon (white) expressing neurofilament M (NFM; green). Scale bars: 25 μm. Fluorescence intensity profiles (a 0 ) and (b 0 ) corresponding to Na v immunolabeling from (a) and (b). Na v clusters in NrCAM KO neurons are less restricted compared to NrCAM WT neurons. (c) Clustering activity of OCM added on WT or NrCAM KO purified hippocampal neurons measured at 17 DIV; mean ± SEM of 5 KO and 3 WT neuron cultures. (d) Cluster length, measured at mid peak on Na v plot profiles; >600 clusters measured in each condition in three different experiments, p < 0.0001, Student t-test. (e) Immunostaining of hippocampal cell cultures transfected at 6 DIV with Nfasc miRNA and fixed at 17 DIV. Representative image of a transfected neuron expressing GFP (green) and GAD67 + (white); Na v expression (red) is detected at the AIS and clusters are observed. Scale bar: 25 μm (e 0 ) Fluorescence intensity profiles corresponding to Na v immunolabeling from (e). OCM, oligodendrocyte conditioned medium; DIV, days in vitro

  2 versus 32%, respectively, (n = 3 different cultures); mean ± SEM. Cultures obtained from PLP-GFP animals after FACS-sorting contained 90% of PLP + oligodendrocytes versus 3.8% in standard condition and no immature OPC, (n = 2 FACS-sorting experiments). (C) Clustering activity of different conditioned media added to purified hippocampal neurons, normalized to OCM obtained in standard condition. Standard OCM, 100%, OPC enriched-CM, 88%, and mature OL-CM, 92%, which represent the mean ± SEM of three different OPC-enriched-CM and two different mature OL-CM added on two different purified hippocampal neuron cultures.

Figure S3 :

 S3 Figure S3: Clustering activity of control medium and OCM fractions. (A) Clustering activity of non-fractionated (NF) and fractionated OCM (A9 to B13, blue bars) or control medium not incubated with oligodendroglial cells (A9 to B13, red bars) measured on purified hippocampal neurons at 17 DIV. Active OCM fractions (green rectangle) and inactive fractions (blue rectangle) used for proteomic analysis.

Figure S5 :

 S5 Figure S5: Prenodes are induced by addition of rCNTN and rTNR, and phosphacan or TNR are stabilized at prenodes on OCM treated neurons. (A) Immunostaining of neurons treated with rCNTN and rTNR at 3 DIV showing Nav clusters (red) along GABAergic axon (GAD67 + ; green). (B) Incubation of OCM-treated neuronal cultures with

  for 1 h before fixation at 17 DIV. Immunostaining with an anti-human Fc (green) reveals the binding of rRPTP/phosphacan and indicates the existence of binding partners at Nav clusters. (C) Immunostaining of OCM-treated hippocampal neuron culture with anti-TNR (red) and anti-AnkG (green). Scale bars: 25 μm. (D) Immunostaining of hippocampal neuron showing Nav clusters (green), colocolazing with CNTN (human anti-CNTN IgG4; red; upper part) in the absence of myelin anti-PLP (white; negative). No signal was observed with a primary control human IgG4 (red; lower part).

Figure S6 :

 S6 Figure S6: Addition of CNTN and RPTP/phosphacan on NrCAM -/-purified neurons induces prenode formation. (A) Nav clusters are induced by rCNTN + rRPTP/phosphacan in the absence of NrCAM expression. Immunostainings of hippocampal purified neurons from NrCAM -/-mice at 17 DIV, in cultures treated with rCNTN + rRPTP/phosphacan, showing clusters of Nav (green) and Nfasc (red) along a GAD67 + axon (white). Scale bars: 25 μm. (B) Fluorescence intensity profile corresponding to Nav immunolabeling from (A). (C) Fluorescence intensity profile corresponding to Nfasc immunolabeling from (A). (D) Immunostainings for Nav (white) and Nfasc (red) on hippocampal neuron culture transfected with miRNA Nfasc, showing a transfected neuron expressing GFP (green), and two neurons that were not transfected (GFP negative). White stars indicate the cell bodies; the framed region includes the transfected neuron. Nav (white) is expressed at all AIS. In contrast, Nfasc is expressed at the AIS in GFP negative neurons (not transfected) but poorly detected in GFP positive neuron (expressing miRNA Nfasc).

