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Connexin 30 sets synaptic strength by controlling astroglial synapse invasion
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scratch and found that Cx30 alters the redistribution of this ECM-receptor at the leading edge of wounded astrocytes. Given that integrin signaling regulates the activation and polarized recruitment of the Rho GTPase Cdc42, which is critically involved in astroglial polarization, I performed a Cdc42 pull down activation and found that Cx30 inhibits the activation of Cdc42 in response to a scratch. Finally, to investigate whether Cx30 also contributes to the physiological polarity of astroglial processes in situ in the hippocampal CA1 stratum radiatum area, I quantified the orientation of s.r. astroglial processes relatively to the apical dendrites of pyramidal neurons, and I found that it is impaired in Cx30 -/-mice. This altered astroglial remodeling was associated with an increased expression of laminin in hippocampal synaptosomal extracts of Cx30 -/-mice. Because s.r. astrocyte morphology has been suggested to set the spatial properties of GJ intercellular coupling, I analyzed dye coupling experiments in Cx30 -/-mice and found that Cx30 regulates the anisotropic coupling of s.r astrocytes. In all, these data demonstrate that Cx30 modulates a laminin signaling cascade that controls the reorientation of astroglial migrating protrusions, especially contributing to the postnatal morphofunctional maturation of hippocampal astrocytes (article 2).

Morphological and functional interactions between astroglial processes and synapses are altered when Cx30 is deleted (article 1). It is now important to show the physiological relevance of this regulation by linking Cx30 regulation of synaptic strength to a native biological context. I thus aimed at determining whether neuronal activity regulates Cx30 levels, localization and functions. To examine whether Cx30 expression is regulated by neuronal activity, I first performed pharmacological treatments in hippocampal acute slices followed by immunoblotting. I found that both spontaneous and bursting activity upregulates Cx30 protein levels. I then investigated the underlying signalling pathways and found that neuronal activity controls Cx30 expression via the activation of mGluRs and IP3R2 resulting in intracellular Ca 2+ signalling. I then investigated whether activity-dependent regulation of Cx30 levels occurs through protein synthesis or degradation. I found that neuronal activity sets Cx30 protein levels via regulation of the lysosomal degradation pathway. Given the functional relevance of PAPs in Cx30-mediated synaptic function, I first revealed that Cx30 is expressed in astroglial perisynaptic microdomains using biochemistry on synaptosomal extracts and super-resolution imaging. Next, I investigated if the localization of Cx30 at the plasmalemma and astrocyte distal processes may be activity-dependent. I found that neuronal activity drives the redistribution of Cx30 to the plasma membrane and PAPs. Because Cxbased functions are regulated by Cx protein levels and localization, I asked whether the function of astroglial Cx30 may be regulated by neuronal bursting. I showed that neuronal activity differentially regulates Cx30 functions, as it promotes the opening of Cx30 hemichannels while it induces the remodelling of astroglial processes via a channelindependent function. Altogether these data show an activity-dependent dynamics of Cx30 expression, perisynaptic localization and functions (article 3).

To relate the newly-identified astroglial Cx30 synaptic function (article 1) to a physiological context, I took advantage of the hypothalamic supraoptic nucleus (SON), since it is a well-known physiological model of morphological neuroglial plasticity. In particular, it is characterized by changes in synaptic strength due to the alteration of synapse coverage by astroglial processes, as reported in the hippocampus of Cx30 -/-mice. Indeed, previous work established ultrastructurally that during lactation, astrocytic processes retract from SON synapses, which alters excitatory synaptic strength, by reducing astroglial glutamate clearance. SON structural remodelling regulates the release of oxytocin, a neurohormone critical for promoting maternal and social behaviors. Therefore, I investigated whether Cx30 regulates the plastic coverage of SON oxytocinergic neurons and its consequences on secreted oxytocin levels and associated maternal and social behavior. Virgin mice deficient for Cx30 displayed reduced astroglial coverage of oxytocinergic neurons. Moreover we found that during lactation, Cx30 protein levels were strongly up-regulated in the SON and contributed to the plasticity of astroglial oxytocinergic neuron coverage. Changes in astroglial neuron coverage were associated with altered plasmatic levels of oxytocin, as well as social and maternal behaviors. Overall, these data establish astrocytes, via Cx30 regulation of synapse coverage, as key determinants of oxytocin-based sociability.

These results shed new light in the fields of connexin expression regulation, molecular basis of connexin non-channel function, as well as physiological remodelling of synaptic neuroglial contacts and its impact on behavioural and cognitive processes; it may also contribute to consider astroglial Cx30 as an alternative target for future drug development based on glia-mediated neuroprotective strategies. The modern history of neurophysiology likely emerges from the famous 1791's discovery of "animal electricity" by Luigi Galvani, challenging the former Cartesian concept of "Animal spirit". Hitherto it was indeed thought that a vital fluid, coming from the brain, and running through the nerves, generates muscular contraction by mean of muscles swelling. In the same spirit, the Italian microscopist Felice Fontana provided the first precise descriptions of nerves viewed as "transparent, uniform and simple cylinders" allowing fluid to be conducted (Fontana F. Dissertation épistolaire addressee au R.P. Urbain Tosetti In: Haller, A. ed. Mémoires sur les parties sensibles et irritables du corps animal, vol. 3 Lausanne : S. D'Arnay; 1760: 157-243). Thus, using a frog vivisection protocol maintaining the femoral muscle connected to the spinal cord, Galvani applied electrical discharges to the exposed nervous fibers thanks to a Leyden jar -machine storing static electricity-and observed that the femoral muscle twitched in response to stimuli, leading him to the conclusion that nerves could in fact be regarded as tubes conducting the electrical fluid. In the decade that followed, Galvani achieved many others critical experimental procedures, including the manipulation of sciatic nerves from two freshly isolated frog legs, in the absence of any metal wires. This preparation allowed him to demonstrate that it was enough connecting the cut end of the first sciatic nerve to the second intact leg nerve to see its muscles twitching (Galvani L. De viribus electricitatis in motu musculari commentaries. De Bononiensi Scientarium Artium Instituto Academia Commentarii 7:363-418; 1791. For translation see: M.G. Foley. Galvani: Effects of electricity on muscular motion. Norwalk: Burndy Library; 1954). This seminal discovery further extended the concept of nervous tissue excitability, as it unambiguously demonstrated that the potential for generating electricity can directly be found in muscles and nerves. Few years later, in 1838, Carlo Matteucci used the recently invented Nobili galvanometer to monitor this "muscle current" flowing along the exposed sciatic nerve of a frog leg preparation during muscular contraction, and further observed that there was a net decline -or negative variation -of this current during tetanic muscular contraction caused by strychnine, portending for the future discovery of the action potential. It was only in 1852, with the advent of histological stains, that Albrecht Kolliker could later show that the Fontana's axoplasm actually originated from motor nerve cells, whose cell bodies were packed within the anterior horn of the spinal cord. Nonetheless, and although Wilhelm Kuhne provided in 1862 the first basic description of the nerve ending structure at the frog sciatic end-plate, there was by this time no clear understanding of the relationship between nervous fibers and muscle cells.

From the reticularist to the neuron doctrine

During the course of the 19 th century, histologists had identified and named most of nerve cells structures: dendrites were so called by His in 1889, neurons by Waldeyer in 1891 and axons by Kolliker in 1896. However, there was at that time no precise picture of neuronal connectivity, as the actual contact between nerve ending and nerve cells was not discernable by current microscopy techniques. In this context, the discovery made by Camillo Golgi in 1886 of an efficient silver staining technique allowing a sparse black impregnation of neurons did not further elucidate the nature of the neuronal junction. On the contrary, Golgi's observations led him to conclude that there was a full continuity between axon and dendrite terminals, which were ensuring the free propagation of the action potential within the reticular neuronal network, in accordance with the Cartesian concept of mechanical conduction. Thus, this technical caveat opens an era of scientific controversy, as other histologists did not agree with Golgi's conclusions, and for example His and Kolliker rather considered that neurons endings do not anastomose and that "transmission of a stimulus [may occur] without continuity of substances" (His W. Zur Gexchichte des menschlichen Ruckenmarkes uned der Nervenwurzeln. Abhandl. Math.-Phys. Class. Konigl. Sach. Gesell-sch. Wiss. Leipzig 13:147-209; 1886). That's when Santiago Ramon y Cajal stepped into the picture, applying Golgi's chromo-argentic technique on embryological material, he described the structure of bird Cerebellar nerve contacts between stellate and Purkinje neurons at the Berlin Congress of 1889, showing sign of contiguity. There he met Waldeyer who 2 years later -much to his regret -published the first basic revue setting up the neuron doctrine, which argues that nerve cells are separate compartments that abut to each other's with free endings. This theory was then strongly supported by Cajal's work on cerebellar neuron degeneration, as he claimed that "if neurons were not completely independent, it would be impossible to account for the precise localization of degeneration following ablation of a cell group of fiber tracts" (Cajal S.R. Histology of the nervous system of man and vertebrates (1909)(1910)(1911), vols. 1. and 2. (L. Azoulay. Spanish trans.; N. Swanson and L.W. Swanson, French trans.). New York: Oxford University Press; 1995). Nevertheless, it is the English physiologist Charles Scott Sherrington and its brilliant method for mapping neuronal circuits, consisting of serial axon cuts within the dog spinal motor arc reflex, who seeked further progress on the concept of neuronal independence: "if at the nexus between neurons there does exist any actual confluence, there must be a surface of separation" (Sherrington C.S. to Schafer E.A. Letter 1 Dec. 1897, in the Sharpey-Schaefer papers in the Contemporary Medical Archives Centres, the Wellcome Institute for the History of Medecine, reference PP/ESS/B21/9; 1897a.). Sherrington named this neuronal interface "synapsis" in 1897, and given the conduction properties he found within the spinal arc reflex, he described it functionally as a "valve" controlling the direction of action potential propagation throughout nerves, reminding once again the Cartesian conception of nervous transmission. Therefore, at that point scientists were still lagging behind experimental evidences explaining how the action potential could be transmitted from the motor fibers to the muscles or from the sensory neurons of the posterior spinal horn to other nerve cells.

From the electrical to the chemical hypothesis of neurotransmission

Pioneering physiological experiments performed in the mid-19th century had yet paved the way for understanding the relationship between the effects of electrical stimulation on nervous transmission on the one hand and the pharmacological action of certain drugs on the other hand. There is for example, the famous case of Claude Bernard who demonstrated, in an 1856's presentation at the College de France, that curare administration blocks specifically the excitation of motor nerve terminals, and not sensory fibers, while muscles could still be electrically stimulated. This experiment on neuromuscular curarization and the Schmiedeberg's proof of its antagonism by atropine on the heart, led to the emergence of the concept of "biological target", namely drugs would mimic the effect of electrical stimulation by acting on neuronal "receptive substances". Nonetheless, it is with the administration of endogenous substances, at the beginning of the twentieth century, such as Thomas R. Elliott's suprarenal extracts, that the chemical nature of messengers exchanged at the synaptic junction was uncovered. Indeed, at the Physiological Society meeting in 1904 Elliott showed comparable effects on smooth muscle contraction for both sympathetic nerve stimulation and infusion with supra-renal extracts, thus concluding that "[renal] Adrenaline might then be the chemical stimulant liberated on each occasion when the impulse arrives at the periphery" (Elliott TR 1904 On the action of adrenaline . J Physiol Lond 31:xx-xxi). Although the chemical transmission theory had received seminal experimental evidences during the decades that followed, with for example the Henry Hallett Daleon's demonstration of Acetylcholine release by the frog heart vagal nerve in the 1930's; it was with the electron microscopy description of the synaptic hiatus by George Emil Palade in 1954, and the discovery of small presynaptic vesicles, that the mechanisms of chemical transmission had definitively been supported. The mid-50's had seen a wealth of investigations aimed at identifying the arsenal of neurotransmitter species released in the brain, with in particular the discovery of GABA and Glutamate by Awapara and Curtis, respectively. While its physiological description, namely inhibitory and excitatory transmission, came around the same time, in the late 60's, Katz and collaborators described the mechanisms by which nerve depolarization lead to the opening of presynaptic calcium channels and the further release of neurotransmitters. Simultaneously, with De Robertis 's biochemical methods for extracting "synaptosomes", and under the influence of Alfred Joseph Clark quantitative approaches, experimental pharmacology saw the development of receptor occupancy studies classifying "receptive substances" according to their responses to agonists, which led to the concept of neuromodulatory transmission. In all, with the Miledi's isolation of the cholinergic nicotinic receptor in the 70's, the nineteenth's scientific odyssey culminated to a comprehensive understanding of the chemical synapse machinery, on the eve of the molecular biology era. In comparison, the history of glia and neuroglial interactions seems to have been much more troubled.

The rehabilitation of Glia: from brain glue to active supporting cells

The term glia had first been coined by Rudolf Ludwig Karl Virchow -father of the cellular theory -in 1858 to describe "the connective tissue" or "cement" in which the neurons appeared to be embedded (Die Cellularpathologie in ihrer Begründung auf physiologische und pathologische Gewebelehre), thought at this time to be devoid of any cellular element and consisting only in a structural scaffolding element. Even though Heinrich Muller original insight describing glial radial cells of the retina as early as 1851, the cellular origin of neuroglia resulted from a great piece of competitive research between 19 th century more influential histologists, whose interest were not limited to neurons. Thus, in short, advances in the histological characterization of glial subtypes were made possible by the development of new labeling protocols, namely the silver nitrate, the sublimated gold-chloride and the silver carbonate staining techniques: introduced by Camillo Golgi, Santiago Ramon y Cajal and Pio Del Rio-Hortega respectively. Notably, the latter histological techniques allowed Del-Rio Hortega to selectively label, and thereby give a name, to both the microglial cells (1919) and the oligodendrocytes (1921). Whereas, for its part, Michael Von Lenhossek was the first to propose the name "astrocyte" (Lenhossek M. Der feinere Bau des Nervensystems im Lichte neuester Forschung, Fischer's Medicinische Buchhandlung, Berlin 1893) to identify the starshaped stellate glia cells labelled by Golgi staining in the white matter (WM). Andriezen and Koelliker soon divided astrocytes into two distinct subclasses which nomenclature survived until nowadays, fibrous and protoplasmic astrocytes, before their true cellular diversity were really appreciated years later. It is at the end of the 19 th century that neurobiologists started to ask the question about the functions endorsed by glial cells in cerebral physiology. Thus, it is worth noting the avant-garde hypothesis of Cajal concerning the functional properties he attributed to astrocytes and which have recently been validated. He thus hypothesized the role of astrocytic endfeet in vasomotricity and the habibility of radial glial cells to differentiate in astrocytes at the end of neurogenesis as well as the capacity of mature astrocytes to undergo cellular division in adult. But it was Carl Ludwig Schleich the first to propose in 1894 (Schmerzlose Operationen) that glial cells may be active partners of neurons and that neuroglial interaction should be considered as the substrate for sophisticated control over the excitation/inhibition balance of the brain. Indeed, as glia were thought at this time to simply occupy the free space between neurons, he hypothesized that the capacity of glia to undergo dynamic cellular volume regulations may be at the onset of neuromodulation by actively controlling the propagation of the nerve impulse. Unluckily, Schleich promulgated its "neuroglial interaction" concept the same year as the neuron doctrine was released by Sigmund Exner, thus putting his idea in the shade for far too long.