  recordings were made from cultures at 17 DIV. Dishes were transferred to a recording chamber mounted on a BX51WI microscope (Olympus, France) and superfused with ACSF containing (in mM): 124 NaCl,2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 2 CaCl2, 2 MgCl2, and 11 glucose, bubbled with 5% CO2 in O2 (pH 7.3,[305][306][307][308][309][310][311][312][313][314][315] mOsm/L). Temperature was kept at 34° C. Recordings were made with glass pipettes pulled using a Brown-Flaming electrode puller (Sutter Instruments) from borosilicate glass of external diameter 1.5 mm (Clark Capillary Glass, Harvard Apparatus). Pipette resistance was 6 MΩ when filled with a solution containing (in mM): 135 K-gluconate, 1.2 KCl, 10 HEPES, 0.2 ethylene glycol tetraacetic acid (EGTA), 2 MgCl2, 4 MgATP, 0.4 Tris-GTP, 10 Na2-phosphocreatine and 2.7 biocytin. RNase inhibitor was added (5µl in 1ml) when harvesting cell contents. Pipette solution pH was adjusted to 7.3 with KOH and the osmolarity was 290 mOsm. Whole-cell current-clamp recordings were made using a MultiClamp 700B amplifier and pCLAMP software (Molecular Devices). Potential signals were filtered at 6 kHz and digitized at 20-50 kHz. Recordings in the whole-cell current clamp configuration were made from fluorescent GA-BAergic neurons and non-fluorescent pyramidal shaped neurons in cultures prepared from VGAT-Venus Wistar rats. Excitatory postsynaptic potential (EPSP) and action potential (AP)frequencies, membrane potential and input resistance were measured at resting potential. Responses to families of hyperpolarizing and depolarizing current steps of duration 800 ms were recorded from holding potentials near -60 mV. Current intensities were manually adjusted to induce a maximal hyperpolarization close to -100 mV. Incremental positive steps of +1/10 of that value were then applied until the cell was depolarized above rheobase several times. After recording electrical data for ~10 min, neuronal contents were aspirating into the glass electrode tip. They were extracted into a tube containing 3.5 µl of lysis buffer with RNase inhibitor as a first step to prepare a library of neuronal total RNA[START_REF] Qiu | Singleneuron RNA-Seq: technical feasibility and reproducibility[END_REF]. Electrophysiological signals were analyzed with AxographX and routines written in MATLAB (The Mathwork;[START_REF] Huang | Laminar Localization and Projection-Specific Properties of Presubicular Neurons Targeting the Lateral Mammillary Nucleus, Thalamus, or Medial Entorhinal Cortex[END_REF]. EPSP and AP frequencies were measured from baseline records of duration at least 3000 ms. Sup. Fig1 shows procedures used to measure active and passive membrane parameters.Reconstruction of neuronal morphologyPipettes used for patch-clamp recordings included 2.7 mM biocytin. Cultures containing filled cells were fixed at 17 DIV with PFA4% (diluted in PBS 1X; pH 7.2) for 10 min at room temperature (RT). Coverslips were washed three times with PBS 1X and blocked with 5% normal goat serum containing 0.1% Triton for 15 min at RT. Biocytin-filled cells and their axon initial segments were visualized. Cultures were incubated with anti-Neurofascin (1:100, ab31457, Abcam) for 2 hours at RT. After three PBS rinses, they were incubated with Streptavidine-Alexa 488 (ThermoFisher Scientific) to visualize biocytin-filled neurons and anti-rabbit-Alexa 594 (1:1000, ThermoFisher Scientific) for Neurofascin for 1 hour at RT. Stained cultures were mounted with Fluoromount-G. Images of stained cells were acquired on a upright spinning disk microscope (Intelligent Imaging Innovations, Inc) using a 20x glycerol immersion objective (NA 1.0), a CSU-W1 spinning disk head (Yokogawa) and a sCMOS ORCA-Flash4.0 camera (Hamamatsu). Multiple tile regions each with Z step series of separation 1.1 µm were acquired for each cell. Tile scans were stitched using Fiji software with BigStitcher plugin. Neuronal arborizations were drawn with the semi-automatic filament tracer tool of IMARIS software (Bitplane). The axon was identified from Neurofascin immunostaining of its initial segment. Axonal and dendritic lengths and data for Sholl analyses were derived by the IMARIS software.

  , CTRL, -55±2 mV; PUR, -49±4 mV; OCM, -54±2 mV). Input resistance increased in PUR cultures (Fig.1G, PUR, 144±14 MΩ, GABA CTRL, 74±16 MΩ) and was reduced back towards control values by OCM addition (110±29 MΩ). Tau did not change significantly (Fig.2C, PUR, 15±2 ms; OCM, 14±2 ms). Sag ratio decreased significantly in PUR (Fig.2D, PUR, 1.17±0.04; OCM, 1.33±0.05), as did the rheobase current (2E, PUR, 169±38 pA; OCM, 347±77 pA. Mean firing rate induced by 200 pA step current injection increased in PUR (Fig.2F, PUR, 21±7 Hz; OCM, 7±3 Hz). The slope of input-output curves did not change (Fig.2G, PUR, 188±44 Hz/pA; OCM, 104±32 Hz/pA). Mean AP threshold (Fig.2H) was -31.9±1.8 mV in PUR, and -35.3±1.2 mV in OCM. AP width increased in PUR cultures (Fig.2I, PUR, 0.96+0.18 ms; OCM, 0.74±0.13 ms), while AHP amplitude decreased (Fig.2J, PUR, -24±1 mV; OCM, -29±2 mV). AP rising amplitude was significantly higher in OCM than in PUR cultures (Fig.2K, PUR, 56±4 mV; OCM, 68±2 mV). Both the AP depolarization rate (Fig.2L, PUR, 192±33 V/s; OCM, 327±28 V/s) and maximal repolarization rate were slower (Fig.2M, PUR, -91±18 V/s; OCM, -119±14 V/s) in PUR culture compared to CTRL and OCM cultures. AP onset latency at rheobase was shorter in PUR conditions than in CTRL (Fig.2N, PUR, 28±8 ms; OCM, 64±24 ms).

  pyramidal and GABAergic neuron markers in genes from different samples. All samples expressed the neuronal marker Snap25. Only samples from non-fluorescent pyramidal cells expressed the vesicular glutamate transporter1 (vGlut1, Slc17a7), while the vesicular GABA transporter (VGAT; Slc32a1) and GAD67 (Gad1) were only detected in samples obtained from fluorescent GABAergic neurons (Fig.4C). Subclasses of hippocampal GABAergic neurons express neuropeptides and Ca 2+ -binding proteins. Searching for neuropeptide (Somatostatin (Sst), Neuropeptide Y (Npy), Cholecystokinin (Cck), Vasoactive intestinal peptide (Vip), Protachykinin (Tac1), Prepronociceptin (Pnoc)) and Ca 2+ -binding protein (Parvalbumin (Pvalb), Calbindin-1 (Calb1), Calbindin-2 (Calb2) genes revealed a diversity of expression. Most GA-BAergic neurons expressed Pnoc (87%), Sst (81%) and Npy (57%). Samples from 56% of cells expressed both Sst and Npy, or combinations of Sst and Calb1 (37%) and/or Sst and Cck (25%) and/or Sst and Pvalb (19%, Fig.4D). GABAergic neurons expressing Pnoc, Npy and Sst neuropeptide genes were found in all culture conditions (CTRL, PUR and OCM). Calb-1 was less frequently expressed in PUR cultures. Genes for other interneuron markers detected in GA-BAergic neurons included the transcription factors Satb1 and Nkx-2.1, the post-synaptic protein

  conclusion, our study provides new insights into communication between glial cells and neurons showing that factors secreted by oligodendrocytes induce transcriptomic changes which may modulate the physiology and anatomy of GABAergic neurons. Further work, possibly including single-cell transcriptomics from oligodendrocytes, should focus on the identity of secreted factors. Studies extended to characterize signaling from oligodendrocytes and their precursors to pyramidal cells could profitably establish general principles underlying the postnatal myelination of cortical axons. Understanding these principles may help design therapies to enhance myelin repair capacity in demyelinating diseases such as multiple sclerosis.
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 1 Figure 1: Patch clamp recording and cytosol harvesting of hippocampal neurons. (A) Schematic
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 2 Figure 2: Glial factors affect the electrophysiological properties of GABAergic neurons. (A)