The recent emergence of the tripartite synapse concept

While the debate raging over the cellular nature of neuroglial cells was resolved in the late 1800s, the question concerning the role of glia in cerebral physiology was delayed for nearly a century. During this period the overall opinion was that glial cells were "electrically silent", as electrophysiological recordings of astroglial cells with sharp electrodes found at this time only passive membrane currents, and thus that glial cells were mainly acting as chemical insulators between active synapses. But this simplistic view changed dramatically in the 1980s when neuroglial cells were shown to express neurotransmitter receptors (Bowman and Kimelberg 1984, Kettenman et al 1984) and to respond in culture to glutamate exposurethe main excitatory amino-acid transmitter in the brain -by propagating oscillatory "Ca 2+ waves" [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: long-range glial signaling[END_REF]). Indeed, those observations suggested that neurotransmitters can evoke complex signaling events in a priori non-excitable cells, and hence further supposed that astrocytes may be much more implicated in cerebral information processing than it was previously thought. The idea that astroglial cells can sense and feed signals back to neurons was then definitively put forward in the 90's with reports demonstrating that co-culturing neurons with astrocytes can elicit rises in neuronal intracellular calcium, a well-known ubiquitous second messenger [START_REF] Nedergaard | Direct signaling from astrocytes to neurons in cultures of mammalian brain cells[END_REF][START_REF] Parpura | Glutamate-mediated astrocyte-neuron signalling[END_REF]. Finally, the remaining question at this point concerning neuroglial interactions was whether astrocyte would be able to actively modulate synaptic transmission.

Thus, in the late 90's, many studies aimed at answering this question by demonstrating, to just to mention a few, that cultured astrocytes can for instance release glutamate in response to intracellular calcium build-up via metabotropic receptors activation [START_REF] Bezzi | Prostaglandins stimulate calcium-dependent glutamate release in astrocytes[END_REF] and that this could actually induce a net increase in the frequency of miniature postsynaptic currents in adjacent neurons [START_REF] Araque | Calcium elevation in astrocytes causes an NMDA receptor-dependent increase in the frequency of miniature synaptic currents in cultured hippocampal neurons[END_REF]. This was therefore the backdrop to the "synaptic triate" or "tripartite synapse" theory postulated by Helmut Kettenman in 1996, which propose that chemical transmitters release by the presynaptic neuronal elements may cause an increase in the levels of calcium in the perisynaptic astroglial processes (PAP), spurring them to release transmitters of their own that can in turn activate the post (or pre) synaptic elements. As glial chemical transmission is expected to acutely regulate synaptic transmission and thereby control the architecture and strength of neuronal connections, this hypothesis was an important conceptual shift in the way to consider cerebral information processing. However, a large number of voices have rapidly questioned whether the methodological approaches used in those studies, namely strongly perturbing intracellular calcium signaling, where specific enough as they may be affecting at the same time neuron receptors, transporters and channels. Those critics reached a peak with the experiments performed in Ken Mc Carthy's laboratory in 2010 [START_REF] Agulhon | Hippocampal short-and long-term plasticity are not modulated by astrocyte Ca2+ signaling[END_REF]. Indeed, although Mc Carthy's group primarily aimed at demonstrating the importance of gliotransmission in regulating synaptic transmission and plasticity by silencing specifically calcium excitability in astrocytes using genetically engineered mice, his team actually found the very opposite, meaning that neither increasing nor obliterating astrocytic Ca 2+ fluxes affected neuronal communication at the synapse. Even though one pointed out the unexpected physiological caveats that may arise from such genetic depletion in mice; since then, the neuroglial interactions field is traversed by intense debate concerning whether perisynaptic astrocyte processes may be considered as a "synaptic cradle" [START_REF] Nedergaard | Artifact versus reality--how astrocytes contribute to synaptic events[END_REF] uptaking neurotransmitters and insulating the synaptic cleft from extrasynaptic neuroactive molecules or as the "third active element" of the synapse supporting the release of chemical transmitters. Having depicted this historical context will undoubtedly help us to better understand how the research I undertook during my PhD articulates along this thematic line.

II. GENERAL PHYSIOLOGY OF ASTROGLIAL CELLS IN THE CENTRAL NERVOUS SYSTEM 1. Astroglial properties 1.1. Philogeny and development of astroglial cells

Appearing early in phylogeny, glial cells are present in all organisms with a Central Nervous System and remarkably, the evolution of the Central Nervous System (CNS) complexity is associated with an increased number, size and diversity of glial cells. In particular, astrocytes -which are the most numerous macroglial cell types in the mammalian brain -have recently been described to display unique forms and functions in the adult human brain, thereby supporting the idea that the sophistication of neuronal cortical circuitry demanded the adaptation of elaborated astroglial phenotypes and functional properties, contributing to human level cognition. I will briefly introduce here the evolutionary and developmental origin of astroglial cells, before presenting an overview of its integration and functional maturation into developing neuronal networks as well as its dynamic capacity to undergo proliferation and reactivity throughout the lifespan (report to Fig. 1 and2).

Evolutionary adaptation of Glia to increased CNS complexity

Since the Paleozoic era, which is characterized by massive species extinction and strong selective pressure, and the appearance of early invertebrates such as Caenorhabditis Elegans and Drosophila Melanogaster, the architecture of the nervous system includes glial cells as part of sophisticated neuroglial interactions whose morphological relationship appear to be similar to those in higher organisms, such as in Mus Musculus or Homo Sapiens Sapiens [START_REF] Stork | Analysis of glial cell development and function in Drosophila[END_REF]. Moreover, invertebrate glia endorse certain fundamental physiological functions which are analogous to those of vertebrates: glia participates in the development and maturation of neuronal circuits, provides metabolic support to mature neurons, regulates the recycling of neurotransmitter through the expression of specific enzymes and transporters, maintains the integrity of the nervous system upon injury, which makes them appealing simple model genetic organisms to explore the fundamental aspect of neuroglial biology. However, although simple invertebrate organisms display several glia Figure 1 A. Diversification of glial subtypes during the evolution of species, adapted from (Freeman MR and Rowitch Evolving concepts of gliogenesis: a look way back and ahead to the next 25 years. Neuron 2013); B. a) Different size and morphology of rodent, and human (b,c) astroglial cells. B) Pial surface and layer 1-2 of the human neocortex immunolabeled for GFAP (white) and DAPI (blue), revealing primate-specific interlaminar astrocytes in layer 1. The yellow line indicates the border between layer 1 and 2. C) Diolistic labeling (white) and Sytox (blue) staining of a varicose projection astrocyte from layer 5-6 of the human neocortex, showing (yellow box) long processes projecting toward the neuropil. Scale bar: 20µm. Adapted from (Oberheim NA et al Uniquely hominid features of adult human astrocytes J Neuro 2009); C. b) Relative ratio of astrocytes per neurons for different species, showing a rise in the proportion of astrocytes compared to neurons with increasing brain size and complexity. C) Comparison of astroglial morphological properties between rodent and human brains. Human astrocytes display tremendously ramified processes, occupying a volume ≈30 times higher than its rodent counterpart and contacting as much as 20 times more synapses. Adapted from (Nedergaard M. et subtypes, which differ by their forms and molecular expression patterns, there is no clear evidence yet for their functional heterogeneity (Fig. 1A). Conversely, throughout phylogeny vertebrate's glia have reached a high level of diversity, such that each glia subtypes carry out a specific range of physiological roles that make them indispensable for higher cognitive and behavioral capabilities associated to increased brain size and complexity (Fig. 1A). Indeed, glial cells are classified into two main categories: microglia (of endodermic origin) and macroglia (of ectodermic origin). Macroglia are further divided into five distinct glial cell types: ependymal cells, astroglial cells, Schwann cells, oligodendrocytes and NG2-expressing oligodendrocyte precursors. Finally, astroglial cells include radial glia, marginal glia, Muller cells in the retina, Bergmann cells in the cerebellar cortex, tanycytes in the hypothalamus and both fibrous (white matter) and protoplasmic (grey matter) astrocytes (Fig. 1Ba). This specialization of glial subclasses may arise from the dramatic evolutionary demand for organizing regionally specified neuronal synaptic networks, increasing the speed of longrange axonal conduction, regulating the activity-dependent access of neurons to blood oxygen and metabolic substrates as well as delimiting immune-privileged territories at the level of blood-brain interfaces [START_REF] Freeman | Evolving concepts of gliogenesis: a look way back and ahead to the next 25 years[END_REF]. Strikingly, increased CNS complexity is associated to a net increase in the ratio of glia per neurons (Fig. 1Ca), such that recent data still open to debate propose that glial cells largely outnumber neurons in the human brain, although the cerebral volume they occupy remains remarkably constant among species (around 50 per cent). Furthermore, it is worth noting that the glia-neuron index displays large variation throughout the brain as it ranges between 0.23 in the cerebellum and 11.35 in the basal ganglia [START_REF] Leuba | Comparison of neuronal and glial numerical density in primary and secondary visual cortex of man[END_REF][START_REF] Azevedo | Equal numbers of neuronal and nonneuronal cells make the human brain an isometrically scaled-up primate brain[END_REF]. One of the most specific features that distinguish the organization of the human brain is the morphological complexity and functional diversity of its astroglial cells (Fig. 1Cb). Thus, in addition to the distinct morphologies of Glial Fibrillary Acidic Protein (GFAP)-expressing cells found in rodents, human cortical astrocytes exhibit two unique and highly polarized morphological phenotypes: the primate-specific interlaminar astrocytes and the varicose projection astrocytes (Fig. 1Bb andc), which may have critical roles for non-synaptic long distance communication between cortical layers. The most abundant population of astroglial cells in the human brain are the protoplasmic astrocytes of the cortical and hippocampal grey matter (region mainly composed of neuronal somata and dendrites). Human protoplasmic astrocytes resemble their rodent counterpart but have a 27-fold greater volume and 10-fold increase in the number of their processes. Interestingly, as in rodent brains, human cortical astrocytes occupy nonoverlapping domains such that all elements of the neuropil (blood vessels, synapses and neurons) within the territory of a single astrocyte constitute a local glial processing unit. Thus, given that human astrocytes are 2.6-fold larger in diameter that rodent astrocytes, it is estimated that human cortical astrocytes may contact and thereby modulate the moment-tomoment activity of ≈2 million of synapses [START_REF] Oberheim | Uniquely hominid features of adult human astrocytes[END_REF], i.e. a 20-fold increase in number compared to rodent astrocytes (Fig. 1Cb). Remarkably, the increased sophistication of cortical astrocyte morphology contrasts with the relatively limited changes that occurred at the level of single cortical neuron shape during phylogeny. Indeed, although the dendritic arbor and synaptic connectivity may be more complex, the length of neuronal projections is only 1.5 greater than in rodents while the number of synapses per neuron does not significantly increase between those species (around 1100 million/mm³) (De Felipe et al.

Microscruture of the Neocortex: comparative aspect J Neurocytology 2002). Identically, at the functional level, while the principal electrophysiological properties of neurons (resting potential, input resistance, rise time, decay time, duration of action potential…) remain unchanged across species, the capacity of astrocytes to propagate "calcium waves" is 5-fold faster in human compared to rodent astrocytes (see chapter I.1.3 for further discussion about astrocyte signaling properties). In all, those specific hominid morphofunctional features of glia may actively participate to the unique intellectual capacity of humans, as recently evidenced by the enhanced synaptic plasticity and learning capacities of chimeric mice engrafted with human astrocytes [START_REF] Han | Forebrain engraftment by human glial progenitor cells enhances synaptic plasticity and learning in adult mice[END_REF].

Astrocyte specification and migration

Owing to its complexity, the development of the vertebrate CNS follows a precise timeline of events including in particular the sequential appearance of neuron and glia during brain development. Thus, neuron and astrocytes are consecutively generated from the same pool of neural progenitor cells, the so-called radial glia. Radial glial cells extend long ascending fibers passing through all cortical layers and thereby allow new neurons to migrate from the ventricular zone (VZ) -located just below the future white matter -to the pial surface [START_REF] Namihira | Mechanisms of astrocytogenesis in the mammalian brain[END_REF] (Fig. 2A). In addition to its radial glia origin, astrocytes may also arise from yet-to-be-identified astrocyte-restricted progenitors as well as from the cell division of newborn astrocytes, although it may not be prominent at early stages.

Radial glia cell fate is under the tight regulation of environmental cues instructing complex genetic circuits made of helix-loop-helix transcription factors [START_REF] Kanski | A star is born: new insights into the mechanism of astrogenesis[END_REF].