Figure 3 :

 3 Figure 3: Axo-dendritic morphologies of biocytin filled GABAergic neurons. (A) Reconstruc-

  The mean ± SEM of three independent experiments is shown. (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. indicates no significance).
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 4 Figure 4: Gene expression analysis of the content of pyramidal or GABAergic neuron cyto-
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 5 Figure 5: Cell-type specific expression of mRNAs coding for ion channel and receptors. (A)

Figure 6 :

 6 Figure 6: Pearson correlation between scRNASeq data and electrophysiological parameters.
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 7 Figure 7: Heatmap of genes expressed differentially between conditions. (A) Differences be-
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 8 Figure 8: Gene ontology analysis of regulated genes. (A, B) Expression within clusters with a

.

  CC-BY-NC-ND 4.0 International license perpetuity. It is made available under a preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in The copyright holder for this this version posted November 9, 2020. ; https://doi.org/10.1101/2020.11.09.374306 doi: bioRxiv preprint . CC-BY-NC-ND 4.0 International license perpetuity. It is made available under a preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint inThe copyright holder for this this version posted November 9, 2020. ; https://doi.org/10.1101/2020.11.09.374306 doi: bioRxiv preprintSupporting information of article 2Sup. Figure1:(A) Voltage response of an inhibitory cell to rheobase injected current, the minimal intensity needed to initiate an action potential (AP). In this example, rheobase is 320 pA. The AP voltage threshold is defined as the point at the foot of the first AP where dV/dt exceeds 30 mV/ms, indicated by a red dot. (B) The first AP at rheobase (dashed grey area from A). The following measures of active neuronal properties presented in Fig.1 and2 are derived from analysis of this waveform: Onset latency (purple line), AP threshold (red dot), AP rise amplitude (green line), AP width (dark blue line), AP afterhyperpolarization (AHP, light blue dot and line). Green point represents AP peak. (C) The membrane time constant (Tau) is the shorter time constant determined by fitting a double exponential function to a membrane response (-10 mV frombaseline) to a small hyperpolarizing current. (D) Sag ratio is related to the Ih current. It is the average of three measures of ΔVmin/ΔVmean around -100 mV (ΔVmin and ΔVmean are relative to baseline). (E) Phase plot representation of the first action potential at rheobase, as the first derivative of membrane potential against membrane potential. Dots indicate membrane potential parameters as in (B): the derivative increases from the threshold (red dot) to maximum depolarization rate (maximum slope of AP depolarization, green line) and then decreases to the AP peak (green dot). After peak, the derivative decreases to reach the maximum repolarization rate (maximum slope of AP repolarization) and then further to AP AHP (blue dot), the most negative voltage point of the AP waveform. Sup. Figure 2: (A) Overview of transcript library preparation. Cytosol content was extracted from hippocampal neurons by a patch pipette. SMART-Seq v4 technology was used for mRNA capture, reverse transcription and cDNA amplification. Full-length cDNA was processed with the Nextera XT DNA Library Preparation Kit from Illumina to generate multiplex sequencing libraries. Next-generation sequencing was used to produce libraries with the Illumina NextSeq500 after a 2x75bp paired end sequencing. (B) Bioinformatic pipeline of scRNASeq data treatment. Each step is shown (left column) together with the tool used (right column). (C) Number of expressed genes plotted against the number of uniquely mapped reads. (R 2 =0.79 all samples, R 2 = 0.57, selected samples). Black symbols represent cells that passed quality control and grey symbols cells which failed quality control. Circles represent pyramidal neurons under CTRL conditions, squares GABAergic neurons under CTRL conditions. GABAergic neurons in purified neuron cultures are shown in red and in purified neuron cultures treated with OCM in green. (D) Mapping statistics of reads for each sample (top, quality control passed, bottom, quality control failed). (E) Distribution of reads of transcripts with different origins for each sample (top, quality control passed, bottom, quality control failed).

  neurons to be responsive to glutamate signaling. Examples include regulation of kinase activity, G-protein coupled receptor signaling pathways or regulation of vesicle fusion.Whether those transcriptional regulations occur in the cell autonomous manner remains unknown (Figure35). Investigation of the transcriptional and electrophysiological profile of GABAergic neurons in the absence of pyramidal cells could allow us to weight the contribution of glutamatergic signaling in the transcriptional regulation GABAergic neurons.Moreover, it is unlikely that glutamatergic transmission by itself is sufficient for prenodes to form as we demonstrated the key role of Contactin-1 in clustering Nav channels.Because this latter may neither explain all the observed changes in GABAergic neuron physiology, it could be interesting to assess prenodal formation in purified GABAergic neuron cultures treated both with GluRs agonists and Contactin-1 combined with Phosphacan. Such experiment could allow us to properly assess the role of glutamatergic transmission, in a context where the overall maturity of GABAergic neurons is not affected, in the initiation of prenodal clustering.

Figure 35 :

 35 Figure 35: Proposed model of OCM-mediated effects on prenodal assembly and physiology of hippocampal GABAergic neurons.

Figure 4 :

 4 Figure 4: Representative applications. OL lineage cells added to hippocampal neuron culture at 14 DIV myelinate some hippocampal axons, here fixed at 23 DIV (MBP as a myelin marker; green). Nodes of Ranvier (Na v ; red) are observed in between myelin segments. Scale bar = 25 µm. Please click here to view a larger version of this figure. Bottenstein-Sato (BS) media Final concentration Dulbecco's Modified Eagle Medium Penicillin-Streptomycin 100 IU/mL apo-Transferrin human 100 µg/mL BSA (Bovine Serum Albumin) 100 µg/mL Insulin 5 µg/mL PDGF 10 ng/mL Progesterone 62 ng/mL Putrescine dihydrochloride 16 µg/mL Sodium selenite 40 ng/mL T3 (3,3',5-Triiodo-L-thyronine sodium salt) 30 ng/mL T4 (L-Thyroxine) 40 ng/mLTable 1: Preparation of Bottenstein-Sato (BS) media. NB-B27 low media Final concentration Neurobasal B27 supplement 0.5x L-glutamine 0.5 mM Penicillin-Streptomycin 100 IU/mL NB-B27 media Final concentration Neurobasal B27 supplement 1x L-glutamine 0.5 mM Penicillin-Streptomycin 100 IU/mL Table 2: Preparation of NB-B27low and NB-B27 media.
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	Clinical disability	Clinical disability	Clinical disability	Clinical disability
	time	time	time	time

List of identified proteins in F13 (active fraction)

  