It is indeed crucial to developmentally control the balanced number of astroglial cells per neuron in each brain region, as well as the proper maturation of neuronal networks, given that astrocytes participate actively to the shaping of synaptic contacts. In short, during early neurogenesis, although many other factors have been implicated, the canonical int/Wingless (Wnt) signaling predominates, and as it induces the activation of proneuronal genes such as Neurogenin 1 and 2 (Ngn), it dictates the direction of neural progenitor differentiation [START_REF] Freeman | Specification and morphogenesis of astrocytes[END_REF]. But, interestingly enough, an intrinsic epigenetic program -not yet fully elucidated -leads to the progressive suppression of Ngn gene expression at latter stages. At this point, astrocytic genes are also maintained silent by epigenetic mechanisms, namely the condensation of promoter chromatin by histone-modifying enzymes [START_REF] Sauvageot | Molecular mechanisms controlling cortical gliogenesis[END_REF], constituting true genetic brakes for the astrocyte promoting molecules which are already present in the embryonic brain. However, thereupon the third week of embryonic development in mice [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF], newly generated Ngn+ neurons secrete key gliogenic cytokines, such as Cardiotrophin-1 (CT-1) and Leukemia Inhibitory Factor (LIF), that activates the Janus Kinase Signal Transducers and Activators of Transcription (JAK-STAT) pathway in neural progenitor cells (Barnabé H. et al., Neuron 2005). On the one hand, activated STAT3 recruits the highly conserved Notch signaling cascade, which acts synergistically with astrocyte promoting factors -such as the Fibroblast Growth Factor 2 (FGF2) and the Gliogenic Cytokine Ciliary Neurotrophic Factor (CNTF) -to operate the remodeling of astrocyte-specific promoters; on the other hand, upon phosphorylation and acetylation, STAT3 translocates to the nucleus of radial glia where it binds -together with its co-activator p300/CBP -to its genetic targets, including the GFAP, S100β and GLT1 promoters [START_REF] Namihira | Mechanisms of astrocytogenesis in the mammalian brain[END_REF]. From now on, neural progenitor cells are committed to differentiate into specific astroglial lineages (Fig. 2B). However, before they can integrate developing neuronal networks, astroglial progenitors must migrate from their place of specification to their site of differentiation. Thus newborn protoplasmic astrocytes, which are stemming from either the subventricular zone (SVZ) or the ventral forebrain, migrate radially into the overlying cortical layers using radial glia as scaffolds [START_REF] Levison | The migrational patterns and developmental fates of glial precursors in the rat subventricular zone are temporally regulated[END_REF]. Interestingly, recently developed genetic approaches allowing to track astrocyte clonal division indicate that newly form fibrous astrocytes are generated from a distinct yet-unknown pool of progenitor cells; moreover, it appears that fibrous and protoplasmic astrocytes display separate cloning dispersion profile, and therefore have distinct early migration journey [START_REF] Tabata | Diverse subtypes of astrocytes and their development during corticogenesis[END_REF]. Besides astroglial progenitor's migration, it should also be noted that adult astroglial cells keep a strong propensity for migrating toward wounds upon acute brain trauma as part of the CNS injury response (see chapter I.1.1D.). In vitro models of scratch-induced migration recapitulate most of the astroglial behaviors observed during polarized migration in vivo, thus providing powerful tools to unravel the sophisticated signaling pathways controlling cell motility [START_REF] Etienne-Manneville | Polarity proteins in glial cell functions[END_REF]. Indeed, astroglial Figure 2 A. Neural stem cell lineage progression during brain development. Neurons and astrocytes are sequentially generated by radial glial (RG) cells, and migrate alongside RG fibers to reach their proper position within the developing neuroglial network. OB: olfactory bulb. V-SVZ: ventricular-suventricular zone. Adapted from (Bayraktar OA. et al. Astrocyte development and heterogeneity CSHPB 2015). B. Overview of the different stages of astrocyte development, and corresponding key questions that remain to be answered. Adapted from (Molofsky AV and Deneen B. Astrocyte development: A guide for the perplexed Glia 2015). C. Diagram illustrating the coordination of astrocyte morphological maturation and synaptogenesis. Synaptogenesis follows and depends of astrocytogenesis, and conversely astrocyte processes refinement occurs during the developmental window of synaptic plasticity. Astrocytes initially extend numerous bushy processes that overlap with neighboring cells; however, by postnatal day 21, astroglial cells refine their ramification to occupy independent territories that closely associate with unique sets of synapses. Contact-mediated signaling, notably via Eph and ephrin, is critical for the bidirectional astrocyte-astrocyte and astrocyte-neuron communication during development. Adapted from (Freeman MR et al Specification and Morphogenesis of Astrocytes Science 2010). migration is a complex cellular process, starting with the recognition of spatial guidance cues and proceeding with the precise coordination of intercellular adhesion as well as the reorganization of the cytoskeleton and the remodeling of the extracellular matrix (ECM). Astroglial progenitors must indeed navigate through compact neuronal tissue while keeping at every moment its proper directionality, usually along axon tracts [START_REF] Dickson | Molecular mechanisms of axon guidance[END_REF], before finally reaching it exact position within the neuronal circuits. To do so, newborn astrocytes express a large repertoire of ECM-receptors, such as Integrins or Dystroglycans (Peng, Shah et al. 2008), and transmembrane proteins, such as Cadherins or Ephrins (Etienne-Manneville 2014) (Fig. 2C), whose exact combination depends on its cloning identity and may determine its migratory route. This molecular arsenal is organized in plasma membrane-associated platforms for the recruitment of signaling molecules at the level of cell-matrix and cell-cell adhesive contacts. Next, the signals emerging from those astroglial adhesive contacts converge onto the activation and polarized recruitment of small GTP-ases of the Ras superfamily, such as RhoA, Rac1 and Cdc42. Finally, activated GTP-ases hydrolyze guanosine triphosphate (GTP) from a large panel of effector proteins that consequently become activated; it therefore plays a central role in controlling cytoskeleton dynamics and polarity during migration [START_REF] Hall | Rho family GTPases[END_REF]. In sum, the colonization of neuronal networks by migratory astrocyte progenitors occurs during a developmental period characterized by the establishment of neuronal connections (Fig. 2C), and is therefore thought to be instrumental for establishing the proper number and types of synaptic contacts.

Astrocyte local patterning and functional maturation

For years, the characterization of astrocyte lineages solely relied on the late expression of the GFAP marker. Thus this led to a confused picture regarding the identification of mature grey astrocyte diversity. Indeed, not only large subsets of protoplasmic astroglial cells only weakly or even do not express this well-known marker, but GFAP is also produced by other cell types in the CNS [START_REF] Garcia | GFAP-expressing progenitors are the principal source of constitutive neurogenesis in adult mouse forebrain[END_REF]) and peripheral nervous system (PNS) [START_REF] Bush | Fulminant jejuno-ileitis following ablation of enteric glia in adult transgenic mice[END_REF]. Finally, different GFAP splice isoforms (α, β, γ, δ and κ) have been identified that may be variably expressed in distinct subset of astrocytes. Nevertheless, a large-scale astrocyte transcriptomic analysis has recently demonstrated that astrocyte molecular diversity goes far beyond the classical astrocyte-specific genes and embraces a plethora of new molecular markers: S100β, Aldh1L1, Kir4.1, FGFR3, Glt1, GS, aquaporin 4... [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF]. Thus, the question now is: what are the mechanisms implicated in the generation of such astroglial diversity? In fact, strikingly, the very same patterning factors determining neuronal subtype heterogeneity also supervised the instruction of astrocyte progenitor differentiation (Fig. 2B). In brief, during early development, the neural tube is patterned along both the anteroposterior and dorsoventral axis by means of the combinatorial expression of morphogens, such as bone morphogenetic proteins (BMPs), sonic hedgehog (shh) and Wnt. In turn, those positional cues regulate the expression of homeodomain transcription factors that further delimit compartments of neural progenitor cells from which emerges different astroglial cell subtypes [START_REF] Molofsky | Astrocyte development: A Guide for the Perplexed[END_REF]. An enlightening illustration of this is the astroglial heterogeneity originating from the patterning of the spinal cord ventricular zone. Indeed, recent work has pointed out that the three positionally distinct subpopulations of astrocytes within the spinal cord WM segregate along the dorsoventral axis [START_REF] Hochstim | Identification of positionally distinct astrocyte subtypes whose identities are specified by a homeodomain code[END_REF]. In fact, the radial glia progenitors, from which is derived the so-called VA1 to VA3 spinal astrocytes, can be distinguished by their unique pattern of Reelin/Slit1 expression. The dorsoventral specification of the VZ is then controlled by a homeodomain transcriptional code -relying on both paired box protein 6 (Pax6) and NK homeobox protein 6.1 (Nkx6.1) -whose glial instructive function is reminiscent to the positional signaling that operates earlier in neurons. Interestingly, it was later shown that the allocation of mature astrocytes to specific spatial domains -accordingly to their embryonic origin in the ventricular zone -is a general CNS phenomenon [START_REF] Tsai | Regional astrocyte allocation regulates CNS synaptogenesis and repair[END_REF]. Besides, astrocyte heterogeneity has been shown to support region-specific functions critical for the proper development of neuronal circuits. Indeed, domain-specific depletion of Semaphorin3a-expressing astrocytes induces disorientation of motor neuron axon initial segments as well as impairment of synaptogenesis and neuron survival in the spinal cord [START_REF] Molofsky | Astrocyte-encoded positional cues maintain sensorimotor circuit integrity[END_REF]). However, although some fundamental astrocyte functions appear to be genetically determined by the ventricular origin of the progenitor cell that gives it birth, it turns out that most of its physiological properties remain locally established by environmental factors during postnatal maturation (Fig. 2B). In this respect, functional maturation of astroglial cells consists mainly in shaping its unique spongiform morphology and triggering the expression of key proteins (GLT1, GS, mGlur…) at the right cell-cell contact point. Hence, onset of astrocyte morphological maturation -namely the sprouting of its filopodial processes -is concomitant to the expression of mGluRs and GluTs at postnatal week one in mice [START_REF] Schools | mGluR3 and mGluR5 are the predominant metabotropic glutamate receptor mRNAs expressed in hippocampal astrocytes acutely isolated from young rats[END_REF][START_REF] Regan | Variations in promoter activity reveal a differential expression and physiology of glutamate transporters by glia in the developing and mature CNS[END_REF]) and is by the way thought to occur as a result of increase in neuronal excitatory transmission (Fig. 2C). Indeed, inhibiting glutamatergic transmission -by either genetically ablating VGLUT1 or blocking pharmacologically its mGluR5 receptor -has been shown to strongly perturb the developmental branching of astrocytes as well as its PAPs synaptic unsheathing and expression of functional proteins such as GLT1 [START_REF] Morel | VGluT1+ neuronal glutamatergic signaling regulates postnatal developmental maturation of cortical protoplasmic astroglia[END_REF]. Then, over the two following weeks, astroglial processes fully infiltrate the neuropil and actively participate in the refinement of developing synaptic circuits (Clarke and Barres 2013). Finally, during the third and fourth postnatal weeks, glial coverage of maturing synapses and ramification of the finest leaflet of the astrocytic tree establish proper astrocytic territories by limiting processes overlap (Bushong, Martone et al. 2004) (Fig. 2C). Thus, it has recently been reported that the number of VGLUT1+ synapses that are covered by PAPs of individual cortical astrocyte strongly increase between postnatal days 14 and 26 in mice [START_REF] Morel | VGluT1+ neuronal glutamatergic signaling regulates postnatal developmental maturation of cortical protoplasmic astroglia[END_REF]. Remarkably, the remodeling of the astrocytic arborescence starts at the time when the connexin 30 protein (Cx30) -one of the two main astroglial gap junction subunit -is expressed (p10). Thus, given that both the elaboration of astrocytic branching and the setting of an extensive astroglial gap-junction network appear to be regulated by neuronal glutamate signaling [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: long-range glial signaling[END_REF]Koulakoff, Ezan et al. 2008), and knowing that our group has recently demonstrated that Cx30 regulates the distance of PAPs from the excitatory synapse (Pannasch, Freche et al. 2014), one may hypothesized that Cx30 plays a prominent role in the establishment and maintenance of these glial "synaptic islands". At the single synapse level, the coordinated morphological remodeling of dendritic spines and PAPs involve complex contact-dependent signaling events underpinning synapse maturation. Accordingly, neuroglial contact-mediated communication has notably been shown to enlist the duo of ephrin ligands-Eph receptor tyrosine kinases. Thus, on the one hand, the activation of the dendritic EphA4 receptor by the astrocytic ephrinA3 ligand triggers spine retraction via both the reduction of dendritic Integrinβ1 function and the increase of AMPA receptors turnover; and on the other hand, ephrinA3 reverses signaling regulating astroglial glutamate uptake by inhibiting the GLT1 and GLAST transporters [START_REF] Murai | Control of hippocampal dendritic spine morphology through ephrin-A3/EphA4 signaling[END_REF][START_REF] Nishida | Direct astrocytic contacts regulate local maturation of dendritic spines[END_REF]. Finally, the maturation of astrocytes culminates with its peak expression and release of a wide variety of ECM molecules like glycoproteins of the Laminin family as well as members of the chondroitin sulfate proteoglycans (CSPGs), which are thought to play a critical role in stabilizing synaptic contacts. Indeed, such interwoven meshwork of protein fibers is often deposited at the interface between PAPs and synapses to form the so-called perineuronal nets (PNNs). PNNs act as molecular brakes limiting morphological and physiological remodeling of synapses, and thereby participate to the closure of critical periods of enhanced plasticity [START_REF] Bruckner | Perineuronal nets characterized by vital labelling, confocal and electron microscopy in organotypic slice cultures of rat parietal cortex and hippocampus[END_REF]). In conclusion, the proper integration and maturation of astrocytes within developing neuronal circuits is the result of complex neuronto-astrocyte two-way signaling events occurring at a privileged moment to influence synaptic connectivity.

Astrocyte proliferation and reactivity

The appreciation of adult neurogenesis has evolved quite spectacularly over the past two decades. Indeed, the idea that new brain cells may be continuously incorporated into mature cerebral networks was not yet accepted in the mid-90's, while it is nowadays well-grounded that neural stem cells do proliferate in the adult CNS [START_REF] Gross | Neurogenesis in the adult brain: death of a dogma[END_REF]. However, the initial vision of neural stem cells competencies was fairly overestimated, as it only relied on in vitro data, depicting progenitor cell potentialities upon growth factor exposure, in place of determining the actual cell lineages arising from its cell division in vivo [START_REF] Gotz | Reactive astrocytes as neural stem or progenitor cells: In vivo lineage, In vitro potential, and Genome-wide expression analysis[END_REF]. Hence, it appears first that neural stem cell proliferation is restricted to few neurogenic niches in the adult brain; but given that adult neurogenesis in the healthy brain is outside the scope of this manuscript you are referred to recent reviews [START_REF] Gage | Neural stem cells: generating and regenerating the brain[END_REF][START_REF] Berninger | Engineering of Adult Neurogenesis and Gliogenesis[END_REF]. Then, although few if not any endogenous progenitor cells are truly multipotent in vivo and even though they may have only limited capacity of self-renewal over long time periods, it became clear that glial cells outside these niches can acquire stem celllike potential during reactive gliosis following brain injury. Indeed, reports detecting thymidine analog 5-bromo-2-deoxyuridine (BrdU) incorporation and proliferative marker (such as Ki67) immunoreactivity demonstrated that non-proliferative grey matter astroglial cells reactivate cell division in response to brain traumatic injuries [START_REF] Buffo | Origin and progeny of reactive gliosis: A source of multipotent cells in the injured brain[END_REF], although dividing astrocytes may only represent between 15 and 40 % of the overall cell population. Interestingly, as reactive astrocyte proliferation has been shown to be restricted to the wounded juxtavascular interface [START_REF] Bardehle | Live imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation[END_REF]), it is thought to limit immune cells parenchymal invasion and allow for the local replacement of damaged neurons and glia. So the emerging question is now to identify the molecular barriers that postmitotic reactive astrocytes must overcome to release cell division. In fact, reactive astrocytes upregulate a large repertoire of signaling molecules (Notch, shh, Wnt, STAT3, JAG1, BLBP …), some of which are known to be active in the neurogenic niches. These morphogen cues reactivate the expression of specific receptors and thereby allow reactive astrocytes to sense a wide range of danger signals released upon injury. In particular, growth factor molecules such as Fibroblast Growth Factor (FGF), Epidermal Growth Factor (EGF) and Vascular Endothelial Growth Factor (VEGF) have been shown to be rapidly released in situation of cell stress [START_REF] Robel | The stem cell potential of glia: lessons from reactive gliosis[END_REF]. All those signaling cascades converge onto the activation of the mammalian target of rapamycin (mTOr) and the mitogen-activated protein kinase (mAPK) pathways, which in turn regulate the transcription of genes considered to be a hallmark of reactivity, such as GFAP, Vimentin and Nestin. The up-regulation of cytoskeletal proteins allows reactive astrocytes to change their morphology and thereby dedifferentiate to become hypertrophic. Interestingly, experimentally ablating reactive astrocytes proliferation or STAT3-dependent hypertrophy both resulted in worsened cerebral haemorrhage and neuronal cell death, as it disrupted proper regeneration of the blood brain barrier integrity, and thereby led to severe spreading of inflammatory cells at the wounded area [START_REF] Herrmann | STAT3 is a critical regulator of astrogliosis and scar formation after spinal cord injury[END_REF][START_REF] Sofroniew | Molecular dissection of reactive astrogliosis and glial scar formation[END_REF]. It should however be noted that reactive astrocytes also upregulates various detrimental factors such as CSPGs, participating to the formation of glial scars around damaged brain regions which have long been regarded as barriers for axonal regrowth [START_REF] Cregg | Functional regeneration beyond the glial scar[END_REF], although this long held dogma has recently been obviously contradicted [START_REF] Rolls | The bright side of the glial scar in CNS repair[END_REF][START_REF] Anderson | Astrocyte scar formation aids central nervous system axon regeneration[END_REF]. It is hence now suggested that reactive astroglial scars may aid rather than prevent CNS regeneration.