	C0JPT7	Filamin alpha OS=Rattus norvegicus GN=Flna PE=2 SV=1 -[C0JPT7_RA	10,04 0,53		2 1		3			12
	Q6P7A4 F1LM73	Prosaposin OS=Rattus norvegicus GN=Psap PE=2 SV=1 -[Q6P7A4_RAT] Netrin receptor UNC5C OS=Rattus norvegicus GN=Unc5c PE=4 SV=2 -[	9,22 2,26		3 2		4			12
	P17690 D3ZD19	CONTAMINANT:(Bos taurus) Beta-2-glycoprotein 1 precursor Extracellular link domain-containing 1 (Predicted) OS=Rattus norvegicus	17,97 2,62		1 1		3			12
	A2I7N3 Q9TT36 001252647 ENSBTAP00000016285 CONTAMINANT:(Bos taurus) similar to peptidoglycan recognition protein CONTAMINANT:(Bos taurus) SERPINA3-7 CONTAMINANT:(Bos taurus) Thyroxine-binding globulin precursor CONTAMINANT:(Bos taurus) similar to endopin 2B P00761 Trypsin -Sus scrofa (Pig). -[CONTAMINANT:TRYP_PIG] Q05B55 CONTAMINANT:(Bos taurus) Similar to Ig kappa chain C region Q8K1G4 Elongation factor-2 (Fragment) OS=Rattus norvegicus GN=Eef2 PE=4 SV P05065 Fructose-bisphosphate aldolase A OS=Rattus norvegicus GN=Aldoa PE=1 Q62632 Follistatin-related protein 1 OS=Rattus norvegicus GN=Fstl1 PE=1 SV=1 P55063 Heat shock 70 kDa protein 1-like OS=Rattus norvegicus GN=Hspa1l PE= Q28085 CONTAMINANT:(Bos taurus) Complement factor H precursor Q08406 Ciliary neurotrophic factor receptor subunit alpha OS=Rattus norvegicus Q4KMA2 UV excision repair protein RAD23 homolog B OS=Rattus norvegicus GN= G3V7U4 Lamin-B1 OS=Rattus norvegicus GN=Lmnb1 PE=3 SV=1 -[G3V7U4_RAT] Q3KR80 Arylsulfatase A OS=Rattus norvegicus GN=Arsa PE=2 SV=1 -[Q3KR80_R P47942 Dihydropyrimidinase-related protein 2 OS=Rattus norvegicus GN=Dpysl2 P62963 Profilin-1 OS=Rattus norvegicus GN=Pfn1 PE=1 SV=2 -[PROF1_RAT] P31720 Complement C1q subcomponent subunit A OS=Rattus norvegicus GN=C P09606 Glutamine synthetase OS=Rattus norvegicus GN=Glul PE=1 SV=3 -[GLN Q641X3 Beta-hexosaminidase subunit alpha OS=Rattus norvegicus GN=Hexa PE= P07936 Neuromodulin OS=Rattus norvegicus GN=Gap43 PE=1 SV=1 -[NEUM_R Q5PPG2 Legumain OS=Rattus norvegicus GN=Lgmn PE=2 SV=1 -[Q5PPG2_RAT] B1WC21 Fibulin-1 OS=Rattus norvegicus GN=Fbln1 PE=2 SV=1 -[B1WC21_RAT] P41361 CONTAMINANT:(Bos taurus) Antithrombin-III precursor P06868 CONTAMINANT:(Bos taurus) Plasminogen precursor P04258 CONTAMINANT:(Bos taurus) Similar to Collagen alpha 1(III) chain F1LN14 SHC-transforming protein 1 OS=Rattus norvegicus GN=Shc1 PE=4 SV=1 Q0V8M9 CONTAMINANT:(Bos taurus) similar to inter-alpha (globulin) inhibitor H3 B5DEZ6 Glucosamine-6-phosphate deaminase 2 OS=Rattus norvegicus GN=Gnpd D3ZZR3 Cathepsin S OS=Rattus norvegicus GN=Ctss PE=3 SV=2 -[D3ZZR3_RAT] F1LRZ0 Tyrosine-protein kinase receptor OS=Rattus norvegicus GN=Alk PE=3 SV ENSBTAP00000013050 CONTAMINANT:(Bos taurus) hypothetical protein B1WBV8 Pld4 protein OS=Rattus norvegicus GN=Pld4 PE=2 SV=1 -[B1WBV8_RA F1LR87 Beta-hexosaminidase subunit beta OS=Rattus norvegicus GN=Hexb PE= F1M6C2 Elongation factor 1-alpha (Fragment) OS=Rattus norvegicus GN=LOC100 F1LRG3 Kremen protein 1 (Fragment) OS=Rattus norvegicus GN=Kremen1 PE=4 P00978 CONTAMINANT:(Bos taurus) AMBP protein precursor ENSBTAP00000023055 CONTAMINANT:(Bos taurus) 68 kDa protein Q4V8K9 Il1rap protein OS=Rattus norvegicus GN=Il1rap PE=2 SV=1 -[Q4V8K9_ Q1RMN8 CONTAMINANT:(Bos taurus) Similar to Immunoglobulin lambda-like polyp Q5XI32 F-actin-capping protein subunit beta OS=Rattus norvegicus GN=Capzb P Q5XI73 Rho GDP-dissociation inhibitor 1 OS=Rattus norvegicus GN=Arhgdia PE= P31722 Complement C1q subcomponent subunit C OS=Rattus norvegicus GN=C Q6AYC4 Macrophage-capping protein OS=Rattus norvegicus GN=Capg PE=1 SV= O35112 CD166 antigen OS=Rattus norvegicus GN=Alcam PE=1 SV=1 -[CD166_ Q62867 Gamma-glutamyl hydrolase OS=Rattus norvegicus GN=Ggh PE=1 SV=1 Q499T2 Gamma-interferon-inducible lysosomal thiol reductase OS=Rattus norveg P06866 Haptoglobin OS=Rattus norvegicus GN=Hp PE=1 SV=3 -[HPT_RAT] O70513 Galectin-3-binding protein OS=Rattus norvegicus GN=Lgals3bp PE=1 SV Q5M7W5-2 Isoform 2 of Microtubule-associated protein 4 OS=Rattus norvegicus GN O54861 Sortilin OS=Rattus norvegicus GN=Sort1 PE=1 SV=3 -[SORT_RAT] O08629 Transcription intermediary factor 1-beta OS=Rattus norvegicus GN=Trim Q6PCT3 Tumor protein D54 OS=Rattus norvegicus GN=Tpd52l2 PE=2 SV=1 -[TP G3V8C3 Vimentin OS=Rattus norvegicus GN=Vim PE=3 SV=1 -[G3V8C3_RAT] F1LLX8 Lysosome-associated membrane glycoprotein 2 OS=Rattus norvegicus G Accession Description Q0WXX6 Secretory isoform of TSLC1 OS=Rattus norvegicus GN=TSLC1 PE=2 SV= F1M983 Protein Cfh OS=Rattus norvegicus GN=Cfh PE=4 SV=1 -[F1M983_RAT] Q4JFL6 Protein-tyrosine-phosphatase OS=Rattus norvegicus PE=2 SV=1 -[Q4JF P02769 CONTAMINANT:(Bos taurus) Bovine serum albumin precursor F1LQQ8 Beta-glucuronidase OS=Rattus norvegicus GN=Gusb PE=3 SV=2 -[F1LQ ENSBTAP00000024146 CONTAMINANT:(Bos taurus) similar to alpha-2-macroglobulin isoform 1 M0RDR2 Protein LOC100909521 OS=Rattus norvegicus GN=LOC100909521 PE=4 P20059 Hemopexin OS=Rattus norvegicus GN=Hpx PE=1 SV=3 -[HEMO_RAT] Q2KIT0 CONTAMINANT:(Bos taurus) Similar to collagen, type X, alpha 1 P12763 CONTAMINANT:(Bos taurus) Alpha-2-HS-glycoprotein precursor Q2KIS7 CONTAMINANT:(Bos taurus) Tetranectin precursor Q28085 CONTAMINANT:(Bos taurus) Complement factor H precursor F7ESM5 Nitrilase 1, isoform CRA_a OS=Rattus norvegicus GN=Nit1 PE=4 SV=1 -M0RBJ7 Complement C3 OS=Rattus norvegicus GN=C3 PE=4 SV=1 -[M0RBJ7_R Q1A7A4 CONTAMINANT:(Bos taurus) similar to complement component C5 M0R9G2 Protein LOC100911545 OS=Rattus norvegicus GN=LOC100911545 PE=4 ENSBTAP00000023402 CONTAMINANT:(Bos taurus) 46 kDa protein Q4V8H5 Aspartyl aminopeptidase OS=Rattus norvegicus GN=Dnpep PE=2 SV=1 -ENSBTAP00000011227 CONTAMINANT:(Bos taurus) 15 kDa protein D3ZD31 Mannose receptor, C type 1 (Predicted) OS=Rattus norvegicus GN=Mrc1 ENSBTAP00000024146 CONTAMINANT:(Bos taurus) similar to alpha-2-macroglobulin isoform 1 P02768-1 CONTAMINANT:ALB Isoform 1 of Serum albumin precursor A0A0A0MY16 Cell adhesion molecule 2 (Fragment) OS=Rattus norvegicus GN=Cadm2 Q68FS4-2 Isoform 2 of Cytosol aminopeptidase OS=Rattus norvegicus GN=Lap3 -[ Q05175 Brain acid soluble protein 1 OS=Rattus norvegicus GN=Basp1 PE=1 SV= M0RBW1 Protein Chl1 (Fragment) OS=Rattus norvegicus GN=Chl1 PE=4 SV=1 -[M P15205 Microtubule-associated protein 1B OS=Rattus norvegicus GN=Map1b PE= P12346 Serotransferrin OS=Rattus norvegicus GN=Tf PE=1 SV=3 -[TRFE_RAT] Q62656-3 Isoform 3 of Receptor-type tyrosine-protein phosphatase zeta OS=Rattus Q6P7A4 Prosaposin OS=Rattus norvegicus GN=Psap PE=2 SV=1 -[Q6P7A4_RAT] D3ZZL3 Protein Naglu OS=Rattus norvegicus GN=Naglu PE=4 SV=2 -[D3ZZL3_R P34955 CONTAMINANT:(Bos taurus) Alpha-1-antiproteinase precursor D3ZZL8 Crumbs homolog 1 (Drosophila) (Predicted) OS=Rattus norvegicus GN=C Q6IN22 Cathepsin B OS=Rattus norvegicus GN=Ctsb PE=2 SV=1 -[Q6IN22_RAT] B2RZ28 F-box protein 28 OS=Rattus norvegicus GN=Fbxo28 PE=2 SV=1 -[B2RZ P97603 Neogenin (Fragment) OS=Rattus norvegicus GN=Neo1 PE=2 SV=1 -[NEO O70534 Delta-like 1 homolog (Drosophila) OS=Rattus norvegicus GN=Dlk1 PE=2 D3ZLH5 Plexin-B3 OS=Rattus norvegicus GN=Plxnb3 PE=1 SV=1 -[PLXB3_RAT] F1M939 Teneurin-2 OS=Rattus norvegicus GN=Tenm2 PE=4 SV=2 -[F1M939_RA Q64715 Microtubule-associated protein OS=Rattus norvegicus GN=Map2 PE=2 SV E9PST5 Protein Acin1 OS=Rattus norvegicus GN=Acin1 PE=1 SV=1 -[E9PST5_R P36876 Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B alp O35568 EGF-containing fibulin-like extracellular matrix protein 1 OS=Rattus norve Q7TPK6 Serine/threonine-protein kinase WNK4 OS=Rattus norvegicus GN=Wnk4 O35266 Putative pheromone receptor OS=Rattus norvegicus GN=Vom2r32 PE=2 F1LMK2 Protein Trim41 OS=Rattus norvegicus GN=Trim41 PE=4 SV=1 -[F1LMK2 F1LRJ2 Protein Srrm2 OS=Rattus norvegicus GN=Srrm2 PE=1 SV=2 -[F1LRJ2_R D4A510 Protein LOC685179 OS=Rattus norvegicus GN=Smarcc2 PE=4 SV=2 -[D D3ZES5 Ectonucleotide pyrophosphatase/phosphodiesterase family member 2 (Fr D3ZK16 Protein Ice1 OS=Rattus norvegicus GN=Ice1 PE=4 SV=2 -[D3ZK16_RAT] P35527 CONTAMINANT:KRT9 Keratin, type I cytoskeletal 9 Q3SZH5 CONTAMINANT:(Bos taurus) Similar to Angiotensinogen ENSBTAP00000033053 CONTAMINANT:(Bos taurus) 15 kDa protein Q5M918 Glucosamine (N-acetyl)-6-sulfatase OS=Rattus norvegicus GN=Gns PE=2 Q32KJ9 Arylsulfatase G OS=Rattus norvegicus GN=Arsg PE=2 SV=1 -[ARSG_RA D4A631 Brefeldin A-inhibited guanine nucleotide-exchange protein 1 OS=Rattus n P54848 Epithelial membrane protein 1 OS=Rattus norvegicus GN=Emp1 PE=2 SV Q5PQN7 Protein LZIC OS=Rattus norvegicus GN=Lzic PE=2 SV=1 -[LZIC_RAT] Q6AY86 Vacuolar protein sorting-associated protein 26A OS=Rattus norvegicus G D3ZUY8 Adaptor protein complex AP-2, alpha 1 subunit (Predicted) OS=Rattus nor D3ZVF3 Phosphoinositide-3-kinase, class 2, beta polypeptide (Predicted) OS=Ratt F7FL58 Protein Ssna1 OS=Rattus norvegicus GN=Ssna1 PE=4 SV=1 -[F7FL58_R M0R7C9 Olfactory receptor OS=Rattus norvegicus GN=LOC100912159 PE=3 SV= D4A7M6 Protein LOC100359539 OS=Rattus norvegicus GN=LOC100359539 PE=4 F1LXR2 Protein Ect2l (Fragment) OS=Rattus norvegicus GN=Ect2l PE=4 SV=2 -F1LVL2 Protein Icoslg OS=Rattus norvegicus GN=Icoslg PE=4 SV=2 -[F1LVL2_R D3ZJK8 Protein Atp8a1 OS=Rattus norvegicus GN=Atp8a1 PE=4 SV=2 -[D3ZJK8 F1MAK0 Protein Aggf1 OS=Rattus norvegicus GN=Aggf1 PE=4 SV=2 -[F1MAK0_ D3Z802 Protein Nrap OS=Rattus norvegicus GN=Nrap PE=4 SV=1 -[D3Z802_RA F1LVK0 Protein RGD1307100 (Fragment) OS=Rattus norvegicus GN=RGD130710 Q3KUS7 CONTAMINANT:(Bos taurus) Complement factor B M0R4V7 Protein Npnt OS=Rattus norvegicus GN=Npnt PE=4 SV=1 -[M0R4V7_RA M0R3W6 Olfactory receptor (Fragment) OS=Rattus norvegicus GN=Olr1498 PE=3 D3ZTD8 Semaphorin-5A OS=Rattus norvegicus GN=Sema5a PE=1 SV=1 -[SEM5 Q6P7C7 Transmembrane glycoprotein NMB