Lastly, the disruption of the vascular basal lamina (primarily composed of Laminin glycoproteins) following brain trauma is rapidly sensed by integrin receptors located at astrocyte endfeets, and thereby lead to the migration of reactive glia toward sites of CNS insult. As observed in in vitro model of scratch-induced astroglial migration, the Laminin-Integrin signaling pathway drives the polarized recruitment and activation of the small Rho GTPase Cdc42, which in turn orchestrates the directional recruitment of reactive astrocytes to the wound in vivo, thereby limiting the number of endogenous microglial scavenger at the sites of injury [START_REF] Robel | Genetic deletion of cdc42 reveals a crucial role for astrocyte recruitment to the injury site in vitro and in vivo[END_REF]. Finally, reactive astrocytes release a large repertoire of soluble mediators -including chemokines and cytokines -that directly regulate peripheral immune cells functions; and besides express various receptors involved in innate immunity, such as Toll-like receptors and molecules of the class II major histocompatibility complex (MHC), allowing them to engulf and thereby clear the brain from toxic cellular debris [START_REF] Loov | Engulfing astrocytes protect neurons from contactinduced apoptosis following injury[END_REF]. In sum, mature astrocytes are proven to be surprisingly adaptable cells allowing the brain to dynamically respond to a broad range of alteration in CNS homeostasis.

Astrocyte morphology and molecular repertoire

In recent days, astroglial cells were finally given their real importance in participating to virtually all essential CNS functions. In this context, it is hence not surprising that recent evidence have stressed the regional heterogeneity of astrocytic phenotypes and molecular expression patterns. Albeit astrocytes present many different morphologies and display anatomically diverse genetic expression profiles, their fundamental properties are in fact relying on the very same organizational principles, allowing them to properly fulfill their supportive role. So I will first introduce here the morpho-functional organization of astroglial cells before presenting the breadth of its signaling molecular repertoire (report to Fig. 3).

Astroglial morpho-functional organization

The morphology of a prototypical grey matter astrocyte consists of a roundish cell soma surrounded by 4-8 stem processes from which emerge thousands of bushy branches that nestle close to neuropil elements (Wolff J. R. Quantitative aspects of astroglia Proceeding of the 6 th international congress of neuropathology 1970) (Fig. 3A andC). Strikingly, in the hippocampus, it has been highlighted that the orientation of big stem processes is under developmental control, such that starting at postnatal day 24, astroglial processes become polarized along apical dendrites of pyramidal neurons, i.e. perpendicularly to the stratum pyramidale (which contains neuronal somata) and parallel to the fissure in stratum lacunosum-moleculare (Nixdorf-Bergweiler, Albrecht et al. 1994). Similarly, fibrous astrocytes of the white matter are well-recognized to be highly polarized cells aligned along axon bundles, thereby endowing astroglia with a first fundamental degree of morphofunctional organization. Indeed, spatial properties of astroglial gap-junction coupling -known to set the diffusional strength of biologically relevant molecules -directly correlate to the preference of astrocytic branches (Anders, Minge et al. 2014). Interestingly, this anisotropic diffusion through astroglial gap-junction networks has been demonstrated to be involved in the radial relocation of potassium ions away from the pyramidal cell layer in the mouse hippocampus, together with the Na + /K + co-transporters and Kir 4.1 channels which control potassium spatial buffering (Wallraff, Kohling et al. 2006). Loss of CA1 stratum radiatum astrocyte polarity is now closely associated to experimental model of human brain diseases, ranging from increased susceptibility for the generation of epileptiform activity (Wallraff, Kohling et al. 2006) to psychiatric conditions such as post-traumatic stress disorder (PTSD) [START_REF] Saur | Experimental Post-traumatic Stress Disorder Decreases Astrocyte Density and Changes Astrocytic Polarity in the CA1 Hippocampus of Male Rats[END_REF]. In all, it has hence been postulated that the bipolar shape of radial glial cells is somehow retained throughout corticogenesis, except that mature glial terminals tend to develop into more sophisticated specialized compartments [START_REF] Derouiche | Beyond polarity: functional membrane domains in astrocytes and Muller cells[END_REF]. A case in point is the mesenchymal astroglial endfoot that abut on the pia and vasculature surfaces in the form of well-defined GFAP+ rosette-like structures. Indeed, these astrocytic membranous compartments, in contact with a basal lamina, are enriched with a specific array of critical proteins notably involved in water (AQP4), glucose (GLUT1) and potassium (Kir4.1) transport. In fact, astrocytes express scaffolding proteins of the dystrophin associated protein complex (DAPC) family that organize the clustering and polarized repartition of glial endfoot markers. Loss of gliovascular polarity marks impairment of the blood-brain barrier integrity and therefore it is now considered as a prominent hallmark of various brain diseases including autoimmune encephalomyelitis [START_REF] Wolburg-Buchholz | Loss of astrocyte polarity marks blood-brain barrier impairment during experimental autoimmune encephalomyelitis[END_REF], ischemic stroke [START_REF] Steiner | Loss of astrocyte polarization upon transient focal brain ischemia as a possible mechanism to counteract early edema formation[END_REF], temporal lobe epilepsy [START_REF] Eid | Loss of perivascular aquaporin 4 may underlie deficient water and K+ homeostasis in the human epileptogenic hippocampus[END_REF], glioblastoma [START_REF] Noell | Dynamics of expression patterns of AQP4, dystroglycan, agrin and matrix metalloproteinases in human glioblastoma[END_REF]) and Alzheimer's disease [START_REF] Yang | Loss of astrocyte polarization in the tg-ArcSwe mouse model of Alzheimer's disease[END_REF].

At a more general level, protoplasmic astrocytes display a complex spongiform shape having an average diameter of 40-60 µm and an approximate volume of ≈6.6.10 4 µm 3 , such that only ≈15 % of its total arborescence can be revealed by GFAP immunostaining (Bushong, Martone et al. 2002) (Fig. 3A). Moreover, astrocytic arborescence from neighboring cells do not overlap (≈5 % at best), and thereby delimit functional territories within the CNS neuropil (Fig. 3B). Interestingly, the organization of astroglial domains, namely the number and nature of contacted synapses as well as the actual distance between PAPs and synapses, varies strongly depending of the brain area or developmental stages [START_REF] Morel | VGluT1+ neuronal glutamatergic signaling regulates postnatal developmental maturation of cortical protoplasmic astroglia[END_REF]) (Fig. 3C). Indeed, while astroglial synaptic coverage reaches up to ≈ 94 % of parallel fiber synapses in the cerebellum [START_REF] Xu-Friedman | Three-dimensional comparison of ultrastructural characteristics at depressing and facilitating synapses onto cerebellar Purkinje cells[END_REF], only ≈ 60 % of hippocampal Schaeffer collateral synapses [START_REF] Ventura | Three-dimensional relationships between hippocampal synapses and astrocytes[END_REF], ≈ 30 % of neocortical synapses (Spacek 1985) and virtually no synapse within the central sensory compartment of olfactory glomeruli [START_REF] Chao | Distribution of astroglia in glomeruli of the rat main olfactory bulb: exclusion from the sensory subcompartment of neuropil[END_REF]) are unsheathed by PAPs.

Besides, it should also be noted that astroglial synaptic coverage can vary widely in the very same brain area. For instance, rodent CA1 stratum radiatum large mushroom spines with perforated synapses were described more likely to be covered by PAPs (≈ 60-99 %) than thin spines with macular synapses (≈ 40-60 %) [START_REF] Witcher | Plasticity of perisynaptic astroglia during synaptogenesis in the mature rat hippocampus[END_REF]. Similarly, in the cerebellum, while parallel fibers of granule cells are almost entirely embedded in glial membranes (see above), the synapses made by Mossy fibers onto granule cell dendrites show very few PAPs contacts (≈ 15 %) [START_REF] Xu-Friedman | Ultrastructural contributions to desensitization at cerebellar mossy fiber to granule cell synapses[END_REF]. Furthermore, the extent of astroglial synaptic coverage is regulated by environmental factors (Fig. 3D) such as: (1) sensory stimulation as it occurs within the somatosensory cortex after mouse whiskers stimulation [START_REF] Genoud | Plasticity of astrocytic coverage and glutamate transporter expression in adult mouse cortex[END_REF]); (2) homeostatic adaptation, as described at the level of magnocellular neurons in the Supra Optic Nucleus (SON) of dehydration mice; as well as (3) behavioral enrichment [START_REF] Jones | Ultrastructural evidence for increased contact between astrocytes and synapses in rats reared in a complex environment[END_REF] and synaptic plasticity [START_REF] Wenzel | The influence of long-term potentiation on the spatial relationship between astrocyte processes and potentiated synapses in the dentate gyrus neuropil of rat brain[END_REF][START_REF] Lushnikova | Synaptic potentiation induces increased glial coverage of excitatory synapses in CA1 hippocampus[END_REF], as showed in hippocampal CA1 Schaffer collateral synapses. Note that you are referred to the chapter I.2.1 for a detailed description of PAPs architecture and activity-dependent functions regulation. In other respects, even though the relevance of the astroglial domain organization is still lagging behind experimental evidences, it may be hypothesized that it places astrocytes in a prime position to regulate vasomotricity and gliotransmission in regards to neuronal network activity. Strikingly, it became clear that processes of reactive astrocytes often trespass the territory borders of neighboring cells, thereby leading to a loss of its domain organization, as observed in various cerebral conditions including temporal lobe epilepsy (Oberheim, Tian et al. 2008), traumatic spinal cord injury [START_REF] Wanner | Glial scar borders are formed by newly proliferated, elongated astrocytes that interact to corral inflammatory and fibrotic cells via STAT3-dependent mechanisms after spinal cord injury[END_REF]) and glioma [START_REF] Alves | Glioblastoma cells: a heterogeneous and fatal tumor interacting with the parenchyma[END_REF].

Table 1: Listing of the principal astroglial ion channels identified in situ. Adapted from (Verkhratsky A. and Butt A. Glial Neurobiology A textbook 2007).

Astrocytic sensors: channels, receptors and transporters

Ion channels

Pioneering physiological studies, initiated nearly 50 years ago, have demonstrated that astrocytic cells are merely electrically non-excitable as they do not fire action potentials, have a highly hyperpolarized membrane potentials (-75 to -90 mV) as well as a low input resistance (≈4-20 MΩ) and capacitance (≈10-25 pF), and display a large and selective permeability to K + ions [START_REF] Kuffler | Physiological properties of glial cells in the central nervous system of amphibia[END_REF][START_REF] Ransom | Ionic determinants of membrane potential of cells presumed to be glia in cerebral cortex of cat[END_REF]Dallerac, Chever et al. 2013). Note that such electrophysiological properties have since been extensively used to identify astroglial cells in situ. However, during the 80's, the research has benefited substantially from the development of high resolution electrophysiological methodologies such as the patchclamp recording technique. Thus, by allowing the investigation of ionic currents from individual channels, patch clamp recordings have unraveled the existence in astrocytes of a large array of specific channels, often similar to neurons and permeable to Ca 2+ , Na + , K + , and Cl - [START_REF] Sontheimer | Astrocytes, as well as neurons, express a diversity of ion channels[END_REF]) (Table 1). In particular, the high and linear K + permeability of astrocytic membranes -which maintains the overall membrane potential close to the potential for K + equilibrium -have been mainly attributed to the expression of the inward rectifier Kir 4.1 channels [START_REF] Olsen | Examining potassium channel function in astrocytes[END_REF], which are enriched in distal astrocyte processes contacting active synapses as well as in perivascular endfeet. Note that although in the meantime astrocytes have been shown to express several types of voltage-gated Na + and Ca 2+ channels, thought primarily to be restricted to excitable cells, their density is too low to counteract the strong K + conductance of Kir 4.1 channels [START_REF] Verkhratsky | Ion channels in glial cells[END_REF]. Astrocytes also express plasmalemmal store-operated Ca2 + channels, including Ca2 + release-activated Ca2 + (CRAC) channels such as Orai/STIM1 and several isoforms of transient receptor potential (TRP) channels [START_REF] Verkhratsky | Calcium signalling in astroglia[END_REF], involved in the replenishment of intracellular Ca2+ stores. Besides, astrocytes strongly express the main CNS water channel Aquaporin 4 (AQP4, (Papadopoulos and Verkman 2013)), as well as the gap junction subunits Connexin 43 (Cx43 or GJA1) and Connexin 30 (Cx30 or GJB6) [START_REF] Giaume | Astroglial networks: a step further in neuroglial and gliovascular interactions[END_REF]) all known to be particularly enriched in perivascular astrocyte endfeet. Finally, astroglial cells also express distinct types of ligand-activated ion channels, including the type A γ-amino-nbutyric acid (GABAa) [START_REF] Fraser | Astrocytic GABA receptors[END_REF]) and the glutamate N-methyl-Daspartate (NMDA) receptors in defined brain regions [START_REF] Verkhratsky | NMDA Receptors in glia[END_REF], known to be engaged in extracellular ion homeostasis, pH regulation and neuroglial signaling (report to Table1 ).

Receptors

On the other hand, astrocyte membranes are further equipped with a wide range of transmitter receptors (Table 2) whose exact compositions appear to vary between brain regions, accordingly to the nature of the chemical signals released by neighboring cells: neurotransmitters, cytokines, hormones, growth factors… In particular, astrocytes express several types of metabotropic receptors for amino acid-based transmitters, including glutamate, GABA, glycine and D-serine. Metabotropic receptors are 7 transmembrane domain G protein couple receptors (GPCRs) which are recognized to signal through second messenger transduction cascades [START_REF] Pierce | Seven-transmembrane receptors[END_REF]. Hence, astrocytes abundantly express the Gq coupled group I mGluR 5 and group II mGluR 3, which are respectively linked to the phospholipase C-(1,4,5) inositol triphosphate (IP3)-diacylglycerol (DAG) and adenylate cyclase-AMPc-protein kinase A (PKA) signaling pathways [START_REF] Parpura | Astroglial amino acid-based transmitter receptors[END_REF]. Interestingly, these glutamate metabotropic receptors have been shown to be enriched in PAPs [START_REF] Petralia | The metabotropic glutamate receptors, mGluR2 and mGluR3, show unique postsynaptic, presynaptic and glial localizations[END_REF], and their activation converge onto the intracellular release of Ca 2+ from the endoplasmic reticulum. Then, there is evidence showing that astroglial cells express the GABA B metabotropic receptors, known to be coupled to Gi/o proteins inhibiting the AMPc signaling pathway and regulating voltage-gated Ca 2+ channels [START_REF] Parpura | Astroglial amino acid-based transmitter receptors[END_REF]. Beside, astrocytes also express various neuropeptide receptors, such as oxytocin, vasopressin and somatostatin, to mention just a few (Di Scala-Guenot and Strosser 1992). Finally, astrocytes abundantly express G protein-coupled receptors activated by extracellular nucleotides (mainly ATP and its metabolite adenosine) of the P2Y family, which are associated with either phospholipase C (PLC) or adenylate cyclase depending of their actual subtype [START_REF] Butt | ATP: a ubiquitous gliotransmitter integrating neuron-glial networks[END_REF]. And lastly, both cholinergic as well as adrenergic metabotropic receptors were lately detected in astrocytes, which are generally associated to PLC and intracellular Ca 2+ rises. In conclusion, thanks to a vast armada of protein receptors floating within the plasma membrane, astrocytes are able to sense its environment and thus rapidly transduce signaling cues in the form of intracellular Ca 2+ fluctuations (report to Table 2).