OS=Rattus norvegicus GN=Gpnmb PE= ENSBTAP00000016285 CONTAMINANT:(Bos taurus) similar to peptidoglycan recognition protein Q4V8I9 Protein Ugp2 OS=Rattus norvegicus GN=Ugp2 PE=2 SV=1 -[Q4V8I9_RA D3ZWH1 Protein Stab1 OS=Rattus norvegicus GN=Stab1 PE=4 SV=1 -[D3ZWH1_ Q2UVX4 CONTAMINANT:(Bos taurus) Complement C3 precursor Q3SZV7 CONTAMINANT:(Bos taurus) Similar to hemopexin P00761 Trypsin -Sus scrofa (Pig). -[CONTAMINANT:TRYP_PIG] D3ZQ57 Plexin B2 OS=Rattus norvegicus GN=Plxnb2 PE=4 SV=1 -[D3ZQ57_RAT] P15497 CONTAMINANT:(Bos taurus) Apolipoprotein A-I precursor D4ACA7 Colony stimulating factor 1 receptor OS=Rattus norvegicus GN=Csf1r PE= P07335 Creatine kinase B-type OS=Rattus norvegicus GN=Ckb PE=1 SV=2 -[KC D4A8D3 Ferritin OS=Rattus norvegicus GN=LOC100363177 PE=3 SV=1 -[D4A8D E9PSP1 Protein Pltp OS=Rattus norvegicus GN=Pltp PE=4 SV=1 -[E9PSP1_RAT] P13941 Collagen alpha-1(III) chain OS=Rattus norvegicus GN=Col3a1 PE=2 SV= P01966 CONTAMINANT:(Bos taurus) Hemoglobin subunit alpha Q3SX09 CONTAMINANT:(Bos taurus) similar to HBG protein P57097 Tyrosine-protein kinase Mer OS=Rattus norvegicus GN=Mertk PE=2 SV= Q58D62 CONTAMINANT:(Bos taurus) Fetuin-B precursor O55156 CAP-Gly domain-containing linker protein 2 OS=Rattus norvegicus GN=C ENSBTAP00000037665 CONTAMINANT:(Bos taurus) similar to Pregnancy zone protein, partial G3V7U4 Lamin-B1 OS=Rattus norvegicus GN=Lmnb1 PE=3 SV=1 -[G3V7U4_RAT] D4A8C2 Uncharacterized protein OS=Rattus norvegicus GN=Nrcam PE=1 SV=2 -D3ZHG3 Uncharacterized protein OS=Rattus norvegicus GN=Ptk7 PE=4 SV=2 -[D P63018 Heat shock cognate 71 kDa protein OS=Rattus norvegicus GN=Hspa8 PE= V9GZ85 Actin, cytoplasmic 2 (Fragment) OS=Rattus norvegicus GN=LOC1003614 Q64599 Hemiferrin OS=Rattus norvegicus GN=LOC286987 PE=2 SV=1 -[Q64599 P47942 Dihydropyrimidinase-related protein 2 OS=Rattus norvegicus GN=Dpysl2 P09606 Glutamine synthetase OS=Rattus norvegicus GN=Glul PE=1 SV=3 -[GLN Q63198 Contactin-1 OS=Rattus norvegicus GN=Cntn1 PE=1 SV=2 -[CNTN1_RAT]	4,80 9,73 8,63 10,32 28,14 20,00 14,19 13,74 11,76 8,58 3,56 11,83 20,24 8,35 11,07 7,52 21,43 12,24 9,65 5,68 10,18 12,41 4,53 2,37 3,20 3,27 7,25 5,27 22,10 9,12 3,30 5,97 7,95 5,03 8,78 10,13 6,53 5,21 6,67 14,96 10,29 7,84 8,98 3,72 2,40 4,10 4,03 3,46 3,31 1,93 1,33 2,04 4,55 4,51 4,87 ΣCoverage 8,04 51,70 1,19 56,18 1,39 36,97 2,70 8,26 12,04 49,03 10,40 30,18 5,50 11,85 1,13 18,07 3,16 40,84 15,33 14,70 1,22 23,97 8,86 34,63 12,27 20,62 1,14 2,15 0,62 15,55 1,76 27,88 3,27 23,60 3,80 10,68 3,39 5,31 2,10 0,99 1,12 4,03 5,88 0,57 4,43 6,53 0,55 1,86 1,88 1,80 5,14 6,37 15,11 2,31 6,46 1,25 26,25 6,32 1,83 2,46 1,67 14,29 13,42 2,82 1,11 5,72 4,76 1,99 0,47 1,49 5,53 7,60 13,59 5,12 5,77 4,91 9,25 3,58 2,83 12,83 34,63 2,93 20,38 3,89 18,64 30,05 12,90 5,74 33,10 35,32 6,94 22,48 6,98 15,74 7,16 7,78 16,65 12,69 14,97 13,43 17,13 14,48 11,56	Σ# Proteins	1 1 1 1 1 1 2 3 3 2 1 1 1 2 2 1 2 1 1 1 1 2 3 3 2 2 3 1 1 2 1 1 2 2 3 1 1 1 4 1 1 1 1 1 1 1 1 2 1 2 2 1 1 2 3 9 2 1 7 3 3 1 3 1 1 1 1 3 3 5 1 1 1 1 1 1 1 3 3 3 1 3 2 3 3 1 1 2 1 4 1 1 2 3 2 3 2 1 1 1 4 2 1 3 1 2 2 1 1 1 2 1 1 1 1 1 1 1 1 2 1 1 1 7 1 1 2 2 1 1 1 5 1 1 1 1 4 2 2 1 1 2 1 12 1 1 2 10 2 13 1 4 1 2 5 1 2 1	Σ# Unique Peptides	1 3 2 3 2 3 3 2 2 1 2 2 3 3 3 2 2 2 2 2 1 3 2 1 1 3 1 2 2 2 1 2 2 2 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 47 28 36 4 12 23 12 15 14 14 9 11 11 2 6 7 7 8 6 6	Σ# Peptides	47 29 38 4 12 23 12 17 14 14 10 11 11 2 6 7 7 8 6 6	12 12 12 12 11 11 11 10 10 10 10 9 9 9 9 8 8 8 8 8 8 8 8 8 8 8 8 8 7 7 7 7 7 6 6 6 6 6 5 5 4 4 4 4 4 4 4 4 4 4 4 4 4 Σ# PSMs
	M0R6B1 Q3SZH5	Protein Caprin2 OS=Rattus norvegicus GN=Caprin2 PE=4 SV=1 -[M0R6 CONTAMINANT:(Bos taurus) Similar to Angiotensinogen	4,09 9,67		1 1				
	M0R6J5 P31720	Protein Nom1 (Fragment) OS=Rattus norvegicus GN=Nom1 PE=4 SV=1 Complement C1q subcomponent subunit A OS=Rattus norvegicus GN=C	1,98 12,24		1 1				
	M0RAG4 P02454	Protein LOC100361098 (Fragment) OS=Rattus norvegicus GN=LOC10036 Collagen alpha-1(I) chain OS=Rattus norvegicus GN=Col1a1 PE=1 SV=5	27,97 3,51		1 2				
	F1LM29	Reelin OS=Rattus norvegicus GN=Reln PE=4 SV=2 -[F1LM29_RAT]	1,17		5				
	G3V8T1	M-phase phosphoprotein 8 OS=Rattus norvegicus GN=Mphosph8 PE=2 S	3,41		4				
	Q6MFX0	Olfactory receptor OS=Rattus norvegicus GN=Olr1742 PE=3 SV=1 -[Q6	13,59		1				
	M0R9K6	Olfactory receptor (Fragment) OS=Rattus norvegicus GN=LOC100910456	16,96		1				
	Q63593	Putative olfactory receptor (Fragment) OS=Rattus norvegicus GN=tpcr18	27,27		1				
	D3ZIC6	Cadherin-related family member 5 OS=Rattus norvegicus GN=Cdhr5 PE=	6,42		3				
	F1LPB0	Sphingosine-1-phosphate phosphatase 1 OS=Rattus norvegicus GN=Sgp	9,09		2				
	O70267	Olfactory receptor OS=Rattus norvegicus GN=Olr1699 PE=3 SV=1 -[O7	13,08		1				
	F1LQZ6	CMRF35-like molecule 8 OS=Rattus norvegicus GN=Cd300a PE=4 SV=2	8,33		1				