Transporters

Another striking feature of astroglial cells consists in their unique capacity to uptake neurotransmitters once released in the extrasynaptic space. In fact, this is endorsed by the enrichment of PAPs with a large repertoire of transporter molecules, including glutamate, GABA, glycine, histamine, taurine and monoamines (dopamine, norepinephrine and serotonin) transporters [START_REF] Benarroch | Astrocyte signaling and synaptic homeostasis: I: Membrane channels, transporters, and receptors in astrocytes[END_REF]) (Fig. 4A). Not surprisingly though, the set of transporters expressed by glial cells depends on the neuronal networks they are associated with, and thus appears to be heterogeneous throughout the CNS. First, GABA uptake has been shown to primarily rely on both pre and postsynaptic inhibitory neurons, and so the participation of astrocytes is consequently viewed as very limited. Nevertheless, cortical and hippocampal astrocytes express the co-transporter GAT-3 (for type 3 GABA transporter) which allows accumulating GABA by using the driving force of the Na + electrochemical gradient [START_REF] Minelli | GAT-3, a high-affinity GABA plasma membrane transporter, is localized to astrocytic processes, and it is not confined to the vicinity of GABAergic synapses in the cerebral cortex[END_REF]. Conversely, astroglial cells are strongly engaged in glycine transport, which act either as a neurotransmitter -excitatory or inhibitory, depending of the brain region -or as a NMDA co-agonist. Interestingly, neurons and astrocytes express distinct types of glycine transporters (GlyT2 and GlyT1 respectively), which both rely on the co-transport of Na + and Cl -ions [START_REF] Aroeira | GlyT1 and GlyT2 in brain astrocytes: expression, distribution and function[END_REF]. Note that the reversal potential of GlyT1 is matching so closely the resting membrane potential of astrocytes that its depolarization has been reported to induce release of glycine through this glial transporter [START_REF] Shibasaki | Glycine release from astrocytes via functional reversal of GlyT1[END_REF]. But most importantly, using molecular cloning approaches, researchers have identified astroglial high affinity sodium-dependent excitatory amino acid transporters (EAAT): called EAAT1 (GLAST) and EAAT2 (GLT1) [START_REF] Tzingounis | Glutamate transporters: confining runaway excitation by shaping synaptic transmission[END_REF]) (Fig. 4B). Glutamate is referred as the main amino acid excitatory transmitter in the mammalian CNS; however, its excess often leads to excitotoxicity and ultimately inflammation and neuronal cell death. Thus, given that there are no reliable degradation enzymes acting extracellularly, this implies the existence of an efficient system capable of transporting this amino acid against its electrochemical gradient [START_REF] Tzingounis | Glutamate transporters: confining runaway excitation by shaping synaptic transmission[END_REF]. The physiological functions of astroglial EAATs have been extensively examined throughout the brain and their different roles appear to vary between regions and even synapses within the same neuronal circuit (Fig. 4C). Notably, in the hippocampus, glial EAATs are developmentally regulated as GLAST appears to be expressed early in development, while GLT1 become the main glutamate transporter in the adult (where its density is expected to reach 8500 molecules per µm 2 ) [START_REF] Furuta | Glutamate transporter protein subtypes are expressed differentially during rat CNS development[END_REF]; they are both enriched in PAPs (Fig. 4C). Interestingly, astroglial glutamate transporters have been proposed to support several key regulating functions at the synapse, such as ensuring the spatial reliability of synaptic signals by limiting neurotransmitter spillover (estimated to occur at 0.32 µm/ms) [START_REF] Piet | Physiological contribution of the astrocytic environment of neurons to intersynaptic crosstalk[END_REF][START_REF] Zheng | Receptor actions of synaptically released glutamate: the role of transporters on the scale from nanometers to microns[END_REF], as well as controlling synapse efficacy by impinging glutamate spill-out to extrasynaptic receptors (Oliet, Piet et al. 2001;[START_REF] Huang | Astrocyte glutamate transporters regulate metabotropic glutamate receptor-mediated excitation of hippocampal interneurons[END_REF], and even shaping synaptic currents by acute glutamate buffering [START_REF] Huang | Glutamate transporters bring competition to the synapse[END_REF]Pannasch, Freche et al. 2014). Finally, given that impairments in glutamatergic signaling have been implicated in the etiology of many brain disorders, including epilepsy, neurodegeneration, drug abuse and psychiatric conditions (see for review: [START_REF] Javitt | Translating glutamate: from pathophysiology to treatment[END_REF], [START_REF] Kalivas | The glutamate homeostasis hypothesis of addiction[END_REF])), and given their efficiency for terminating excitatory transmission, astroglial EAATs are now regarded as valuable pharmacological targets for glutamate-based therapeutics [START_REF] Bridges | The excitatory amino acid transporters: pharmacological insights on substrate and inhibitor specificity of the EAAT subtypes[END_REF][START_REF] Dunlop | Glutamate-based therapeutic approaches: targeting the glutamate transport system[END_REF]) (report to Fig. 4).

Astrocyte signaling

The large repertoire of homeostatic roles endorsed by supportive glial cells in the CNS, ranging from neuromodulatory to gliovascular functions, requires efficient systems of signalization allowing them to tailor extracellular cues and consequently adapt its intrinsic cellular and network processes. Indeed, while neurons have evolved complex mechanisms of electrochemical communication during phylogeny, including long-range action potentials propagation and reliable synaptic vesicular release, astroglial cells have rather developed sophisticated intracellular signaling pathways based on excitable endomembranes and extensive gap-junction coupling. Thus, I will first report the key elements making up the astrocytic Ca 2+ signaling factory before shortly introducing Na + signaling as an alternative form of glial excitability (report to Fig. 5).

Astrocyte excitability and Ca 2+ signaling

The discovery in the mid 90's that spillover of neurotransmitters activates astrocytic GPCRs and thereby mediates various glial cell responses, including sophisticated oscillations of intracellular calcium concentration (Fig. 5B), has finally set in motion the idea that astrocytes are bona fide excitable cells that may participate in cerebral information processing [START_REF] Perea | Properties of synaptically evoked astrocyte calcium signal reveal synaptic information processing by astrocytes[END_REF]. Remarkably, the initiation of astroglial Ca 2+ transients in response to neuroactive molecules has been linked to GPCRs activation, and not to voltage-gated Ca 2+ channels opening [START_REF] Carmignoto | On the role of voltage-dependent calcium channels in calcium signaling of astrocytes in situ[END_REF]. The later are nevertheless considered to play a major role in the generation of spontaneous Ca 2+ oscillations occurring in the absence of neuronal stimulations. Hence, while spontaneous Ca 2+ activity has been demonstrated to occur independently of synaptic transmission [START_REF] Nett | Hippocampal astrocytes in situ exhibit calcium oscillations that occur independent of neuronal activity[END_REF], its spatiotemporal synchronization is however regulated by neuronal network activities [START_REF] Aguado | Neuronal activity regulates correlated network properties of spontaneous calcium transients in astrocytes in situ[END_REF]. Moreover, in vitro data have proposed that ryanodine receptors signaling could be an alternative source of astroglial Ca 2+ increase, but experimental evidence demonstrating its participation in situ are still lacking. Finally, astrocytes also express various membrane Ca 2+ transporters (both plamalemmal and vesicular) as well as intracellular Ca 2+ buffers, which participate in monitoring Ca 2+ dynamics to match complex physiological contexts [START_REF] Verkhratsky | Calcium signalling in astroglia[END_REF]) (Fig. B). But in all, there has been a general consensus that the main mechanism controlling evoked intracellular calcium increases in Figure 4 A. Illustration depicting receptors, channels and transporters involved in astroglial-based extracellular homeostasis. Abbreviations: ASIC: acid-sensing ion channels; EAAT: excitatory amino acid transporters; ENaC: epithelial sodium channels; GAT: GABA transporters; iGluRs: ionotropic glutamate receptors; mito: mitochondrion; Na x : Na + channels activated by extracellular Na + ; NBC: Na + /HCO 3 cotransporter; NCX: Na + /Ca 2+ exchanger; NHE: Na + /H + exchanger; NKCC1: Na + /K + /Cl -cotransporter; MCT1: monocarboxylase transporter 1; P2XRs: ionotropic purinoreceptors; TRP: transient receptor potential channels. Adapted from (Kirischuk S. et (Verkhratsky A. and Butt A. GlialNeurobiology A textbook 2007). C. Diagram representing the distribution of the main GABA (GAT) and glutamate (EAAT) transporters in neuron and astrocytes (g), at glutamatergic (A,B) and GABAergic (C) synapses in the mouse hippocampus. Presynaptic elements are evidenced by the presence of synaptic vesicles, while postsynaptic elements display postsynaptic densities. Adapted from (Zhou Y. and Danbolt NC GABA and glutamate transporters in brain Frontiers in Endocrino 2013). astrocytes relies on the Gq-PLC-IP3 signaling cascade activating IP3 type 2 receptors (IP3R2) [START_REF] Scemes | Components of astrocytic intercellular calcium signaling[END_REF] and thereby triggering reticulum endoplasmic Ca 2+ channels opening.

Conversely, both Gq-PLC-DAG and Gi/o-AMPc signaling pathways have been shown to induce PKC-dependent termination of Ca 2+ oscillations [START_REF] Codazzi | Control of astrocyte Ca(2+) oscillations and waves by oscillating translocation and activation of protein kinase C[END_REF]) (Fig. 5B). Besides, the depletion of the ER Ca 2+ store induces store-operated Ca 2+ influx by means of plasmalemmal channels such as CRAC and TRP (see chapter I.1.2.2 .1), which additionally regulate the plateau phase of Ca 2+ events as it outlasts the period of GPCRs activation. Strikingly, even though astrocytes exhibit Ca 2+ signaling in response to virtually all neuroligands, including muscarinic, cholinergic, histaminergic, glutamatergic, GABAergic and purinergic transmitters [START_REF] Porter | Astrocytic neurotransmitter receptors in situ and in vivo[END_REF][START_REF] Nett | Hippocampal astrocytes in situ exhibit calcium oscillations that occur independent of neuronal activity[END_REF][START_REF] Serrano | GABAergic network activation of glial cells underlies hippocampal heterosynaptic depression[END_REF]Bowser and Khakh 2007), little is known yet concerning the different roles supported by these various signaling cascades and the eventual functional crosstalk between distinct GPCRs.

Given their unique location in the neuropil, PAPs appear perfectly suited to be the first glial compartments initiating Ca 2+ increase in response to synaptic vesicular release [START_REF] Grosche | Microdomains for neuron-glia interaction: parallel fiber signaling to Bergmann glial cells[END_REF]. Consistent with this idea, it has been shown in vivo that Ca 2+ signaling events in astroglial cell soma were much less frequent and dynamic than in astrocyte distal processes [START_REF] Wang | Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo[END_REF]. Furthermore, the spatial extent of these Ca 2+ rises seems directly correlated to the strength of neuronal activity, such that signaling events associated to basal synaptic functioning are restricted to the tip of the astrocytic tree [START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF] and do not involve somatic activation, which would rather be recruited during intense firing activity. Indeed, recent studies describing in vivo evidence of astroglial Ca 2+ imaging in mice have noted that glial somatic Ca 2+ events are delayed by 1-6s from the onset of experimental stimulation compared to few milliseconds for neurons and 1-2s for PAPs, suggesting that neuronal activity instructs astrocyte signaling, and that Ca 2+ transduction pathways are initiated in PAPs and converge towards the astrocytic soma [START_REF] Dombeck | Imaging large-scale neural activity with cellular resolution in awake, mobile mice[END_REF][START_REF] Bekar | Locus coeruleus alpha-adrenergic-mediated activation of cortical astrocytes in vivo[END_REF][START_REF] Schummers | Tuned responses of astrocytes and their influence on hemodynamic signals in the visual cortex[END_REF]. Such intracellular stream of Figure 5 A. Simplified representation of the main astroglial homeostatic functions. Pink box: glutamate-glutamine cycle. Astrocytic excitatory amino acid transporters (EAATs) uptake glutamate at the synapse. Glutamate is then converted into glutamine by glutamine synthetase (GS) and shuttled back to neurons for recycling. Blue boxes: Lactate shuttle. Glutamate uptake by astrocytes is accompanied by Na + entry and thus Na + efflux via Na+/K+ ATPase. The resulting energy consumption triggers glucose utilization in astrocytes and hence glucose uptake from the circulation through the glucose transporter GLUT1. The lactate produced is shuttled to neurons through monocarboxylate transporters (MNCT1 and 2), where it is rapidly converted to pyruvate. Yellow box: pH buffering. Abundant carbonic anhydrase (CA) in astrocytes converts CO2 into H + and HCO3 -. HCO3-is then released in the extracellular space along with Na + via the Na + -HCO3 -cotransporter (NBC), thereby increasing the extracellular buffering power. Excess H + left in astrocytes serve for the MCT transport of lactate. Excess H+ in neurons is extruded via sodium-hydrogen exchange (NHE). Orange box: K+ buffering. Astrocytes buffer excess K+ released into the extracellular space as a result of neuronal activity. K + travel through the astrocytic gap junction-mediated network down their concentration gradient and are released in sites of lower concentration. Green box: Glutathione metabolism. Astrocytes release glutathione (GSH) in the extracellular space where it is metabolised by the astrocytic ectoenzyme γ-glutamyl transpeptidase (γGT). Ca 2+ may rely on local release from endoplasmic reticulum (ER) through the IP3 pathway, as ER membranes are known to express clusters of the type 2 IP3 receptors [START_REF] Sheppard | Comparison of type 2 inositol 1,4,5trisphosphate receptor distribution and subcellular Ca2+ release sites that support Ca2+ waves in cultured astrocytes[END_REF]) (Fig. 5B). Then, at a more integrated level, it is now well-recognized that cultured astrocytes respond to glutamate by inducing propagating intercellular Ca 2+ waves [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: long-range glial signaling[END_REF]) (Fig. 10B), which are hypothesized to allow astrocyte to communicate over long distances. Note that this form of astrocyte excitability is thought to be mediated by extracellular release of gliotransmitters such as ATP and the intracellular gapjunction-mediated exchange of second messenger including IP3 and Ca 2+ (reviewed in [START_REF] Scemes | Astrocyte calcium waves: what they are and what they do[END_REF]). Hence, some studies have recently reported that uncaging glutamate or Ca 2+ -likely to be non-physiological inputs -in individual astrocytes in brain slices induces Ca 2+ oscillations in neighboring astrocytes [START_REF] Sul | Astrocytic connectivity in the hippocampus[END_REF][START_REF] Tian | Imaging of cortical astrocytes using 2-photon laser scanning microscopy in the intact mouse brain[END_REF]. However, most of the current in vivo data rather point towards the absence of long-range intercellular Ca 2+ propagation within astrocyte networks under physiological stimulation; this pathway might rather be involved in neurological conditions such as neurodegenerative diseases [START_REF] Kuchibhotla | Synchronous hyperactivity and intercellular calcium waves in astrocytes in Alzheimer mice[END_REF].