Table 1 :

 1 Electrophysiological properties of pyramidal and GABAergic neurons. Top, mean va-

lues ± SEM and number of cells for each parameter and culture condition. Bottom, p-values and significance levels from Mann-Whitney (MW) tests (PYR CTRL vs. GABA CTRL) and from Kruskal-Wallis (KW) and Dunn's multiple comparison post hoc test (GABA CTRL vs. PUR vs. OCM).
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Preparation of the flasks (~5 min)

NOTE: Perform the following steps the day before dissection in a laminar flow hood under sterile conditions.

1. Coat the 150 cm 2 flasks (T150) with filter cap (1 flask for 2 pups) using 5 mL of polyethylenimine (PEI, 100 mg/L, see protocol in Supplementary File 1). 2. Store the flasks at 4 °C overnight. 3. Rinse coated flasks 3 times with sterile distilled water on the day of dissection.

Preparation of media (~10 min)

NOTE: Perform the steps in a laminar flow hood under sterile conditions.

Representative Results

In this protocol, OL lineage cells are purified from glial cultures by shaking off astrocytes and microglia. Purity and phenotypic examination of OL cultures can be assessed by immunostaining with glial markers 15 . Analysis of the expression of different markers indicated that OL cultures were mostly pre-OLs with 90% ± 4% of O4 + cells, 85% ± 7% NG2 + cells, and 4.7% ± 2.1% of PLP + cells, while 7.2% ± 2.5% of cells were GFAP + astrocytes (mean ± S.D., n = 3; Figure 2). In addition, 4.6% ± 0.7% of cells were CD11b + microglial cells (mean ± S.D., not shown).

OCM produced from such cultures can be added at 3 DIV to purified hippocampal neuron cultures. This treatment promotes the clustering of nodal proteins, consisting of Na v channels associated with Neurofascin 186 and Ankyrin G along the axon of hippocampal GABAergic neurons before myelination, at 17 DIV (Figure 3A,B). Of note, electrophysiological recordings revealed that these clusters are associated with an increased conduction of action potentials 14 . In addition, expression of phosphorylated intermediate filament protein H stained by Smi31 is increased in OCM-treated hippocampal neurons (Figure 3A). Oligodendroglial secreted factors are therefore implicated in neuronal maturation and physiology.

Myelination of hippocampal neurons can be studied through addition of OL at 14 DIV. From 20 DIV to 24 DIV, immunostaining of myelin markers, such as myelin basic protein (MBP) allows visualization of myelin segments (Figure 4). 

Discussion

Here, we provide a detailed protocol to obtain highly enriched oligodendroglial lineage cell cultures from mixed glial cultures, adapted from a previously published method 16

, and the subsequent production of OL-conditioned medium. This shaking technique is not expensive, can be repeated three times and is optimal to obtain high quantity of purified OLs, as cells cultured in Bottenstein-Sato (BS) medium containing PDGFα proliferate. Glial cells are prepared using cerebral cortices of Wistar rats at P2, a time point at which a vast majority of the oligodendroglial lineage cells are pre-oligodendrocytes expressing NG2 and O4 15 . Of note, OL lineage maturation is similar at P2 in mouse and rat, and this protocol can also be used to isolate mouse pre-oligodendrocytes
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Summary

Oligodendrocytes interactions with neurons fulfill distinct functions essential for cortical circuit maturation, albeit not completely understood. Through myelin formation, oligodendrocytes greatly increase speed and reliability of action potential propagation. This process requires high densities of voltage-gated sodium channels (Nav channels) at nodes of Ranvier. The mechanisms underlying the assembly of these highly specialized domains remain poorly understood. While evidences have attributed a key role to contacts between myelinating oligodendrocytes and the axon to cluster Nav channels, our laboratory suggested that nodes of Ranvier formation may differ between neuronal subtypes. Oligodendrocyte secreted factor(s) are indeed sufficient to cluster nodal proteins along hippocampal GABAergic axons prior to myelination, thereby forming node-like clusters or prenodes. Yet, the nature of the factor(s) involved remained elusive.

During my thesis, we successfully identified the oligodendrocyte-derived clustering factors as a multimolecular complex, consisting of Contactin-1 combined with the extracellular matrix proteins RPTP/Phosphacan or Tenascin-R (Dubessy*, Mazuir*, et al. 2019). To identify neuronal targets of oligodendrocytes, we investigated the influence of oligodendrocyte secreted factors on single hippocampal GABAergic neuron transcriptome and physiology. Combination of electrophysiological and transcriptomic analyses suggest that oligodendrocytes secreted cues tend to reverse the observed changes in GABAergic neuron physiology caused by removing glial cells from cultures. We reveal that absence of glial cells decreases action potential discharge and excitatory events received by hippocampal GABAergic neurons. Specific changes in transcripts for ion channels, transporters and synaptic markers were induced in glial-free cultures and were partly recapitulated upon addition of oligodendrocyte conditioned medium (Mazuir et al., 2020a) to purified hippocampal neurons (Mazuir et al., 2020b).