1.3.2. Na + excitability as an alternative form of astrocyte signaling New pieces of data have now demonstrated that Na + excitability may be considered as an alternative modality of neuroglial signaling (Fig. 5A). Indeed, in response to neuronal activity, astrocytes elicit increases in cytosolic Na + concentration that trigger intracellular second messenger cascades [START_REF] Kirischuk | Sodium dynamics: another key to astroglial excitability?[END_REF]. Notably, Na + transients are initiated by the opening of voltage-activated Na + channels in response to synaptically-released neurotransmitters [START_REF] Langer | Synaptically induced sodium signals in hippocampal astrocytes in situ[END_REF], which are then amplified within PAPs by various Na + transporters such as the sodium/calcium exchanger NCX1-3 [START_REF] Minelli | Cellular and subcellular localization of Na+-Ca2+ exchanger protein isoforms, NCX1, NCX2, and NCX3 in cerebral cortex and hippocampus of adult rat[END_REF] or the sodium coupled glutamate transporter GLT1 [START_REF] Rothstein | Localization of neuronal and glial glutamate transporters[END_REF], to finally reach the astrocytic soma and be conveyed to neighboring cells through propagating Na + waves [START_REF] Bernardinelli | Astrocytes generate Na+-mediated metabolic waves[END_REF]). These complex Na + oscillations extend the repertoire of astrocyte responses and have been reported to participate in regulating the supply of energetic metabolites (see chapter I.2.2.2), as well as neurotransmitter clearance and K + spatial buffering.

Astroglial functions

We have just seen that recent advancement in molecular biology is enabling the characterization of glial signaling and morphological diversity. In fact, the current state of the art clearly reveals that astrocytes can no longer be regarded as a homogenous cell population, having the same basic supportive roles throughout the entire brain. Rather, it is now widely admitted that astroglial functions are locally tuned to endorse circuit-specific roles, giving to the CNS an extra layer of plasticity, in both health and disease. I will therefore present here the scope of astroglial physiological activities, ranging from neuronal development to neurometabolic, neuromodulatory, immunological and homeostatic functions (report to Fig. 5).

Developmental functions

Producing new neural cells

In most adult mammalian brains, neurogenesis is restricted to neurogenic niches where astrocyte-like cells act as progenitors [START_REF] Doetsch | The glial identity of neural stem cells[END_REF]. In particular, note that two neurogenic niches are now well acknowledged in the mouse and primate brains: the subgranular zone of the Dentate Gyrus (SZDG) in the hippocampus [START_REF] Kempermann | Neurogenesis in the Adult Hippocampus[END_REF] and the subependymal zone bearing the lateral ventricles (SZLV) [START_REF] Lim | The Adult Ventricular-Subventricular Zone (V-SVZ) and Olfactory Bulb (OB) Neurogenesis[END_REF].

Interestingly, "stem" glial cells display the canonical morphology, physiology and molecular markers of astrocytes: highly hyperpolarized membrane potential (-80 mV), high and linear K + permeability, glutamate uptake, glycogen granules, GFAP+ endfeet and bushy processes. However, these astrocyte-like progenitors further reactivate the expression of radial glia proteins, including vimentin, nestin, TNC and BLBP, endowing them with the ability to initiate proliferation and differentiation in response to stimulating environmental factors.

Interestingly, recent studies have succeeded in identifying the signaling cues instructing adult progenitor fate; notably consisting of glial and vascular growth factors (FGF2, TGFα, VEGF), neuropeptides (vasoactive peptide endothelin 1 -ET1), and morphogens (Shh and Wnt) [START_REF] Robel | The stem cell potential of glia: lessons from reactive gliosis[END_REF], which are associated to downstream effectors such as immediate early gene products (c-FOS, c-JUN), signaling transducers (m-TOR, beta catenin) and transcription factors (Sox, Pax, Hes, CREB) [START_REF] Urban | Neurogenesis in the embryonic and adult brain: same regulators, different roles[END_REF][START_REF] Beckervordersandforth | Transcription-Factor-Dependent Control of Adult Hippocampal Neurogenesis[END_REF]. Thus, by promoting the transcription of genes encoding neurogenic fates, this molecular program drives the progression of adult progenitors from a genuine undifferentiated state to a committed neuronal identity. Stem astrocytes have been shown to continuously produce new neurons that integrate within mature neuroglial networks in the olfactory bulb -when generated in the SZLV -or in the hippocampus when produced in the SZDG. Finally, in contrast to neurogenesis, the generation of new glial cells during adulthood occurs throughout the entire brain or at least the most important parts thereof [START_REF] Palmer | Fibroblast growth factor-2 activates a latent neurogenic program in neural stem cells from diverse regions of the adult CNS[END_REF]. Hence, parenchymal astrocytes can locally respond to physiological stimuli by inducing dedifferentiation, proliferation and reprograming towards different glial subtypes, including astrocytes and oligodendrocyte progenitors, in accordance with the regional context [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. For further details concerning astrocyte proliferation upon brain injury, you are referred to chapter I.1.1.4.

Guiding neuronal migration and axonal growth

In order to establish exquisitely intricate functional networks, newly formed neurons must first navigate through the complex environment of the developing brain to reach its proper location and then extend their axons over long distances to target the appropriate postsynaptic contacts. In this context, radial glia have been shown to play a seminal role being scaffolding elements used by newborn neurons to migrate radially from the germinal zone to the pia surface; they thereby participate to the laminar [START_REF] Rakic | Mode of cell migration to the superficial layers of fetal monkey neocortex[END_REF]) and columnar [START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]) organization of the brain as observed in the cortex, hippocampus, cerebellum and spinal cord. Therefore, in recent years, many glial-derived factors have been described to control neuronal migration (reviewed in [START_REF] Marin | Guiding neuronal cell migrations[END_REF])), including: (1) diffusing extracellular molecules and their cognate receptors, inter alia Slits (Robo), netrins (DCC), semaphorins (Plexin) and Reelin (VLDLR/ApoER2); (2) membrane-tethered adhesion molecules, such as astrotactins, neuregulins and integrins; and (3) gap-junction subunit proteins, notably Cx43. Noteworthy, connexins are expressed at the contact between newly form neurons and radial glial cells, where they have been reported to be critically involved in neuronal gap-junction mediated adhesion and migration [START_REF] Cina | Involvement of the cytoplasmic C-terminal domain of connexin43 in neuronal migration[END_REF].

Remarkably, mice expressing a mutated form of Cx43 display abnormal cortical lamination associated to a delay in the migration of BrdU-labelled neurons [START_REF] Fushiki | Changes in neuronal migration in neocortex of connexin43 null mutant mice[END_REF]. Similarly, using a GFAP-Cre/Cx43 loxP conditional mouse model, it was shown that neurons lacking Cx43 fail to migrate along radial glia fibers, and thereby accumulate in the ventricular zone (Wiencken-Barger, [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]). Finally, rescue experiments -using Cx43 truncated isoforms after shRNA knockdown -have demonstrated that Cx43 regulates neuronal migration independently of its channel function [START_REF] Elias | Connexin 43 mediates the tangential to radial migratory switch in ventrally derived cortical interneurons[END_REF]. You may refer to chapter I.3.2.3 for further description of connexin non-channel functions. As a passing note, given that Cx30 rises in astrocytes only from postnatal day 10, no similar functions may be associated with this astroglial protein.

Then, apart from their roles in organizing the overall cerebral grey matter architecture through guiding neuronal migration, radial glial cells also participate in the compartmentalization of the white matter, by forming repulsive boundaries around developing nerve tracts [START_REF] Steindler | Glial boundaries in the developing nervous system[END_REF]. Indeed, recent experimental evidence have for instance pictured the highly ordered distribution of radial glia within the spinal cord WM at the time of axogenesis; hence, they showed that glial cells may support WM patterning by projecting cellular processes that enwrap and thereby segregate the emerging dorsal nerve fibers [START_REF] Barry | The spatial and temporal arrangement of the radial glial scaffold suggests a role in axon tract formation in the developing spinal cord[END_REF]. Along the same line, radial glial sheaths forming along axon bundles in the corpus callosum [START_REF] Silver | Immunocytochemical demonstration of early appearing astroglial structures that form boundaries and pathways along axon tracts in the fetal brain[END_REF], the rostral migratory stream [START_REF] Lois | Chain migration of neuronal precursors[END_REF] or telencephalon [START_REF] Chapouton | The transcription factor neurogenin 2 restricts cell migration from the cortex to the striatum[END_REF]) must likewise serve to nurture and restrict the growth of axonal branches. Another important issue is the glial-guided migration of axonal growth cones granting neurons to contact the appropriate dendrite from the neuropile "jungle". So firstly, axonal pathfinding relies on both attractive and repellent signals released by glial guidepost cells. As a matter of example, spinal glial cells have been shown to secrete signaling cues acting as chemoattractant (netrin-1, Shh) [START_REF] Serafini | Netrin-1 is required for commissural axon guidance in the developing vertebrate nervous system[END_REF][START_REF] Charron | The morphogen sonic hedgehog is an axonal chemoattractant that collaborates with netrin-1 in midline axon guidance[END_REF] or chemorepellant (semaphoring 3a) [START_REF] Zou | Squeezing axons out of the gray matter: a role for slit and semaphorin proteins from midline and ventral spinal cord[END_REF] for commissural axons. Then, once the axon terminals have reached the correct region, and before they may start searching for its target spines, they are instructed to stop migrating by intermediate glial target cells. An example of such local guiding function of glia is suggested to occur within the olfactory bulb where sensory neurons expressing the same olfactory receptors are attracted toward the same glomeruli after contacting radial glial processes [START_REF] Bailey | Development of the olfactory bulb: evidence for glianeuron interactions in glomerular formation[END_REF]. Finally, akin to neuronal soma, synaptic contacts have been reported to be organized in laminae within several brain areas, of which the optic tectum (superior colliculus) and retina are among the best known [START_REF] Robles | Assembly of synaptic laminae by axon guidance molecules[END_REF]. Interestingly, the stratification of neuronal synaptic contacts in the optic tectum has been linked to the surface accumulation of the Slit1 glycoprotein by glial endfeet and its associated ECM anchors (notably type IV Collagen isoforms), and is thought to ensure the spatial segregation of axonal terminals conveying distinct types of inputs [START_REF] Xiao | Assembly of lamina-specific neuronal connections by slit bound to type IV collagen[END_REF]. Taken together, these data provide new indications concerning the neuroglial dialogues that take place during the successive steps of neuronal migration and axonal growth, and may further allow disentangle the mechanisms that may promote axonal regeneration failure upon injury in the mammalian brain [START_REF] Cregg | Functional regeneration beyond the glial scar[END_REF].

Regulation of synapse formation, maintenance and elimination

Protoplasmic astrocytes establish an extremely complex branching during the active phase of synaptogenesis, thereby contacting up to 100 000 synapses and an average of 6 neuronal somata [START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF], thus placing them in a pivotal position to influence the fate of neuronal circuit development. First, striking experimental evidence have demonstrated that astrocytes instruct excitatory presynaptic differentiation through the release of the Apolipoprotein E bound to cholesterol, which promotes the synthesis of synaptic vesicles and thus the maturation of synaptic boutons [START_REF] Mauch | CNS synaptogenesis promoted by glia-derived cholesterol[END_REF][START_REF] Goritz | Multiple mechanisms mediate cholesterol-induced synaptogenesis in a CNS neuron[END_REF]. Formation of differentiated, yet postsynaptically silent synapses is then subtended by the astrocytic matricellular proteins thrombospondins, especially TSP1 and 2, of which the peak of secretion is reached during early postnatal synaptogenesis [START_REF] Christopherson | Thrombospondins are astrocyte-secreted proteins that promote CNS synaptogenesis[END_REF]. TSPs interact with various neuronal receptors, such as integrins [START_REF] Defreitas | Identification of integrin alpha 3 beta 1 as a neuronal thrombospondin receptor mediating neurite outgrowth[END_REF], neuroligins [START_REF] Xu | Thrombospondin 1 accelerates synaptogenesis in hippocampal neurons through neuroligin 1[END_REF]) and voltage-gated Ca 2+ channels [START_REF] Eroglu | Gabapentin receptor alpha2delta-1 is a neuronal thrombospondin receptor responsible for excitatory CNS synaptogenesis[END_REF], thereby promoting the recruitment of adhesive as well as scaffolding proteins to nascent synapses. Interestingly, another glial-derived ECM protein TSP4 has been shown to dominate within the mature brain, suggesting that it may directly participate to promote adult neurogenesis. Thereafter, the maintenance of such connections is undertaken by trans-synaptic clustering of adhesion molecules, namely neuroligins and neurexins (Clarke and Barres 2013), mediated by the matricellular hevin-SPARC couple [START_REF] Kucukdereli | Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and SPARC[END_REF], whose expression is kept high in astrocytes during adulthood. Finally, functional maturation of synapses is regulated by the insertion and clustering of AMPA receptors in the postsynaptic density, which is directly supervised by astrocyte-secreted glypican proteins [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors[END_REF]. Lastly, although the formation of dendritic spine does not require the presence of astrocytes, the ability to receive synapses may not be an intrinsic neuronal property and has been shown in retinal ganglion cells to require contacts with astrocytes [START_REF] Hama | PKC signaling mediates global enhancement of excitatory synaptogenesis in neurons triggered by local contact with astrocytes[END_REF][START_REF] Barker | Developmental control of synaptic receptivity[END_REF].

Then, a hallmark of synaptogenesis is the tremendous motility of dendritic filopodia that seek at targeting the appropriate presynaptic elements. Interestingly enough, astroglial processes tend to make closer contacts with the postsynaptic rather than presynaptic elements [START_REF] Lehre | The number of glutamate transporter subtype molecules at glutamatergic synapses: chemical and stereological quantification in young adult rat brain[END_REF]). Moreover, it has been noted that synaptic morphological plasticity is mediated by the release of glutamate from axon terminals, acting as a driving cue for both dendritic spines and PAPs [START_REF] Mckinney | Miniature synaptic events maintain dendritic spines via AMPA receptor activation[END_REF]Hirrlinger, Hulsmann et al. 2004). Note that other ligand-receptor signaling pathways influencing PAPs motility -and very likely spine coverage -include notably bFGF [START_REF] Kalman | Ras family GTPases control growth of astrocyte processes[END_REF], cAMP [START_REF] Baorto | Astrocyte process growth induction by actin breakdown[END_REF]) and GABA [START_REF] Matsutani | Neuronal regulation of astrocyte morphology in vitro is mediated by GABAergic signaling[END_REF]. Hence active synapses, which are recognized to have larger and more stable spine apparatus, have recently been demonstrated to show more lasting contacts with PAPs [START_REF] Haber | Cooperative astrocyte and dendritic spine dynamics at hippocampal excitatory synapses[END_REF]. Therefore, given that astrocyte processes are further enriched with a vast repertoire of transmembrane and membrane-anchored proteins, bidirectional neuroglial communication has been suggested to play an instructive role in stabilizing spines that would by the way persist in the mature circuit (report to chapter I.2.1.1 for a better understanding of PAP signaling, [START_REF] Dunaevsky | Spine motility with synaptic contact[END_REF]). In this perspective, reports have in fact showed that PAPspine association is regulated through activation of dendritic EphA4 receptors with the astrocytic ligand ephrinA3, which results in spine retraction and reduces the lifetime of newly generated dendrites [START_REF] Murai | Control of hippocampal dendritic spine morphology through ephrin-A3/EphA4 signaling[END_REF][START_REF] Nishida | Direct astrocytic contacts regulate local maturation of dendritic spines[END_REF]. Finally, dendritic remodeling mediated by glutamate spillover has also been linked with an adjustment of astrocytic process morphology, weakening PAP association with spines, and hence dynamically reducing GluT activity [START_REF] Verbich | Glial glutamate transport modulates dendritic spine head protrusions in the hippocampus[END_REF].

Finally, it is now well reported that excessive synaptic contacts are eliminated during the last phase of neuronal activity-dependent maturation to achieve accurate network wiring [START_REF] Kano | Synapse elimination in the central nervous system[END_REF]. Remarkably, astrocytes and microglial cells have emerged to be essential partners in experience-dependent synaptic pruning [START_REF] Eroglu | Regulation of synaptic connectivity by glia[END_REF][START_REF] Schafer | Microglia Function in Central Nervous System Development and Plasticity[END_REF]. Indeed, within the well-established retinogeniculate model, astrocytes have been shown to deposit molecules of the complement cascade (including C1q and C3) on weak synapses, thereby leading to the microglial selective phagocytosis of C1q-tagged spines [START_REF] Stevens | The classical complement cascade mediates CNS synapse elimination[END_REF]. It is also worth noting that this glial partnership is dependent of neuronal activity as synapses from tetrodotoxin (TTX)-silenced neurons were shown to be preferentially pruned [START_REF] Schafer | Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner[END_REF]. Strikingly, impairment of retinogeniculate astrocyte-dependent microglial pruning induced severe deficits in the corresponding ocular dominance connectivity. This suggests that aberrant microglial synapse elimination must be implicated in neurodegenerative conditions [START_REF] Schafer | Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner[END_REF]. Finally, albeit its participation in clearing degenerating neuronal debris upon CNS trauma [START_REF] Ziegenfuss | Distinct molecular pathways mediate glial activation and engulfment of axonal debris after axotomy[END_REF], astrocytes may also directly engulf synapses in the healthy brain utilizing the multiple epidermal growth-like domains 10 (MEGF10) and c-Mer tyrosine kinase receptor (MERTK) pathways, which converge onto the activation of phagocytic protein complexes [START_REF] Chung | Astrocytes Control Synapse Formation, Function, and Elimination[END_REF]. Nevertheless, the later hypothesis has yet to be thoroughly investigated in situ. In sum, compelling lines of evidence have shed new light on the active contribution of astrocytes in every stage of synapse formation, maintenance and elimination; thereby laying the groundwork for advancing therapeutic strategies targeting neurodevelopmental diseases (Chung, Welsh et al. 2015).

Gliovascular unit and neurometabolic support

Establisment and maintenance of the gliovascular unit

Proper functioning of neurons and glial cells require the CNS to be embedded in a delicate environment fulfilling its physiological needs. Accordingly, during phylogeny the brain has evolved a sophisticated delivering system taking the form of a large network of vessels, filtering the blood and improving cerebral extracellular fluids drainage [START_REF] Daneman | The blood-brain barrier[END_REF][START_REF] Jessen | The Glymphatic System: A Beginner's Guide[END_REF]. The brain vasculature is primarily composed of endothelial cells welded one to the other by tight and adherens junctions, which formation and maintenance are under the direct supervision of glial cells, hence yielding to the concept of gliovascular unit. First, during early development (starting E10 in rodent), radial glial secreted-growth factors (VEGF, Ang1-2, CXCL12) chiefly control CNS angiogenesis. In particular, these glial cues instruct the infiltration of the parenchyma by vessels sprouting from the perineural vascular plexus [START_REF] Zhao | Establishment and Dysfunction of the Blood-Brain Barrier[END_REF]. Moreover, glial-derived Wnt signaling regulates the expression and localization of key functional proteins at the gliovascular interface, such as the excitatory amino acid transporters EAAT1-3, the lipid transporter MFSD2a, the lactate transporter MCT1 and the glucose transporters Glut1 [START_REF] Stenman | Canonical Wnt signaling regulates organ-specific assembly and differentiation of CNS vasculature[END_REF][START_REF] Chen | Retinal expression of Wnt-pathway mediated genes in lowdensity lipoprotein receptor-related protein 5 (Lrp5) knockout mice[END_REF][START_REF] Liu | Regulation of Monocarboxylic Acid Transporter 1 Trafficking by the Canonical Wnt/beta-Catenin Pathway in Rat Brain Endothelial Cells Requires Cross-talk with Notch Signaling[END_REF]) (Fig. 5A). Note that water, most gases and lipid-soluble molecules can passively diffuse across the vessel wall. Then, radial glial cells provide additional scaffolding support for developing blood vessels growing along nascent axonal bundles, and therefore allow cerebral vasculature to match the intricate nerve arborescence. Accordingly, disturbing the orientation of radial glial fibers has been shown to induce similar defect in blood vessels growth path [START_REF] Ma | Radial glial neural progenitors regulate nascent brain vascular network stabilization via inhibition of Wnt signaling[END_REF]. Besides, this intimate gliovascular contacts allow precise receptor-mediated communication -including Ephrin receptor tyrosine kinases signaling [START_REF] Cheng | The ephrins and Eph receptors in angiogenesis[END_REF]) -suggested to stabilize newly-form cerebral vessels; indeed, ablating radial glia in situ caused a dramatic reduction (by 80%) of cerebral blood vessel density [START_REF] Ma | Radial glial neural progenitors regulate nascent brain vascular network stabilization via inhibition of Wnt signaling[END_REF]. Finally, once stabilized blood vessels have reached their proper location within the cerebral circuit, radial glia cells secrete signaling cues that drive vascular barrier induction.

Hence, in particular, glial-derived retinoic acid (RA) [START_REF] Mizee | Retinoic acid induces blood-brain barrier development[END_REF]) have been reported to induce increased expression of junctional proteins, inter alia vascular-endothelial (VE) cadherin, occluding and zona occludens 1 (ZO-1). From that time forward (at E15 in mice), the blood-brain-barrier (BBB) is a highly selective permeability barrier limiting the entry of most circulating immune cells and regulating the blood supply of the brain.

Then, during postnatal development, newborn astrocytes extend polarized endfeet that completely ensheath the cerebral blood vessels and recruit a specific set of proteins at the gliovascular interface [START_REF] Abbott | Astrocyte-endothelial interactions at the bloodbrain barrier[END_REF]. Specifically, astroglial perivascular membranes are anchored to the vessel tube by linking its dystroglycan-agrin complexes to the endothelial basal lamina, thereby triggering the clustering of water channels (AQP4) and K + channels (Kir4.1) in orthogonal arrays, which are essential to tailor the ever-changing extracellular ions concentration of the brain [START_REF] Enger | Molecular scaffolds underpinning macroglial polarization: an analysis of retinal Muller cells and brain astrocytes in mouse[END_REF]. Indeed, synaptic transmission raises extracellular K + levels, and the resulting build-up can cause neuronal depolarization and alter the voltage-dependent glutamate uptake through GLT1 transporters.

Upon neuronal firing, extracellular K + is taken up by astroglial Kir4.1 channels and then redistributed throughout the glial gap-junction networks. The so-called potassium spatial buffering generates intercellular water fluxes and consequently shrinkage of the extracellular space (ECS) [START_REF] Ransom | Activity-dependent shrinkage of extracellular space in rat optic nerve: a developmental study[END_REF]. Moreover, perivascular astrocytes secrete various soluble factors (VEGF, Ang1-2, Shh, FGFβ, GDNF), which bind to endothelial receptors and regulate the expression and post-transcriptional processing of junctional proteins, eventually modulating BBB permeability [START_REF] Almutairi | Factors controlling permeability of the blood-brain barrier[END_REF]. Otherwise, knowing that astroglial cells can sense agents released during neuronal activity (see chapter I.1.2.2), they are perfectly positioned to adapt vascular functions to match the minute-to-minute neurometabolic needs. In particular, research undertaken over the past decade has clearly demonstrated that astrocytes control the cerebral blood flow (CBF) (MacVicar and Newman 2015); and the proposed mechanism relies on the following signaling cascade: (1) astrocytic mGluR activation by synaptically-released neurotransmitters; (2) IP3R2-dependent intracellular Ca 2+ signaling; (3) astroglial release of vasoactive metabolites; (4) changes in arteriole smooth muscle cells contraction. It appeared that the Ca 2+ events elicited in astrocyte perivascular processes are fast and occur with a similar time course than functional hyperemia (or vasodilatation) [START_REF] Lind | Rapid stimulus-evoked astrocyte Ca2+ elevations and hemodynamic responses in mouse somatosensory cortex in vivo[END_REF][START_REF] Otsu | Calcium dynamics in astrocyte processes during neurovascular coupling[END_REF], thus supporting the appropriateness of this mechanistic model. Otherwise, it is worth reminding that astrocytes can modulate CBF in both ways, while glial-secreted arachidonic acid induces cerebral vasoconstriction, its intermediate metabolites prostaglandin E2 (PGE2) and epoxyicosatrienoic acids (EETs) in contrast dilate blood vessels (MacVicar and Newman 2015). Finally, activity-dependent glial control of CBF has also been reported to be mediated by the astrocytic release of K + onto the vessel wall, thereby depolarizing smooth muscle cell by activating Na + -K + transporters and inwardly rectifying K + channels [START_REF] Bunger | Studies on potassium induced coronary dilation in the isolated guinea pig heart[END_REF][START_REF] Haddy | Potassium effects on contraction in arterial smooth muscle mediated by Na+, K+-ATPase[END_REF]. Next, at a more integrated level, the idea that evoked astrocyte Ca 2+ excitability may be conveyed to neighboring cells (at an average speed of 100 µm/s) through gap-junction-mediated networks is now widely suggested (see chapter I.1.3.1. for a discussion on the relevance in situ of this signaling pathway, [START_REF] Blomstrand | 5-Hydroxytryptamine and glutamate modulate velocity and extent of intercellular calcium signalling in hippocampal astroglial cells in primary cultures[END_REF]). Therefore, it may provide the groundwork for understanding how neurovascular signals propagate along cerebral vessels [START_REF] Paemeleire | ATP-dependent astrocyte-endothelial calcium signaling following mechanical damage to a single astrocyte in astrocyte-endothelial co-cultures[END_REF]. Furthermore, the astroglial gap-junction subunit proteins Cx30 and Cx43 are enriched in the perivascular endfeet, and have recently been implicated in the maintenance of the BBB integrity, as: (1) Co-deletion of Cx30 and Cx43 induced astrocyte endfeet edema, downregulation of AQP4 and β-DG as well as weakening of the BBB in stress conditions [START_REF] Ezan | Deletion of astroglial connexins weakens the blood-brain barrier[END_REF]); (2) Cx30 deletion provoked the upregulation of γ-Sarcoglycan in the brain vessels [START_REF] Boulay | The Sarcoglycan complex is expressed in the cerebrovascular system and is specifically regulated by astroglial Cx30 channels[END_REF]; and finally (3) Cx43 deletion promoted the abnormal parenchymal infiltration of immune cells through the BBB and thus led to a humoral autoimmune response [START_REF] Boulay | Immune quiescence of the brain is set by astroglial connexin 43[END_REF]. Finally, activity-dependent glial control of CBF has also been reported to be mediated by astrocytic release of K + onto the vessel wall, thereby depolarizing smooth muscle cells by activating Na + -K + transporters and inwardly rectifying K + channels [START_REF] Bunger | Studies on potassium induced coronary dilation in the isolated guinea pig heart[END_REF][START_REF] Haddy | Potassium effects on contraction in arterial smooth muscle mediated by Na+, K+-ATPase[END_REF]).

Astroglial neurometabolic support

The mammalian brain has very high energetic requirements as it consumes an average of 20% of the blood 0 2 levels and almost 25% of the blood glucose, while it only represents 2% of the body weight. While glucose is reported to be the main energetic metabolite used by the brain, other blood-derived molecules can alternatively be utilized to fuel neurons such as ketone bodies during starvation [START_REF] Nehlig | Brain uptake and metabolism of ketone bodies in animal models[END_REF] or lactate during intense physical activity (van [START_REF] Van Hall | Blood lactate is an important energy source for the human brain[END_REF]). Thus, glucose delivered from the blood is taken up by endothelial glucose transporters (GLUTs) and transfered to astrocytes in the form of glucose-6-phosphate, which can be either stored through glycogenesis (indeed astrocytes provide the only source of cerebral glycogen) or metabolized by oxidative glycolysis to produce H 2 O and CO 2 . Then, given that astrocytes have a strategical position at the interface between blood vessels and neurons, they are vital to fulfill the neuronal needs in register with their level of synaptic transmission (which has been shown to account for most of the cerebral energy consumption, see [START_REF] Alle | Energy-efficient action potentials in hippocampal mossy fibers[END_REF], and [START_REF] Attwell | An energy budget for signaling in the grey matter of the brain[END_REF]). Astroglial glucose derivatives include pyruvate, which is used for mitochondrial metabolism, as well as glutamate, glutamine and lactate that are transfered to neurons following the astrocyte-neuron lactate shuttle (ANLS) model (Fig. 5A). The ANLS model stipulates that : (1) excitatory synaptic transmission is associated with an increase in Na + -dependent astroglial glutamate uptake; (2) which activates the glial Na + /K + ATPases and thereby promotes intracellular ATP consumption, together with glucose uptake and oxydative glycolysis; (3) this combination of events allows massive synthesis and extracellular release of lactate by astrocytes; (4) which is finally taken up by neurons to produce oxidative ATP derivatives (see [START_REF] Magistretti | Relationship between L-glutamate-regulated intracellular Na+ dynamics and ATP hydrolysis in astrocytes[END_REF], [START_REF] Pellerin | Activity-dependent regulation of energy metabolism by astrocytes: an update[END_REF]). Finally, one step further, astrocytic proteins Cx43 and Cx30 have been shown to control the activity-dependent trafficking of glucose within the perivascular glial gap junction-mediated network (Rouach, Koulakoff et al. 2008). Note that this pathway was reported to be activated in response to sustained glutamatergic activity and neuronal AMPA receptors signaling; and has been further suggested to support synaptic transmission in particular in pathological conditions where brain cells are deprived of glucose, such as hypoglycemia and ischemia (Rouach, Koulakoff et al. 2008). Finally, the astroglial gap junction network has also been shown both in vitro [START_REF] Bernardinelli | Astrocytes generate Na+-mediated metabolic waves[END_REF]) and in situ [START_REF] Langer | Gap junctions mediate intercellular spread of sodium between hippocampal astrocytes in situ[END_REF] to serve for the intercellular spreading of Na + waves in response to neuronal activity, thereby allowing glia to match network levels of metabolic demands.

Immunological functions

In response to CNS threats astrocytes take some of the roles associated to peripheral immune cells, including the regulation of BBB functioning, the release of cytokines, the formation of perilesional glial scars, the phagocytic clearance of degenerating neurons and the presentation of antigens. Hence, first, as part of the innate immune system, the BBB prevents the passage of large xenobiotic molecules (such as antibodies and toxins) from the bloodstream to the cerebral parenchyma. In this perspective, astrocytes -which form the glia limitans bearing the brain vasculature -have been implicated in setting the brain immune quiescence by restricting the trafficking of immune-competent cells in the healthy CNS [START_REF] Gimsa | Immune privilege as an intrinsic CNS property: astrocytes protect the CNS against T-cell-mediated neuroinflammation[END_REF], under the supervision of anti-inflammatory cues including IL-10 and TGF-β [START_REF] Benveniste | Differential regulation of astrocyte TNF-alpha expression by the cytokines TGF-beta, IL-6 and IL-10[END_REF]. In contrast, it has been established that during brain insults damaged cells release a large set of inflammatory cytokines (including IL-6, TNFα and IL-1-β) (for review, see [START_REF] Jensen | Immune players in the CNS: the astrocyte[END_REF])) that triggers astrocytic secretion of metalloproteinases (MMP3) [START_REF] Savarin | MMP9 deficiency does not decrease blood-brain barrier disruption, but increases astrocyte MMP3 expression during viral encephalomyelitis[END_REF] as well as growth factors (VEGF-A) [START_REF] Argaw | Astrocyte-derived VEGF-A drives blood-brain barrier disruption in CNS inflammatory disease[END_REF]) that reorganize the perivascular lamina and promote immune cell infiltration. Note that increased BBB permeability further allows the blood-to-brain influx of hormones, chemokines, antibodies and molecules of the complement system amplifying CNS inflammatory signaling. Moreover, chemokines-activated astrocytes upregulate the expression of the adhesion proteins ICAM-1 and VCAM-1, and thus may serve as scaffolding elements for the extravasation of recruited lymphocytes [START_REF] Carpentier | Differential activation of astrocytes by innate and adaptive immune stimuli[END_REF]. Next, activated astrocytes express a wide range of cytokines (CCL2, CXCL10, IFNα, IL-6) [START_REF] Ransohoff | Astrocyte expression of mRNA encoding cytokines IP-10 and JE/MCP-1 in experimental autoimmune encephalomyelitis[END_REF][START_REF] Van Heteren | Astrocytes produce interferon-alpha and CXCL10, but not IL-6 or CXCL8, in Aicardi-Goutieres syndrome[END_REF]) that have been proven to orchestrate immune cell recruitment upon neuroinflammation. However, studies have yield contradictory observations concerning the role of astrocytic cues as it can either antagonize T lymphocytes [START_REF] Trajkovic | Astrocyte-induced regulatory T cells mitigate CNS autoimmunity[END_REF]) and microglial [START_REF] Kostianovsky | Astrocytic regulation of human monocytic/microglial activation[END_REF]) activation, or rather the opposite, stimulate the functions of neutrophils [START_REF] Xie | Modulation of polymorphonuclear neutrophil functions by astrocytes[END_REF]. It thus appears that the immunomodulatory functions of astrocytes are still difficult to picture and may therefore depend of the type and timing of CNS insults as well as on the nature (innate vs adaptive) of the regulated immune cells. Noteworthy, cerebral cytokines cooperate with glial danger receptors -mainly pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) receptors-to instruct astrogliosis [START_REF] Sofroniew | Astrogliosis[END_REF]. You are referred to chapter I.1.1.D for a discussion of astrocyte reactivity in the context of the glial scar. Interestingly, recent studies suggest that reactive astrocytes may be implicated in the phagocytic clearing of apoptotic corpses produced by degenerating neurons [START_REF] Doherty | Ensheathing glia function as phagocytes in the adult Drosophila brain[END_REF][START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF][START_REF] Tasdemir-Yilmaz | Astrocytes engage unique molecular programs to engulf pruned neuronal debris from distinct subsets of neurons[END_REF], thereby removing toxic elements from the brain and preventing potential detrimental inflammatory responses. Finally, astrocyte phagocytosis may further serve for protecting the brain from xenobiotic (infected cells and bacteria) and endogenous (necrotic and tumorous cells) threats, by presenting the engulfed material -via the MHC-I and II receptors [START_REF] Wong | Inducible expression of H-2 and Ia antigens on brain cells[END_REF]) -to T and B-lymphocytes [START_REF] Nikcevich | IFN-gamma-activated primary murine astrocytes express B7 costimulatory molecules and prime naive antigen-specific T cells[END_REF][START_REF] Tan | Presentation of proteolipid protein epitopes and B7-1dependent activation of encephalitogenic T cells by IFN-gamma-activated SJL/J astrocytes[END_REF]. In conclusion, astroglial cells have pleiotropic immunoregulatory functions, in both the healthy and injured brain, which are essential to coordinate the many actors involved in CNS defense.

Homeostatic functions

Astrocytes control cerebral water transport

As the Greek name implies, glial cells are known for filling almost the entire space left between neurons, thus delimiting a very narrow extracellular compartment, such that even very limited cell swelling would have a major impact on extracellular ions and neurotransmitters concentration. Moreover, most if not all types of neuroglial signaling events (action potential, synaptic potential, Ca 2+ and Na + waves…) rely on the use of electrochemical gradients in the form of ionic currents coupled to transmembrane water transport. Finally, given that the energetic metabolism of the CNS is primarily based on glycolysis, which produces at least 6 molecules of H 2 O per molecule of glucose oxidized, the brain needs to continuously drain out excess water from its neuropile. Therefore, the regulation of water transport is perhaps the most important homeostatic process in neurophysiology. So, given that water can only cross the lipid bilayer of the plasma membrane at a very slow pace, it was known back in 1992 [START_REF] Preston | Appearance of water channels in Xenopus oocytes expressing red cell CHIP28 protein[END_REF]) that almost all cells are endowed with specific channels controling osmotically-driven water fluxes. It was then demonstrated that neural cells express two main types of the so-called aquaporin (AQP) water channels: AQP1 in the choroid plexus [START_REF] Nielsen | Distribution of the aquaporin CHIP in secretory and resorptive epithelia and capillary endothelia[END_REF]) and AQP4 throuhout the brain [START_REF] Hasegawa | Molecular cloning of a mercurial-insensitive water channel expressed in selected water-transporting tissues[END_REF]. Note that a third type of aquaporin water channel -called AQP9 -has recently been characterized in the brain, which is permeable to water as well as to small soluble molecules, including glycerol and urea [START_REF] Badaut | Aquaglyceroporin 9 in brain pathologies[END_REF]. Next, studies have shown that AQP4 is actually expressed by astrocytes and ependymal cells since post-natal week two [START_REF] Wen | Ontogeny of water transport in rat brain: postnatal expression of the aquaporin-4 water channel[END_REF], where it is enriched in perivascular and subpial glial processes [START_REF] Nielsen | Specialized membrane domains for water transport in glial cells: high-resolution immunogold cytochemistry of aquaporin-4 in rat brain[END_REF]. AQP4 water channels are hold in place within glial processes by interacting with anchoring proteins, notably dystrophin [START_REF] Frigeri | Aquaporin-4 deficiency in skeletal muscle and brain of dystrophic mdx mice[END_REF]) and αsyntrophin [START_REF] Neely | Syntrophin-dependent expression and localization of Aquaporin-4 water channel protein[END_REF], and are uniquely positioned for driving the exchange of water between the CNS and extra-CNS liquid compartments (cerebrospinal fluid (CSF) and blood). Interestingly, water fluxes within glial membrane domains facing glutamatergic synapses are tightly associated with the osmotic exchange of ions. AQP4 has indeed been reported to colocalize with the astroglial Kir4.1 potassium channels [START_REF] Nagelhus | Immunogold evidence suggests that coupling of K+ siphoning and water transport in rat retinal Muller cells is mediated by a coenrichment of Kir4.1 and AQP4 in specific membrane domains[END_REF]) (Fig. 5A), and may thus account for the extracellular volume shrinkage and increased tortuosity occuring in response to neuronal activity [START_REF] Dietzel | Transient changes in the size of the extracellular space in the sensorimotor cortex of cats in relation to stimulus-induced changes in potassium concentration[END_REF][START_REF] Lux | Ionic changes and alterations in the size of the extracellular space during epileptic activity[END_REF]. Lastly, as this activity-dependent siphoning of water is essential to prevent brain oedema and extracellular accumulation of K + , and given that AQP4 has been shown to regulate synaptic transmission and plasticity [START_REF] Szu | The Role of Astrocytic Aquaporin-4 in Synaptic Plasticity and Learning and Memory[END_REF], the lack of AQP4 functioning has been suggested to promote neuronal hyperexcitability and epileptogenesis (Binder et al. 2012).

Astrocytes control cerebral ions homeostasis

Astrocytes elicit and mediate neuroendocrine osmoregulation

According to the Claude Bernard's principle of "milieu interieur", ions homeostasis in the cerebral extracellular fluid is a vital requirement for appropriate neuronal functioning. In fact, its variation above or below certain concentrations can trigger pathological neural activity including seizures. Physiological adaptations to long-lasting changes in cerebral fluid osmolality include in particular the regulation of water elimination (diuresis) and Na + excretion (natriuresis), which are controlled centrally by sophisticated neuroendocrine systems. The release of neuropeptides such as Arginine Vasopressin (AVP) (antidiuretic hormone), Atrial Natriuretic Peptide (ANP) and Angiotensin II (Ang II) (vasoconstrictor hormone) maintain the osmotic pressure within the physiological window of the delicate brain tissue by regulating especially astroglial ions and water transport [START_REF] Simard | The neurobiology of glia in the context of water and ion homeostasis[END_REF]. Firstly, magnocellular AVP+ neurons from the supraoptic (SON) and paraventricular (PVN) nucleus of the hypothalamus secrete nanomolar levels of vasopressin in response to variation of the water electrolyte balance [START_REF] Kozniewska | Vasopressin in vascular regulation and water homeostasis in the brain[END_REF]. Indeed, in response to dehydration, astrocytes near the SON glia limitans display a remarkable morphological plasticity, such that their processes retract from magnocellular somata and dendrites [START_REF] Tweedle | Ultrastructural changes in rat hypothalamic neurosecretory cells and their associated glia during minimal dehydration and rehydration[END_REF]. This dramatic reduction of astroglial neuron coverage promotes the direct apposition of AVP+ somata and dendrites, thereby enhancing extracellular glutamate and K + concentration, that is to say neuronal membrane excitability, and thus vasopressin release ( (Oliet and Bonfardin 2010), see chapter II.2 for a further understanding of the mechanisms controlling the morphological plasticity of the SON). Then strikingly, electron microscopy studies have in addition shown that astrocytes from the SON glia limitans change their overall polarity in response to strong osmotic challenges, shifting from a pependicular to a parallel orientation toward the pial surface [START_REF] Bobak | Plasticity of astrocytes of the ventral glial limitans subjacent to the supraoptic nucleus[END_REF][START_REF] Salm | Dehydration-associated changes in the ventral glial limitans subjacent to the supraoptic nucleus include a reduction in the extent of the basal lamina but not astrocytic process shrinkage[END_REF]. This cellular reorientation is thought to support the thinning of the outer glial layer of the SON, thereby bringing astrocyte somata closer to the pia surface, or in other words away from the AVP+ neurons. Finally, astrocytes (also called pituicytes) facing the AVP+ axon terminals in the neurohypophysis interpose their processes between synaptic boutons and blood vessels, thereby preventing systemic release of AVP. However, upon dehydration, these neuroglial contacts are completely remodelled such that AVP axon terminals can get direct access to the bloodstream [START_REF] Wittkowski | Changes of extent of neuro-vascular contacts and number of neuro-glial synaptoid contacts in the pituitary posterior lobe of dehydrated rats[END_REF][START_REF] Hatton | Dynamic neuronal-glial interactions in hypothalamus and pituitary: implications for control of hormone synthesis and release[END_REF]. In all, astrocytes regulate the endocrine responses at all levels of the AVP axis by timely setting up the release of the neurosecretion brake through complex morphological remodeling.

Secondly, astrocytes mediate the cellular response of neuroendocrine osmoregulators.

Indeed, AVP bind particularly to astroglial V1a [START_REF] Hertz | Involvement of non-neuronal brain cells in AVP-mediated regulation of water space at the cellular, organ, and whole-body level[END_REF] and V1b receptors [START_REF] Katay | Effects of arginine vasopressin and atriopeptin on chloride uptake in cultured astroglia[END_REF], and by the way increase osmotically-driven astrolial water uptake. Consequently, it promotes astroglial water retention and thus cell swelling [START_REF] Hertz | Involvement of non-neuronal brain cells in AVP-mediated regulation of water space at the cellular, organ, and whole-body level[END_REF]. This uptake of water must reflect the passive diffusion resulting from Na + -K + -Cl -cotransport and Na + -K + ATPase-associated ions influx, as it was reported to be independent of aquaporin-4 [START_REF] Dibas | Aquaporins (water channels): role in vasopressinactivated water transport[END_REF]. In fact, AVP is critically involved in the control of the extracellular K + concentration by promoting the brain-to-blood transfer of potassium via the glial (and endothelial) inwardly directed Na + -K + -Cl -cotransporters [START_REF] Hertz | Involvement of non-neuronal brain cells in AVP-mediated regulation of water space at the cellular, organ, and whole-body level[END_REF]; and is also essential to trigger astroglial Cl -uptake via the V1a-dependent activation of Na + -K + -2Cl -cotransporters [START_REF] Katay | Effects of arginine vasopressin and atriopeptin on chloride uptake in cultured astroglia[END_REF]. Thirdly, astrocytes play a pivotal role in tailoring the extracellular ions balance of the brain by locally releasing paracrine hormones. For instance, ANP is considered to be released by astrocytes throughout the brain via Ca 2+ -dependent exocytosis [START_REF] Kreft | Properties of Ca(2+)-dependent exocytosis in cultured astrocytes[END_REF]). The main fonction of cerebral ANP is to reduce the extracellular concentration of Na + by inhibiting its blood to brain transport. Hence, ANP triggers the cGMP-PKG-dependent blocking of specific Na + -H + exchangers at the blood brain barrier [START_REF] Ibaragi | Atrial natriuretic peptide modulates amiloride-sensitive Na+ transport across the blood-brain barrier[END_REF][START_REF] Ennis | Mechanisms of sodium transport at the blood-brain barrier studied with in situ perfusion of rat brain[END_REF].

Associated with this is the seemingly opposing roles of AVP and ANP on the regulation of glial cell volume, as ANP promotes cell shrinking [START_REF] Latzkovits | Effects of arginine vasopressin and atriopeptin on glial cell volume measured as 3-MG space[END_REF], while AVP drives cell swelling (see above). Finally, ANP has been reported to increase the permeability of cerebral blood vessels via the very same cGMP-PKG signaling [START_REF] Grammas | Angiotensin II and atrial natriuretic factor receptor interactions at the blood-brain barrier[END_REF], and was for long known for its effect on vasorelaxation [START_REF] Wilkins | The natriuretic-peptide family[END_REF]). As a second example, angiotensinogen (AGT) is firstly provided by astrocytes in most regions of the brain [START_REF] Stornetta | Astrocytes synthesize angiotensinogen in brain[END_REF]. AGT is sequentially processed in Ang I and then Ang II. Ang is though to be a paracrine signal acting on perivascular glial and endothelial At-1 receptors [START_REF] Alliot | Pericytes and periendothelial cells of brain parenchyma vessels co-express aminopeptidase N, aminopeptidase A, and nestin[END_REF]. And interestingly, given that the activation of At1 by Ang II has been demonstrated to induce astroglial signalling [START_REF] Gebke | Angiotensin II-induced calcium signalling in neurons and astrocytes of rat circumventricular organs[END_REF], which is well-recognized to mediate astroglial control of cerebral blood flow (see chapter I.2.2.1), it is suggested to be critically involved in the control of cerebral blood pressure (hence antagonizing ANP).

Astrocytic control of extra-synaptic ions balance and extracellular volume

Conversely, physiological adaptations to acute changes in extrasynaptic osmolality enlist particularly the regulation of extracellular potassium and extracellular volume (Fig. 5A), which again are carried out by astroglial cells. In fact, reports have shown that a single action potential is sufficient to raise from 3 to 4mM the extracellular concentration of K + [START_REF] Adelman | Solutions of the Hodgkin-Huxley equations modified for potassium accumulation in a periaxonal space[END_REF]; and remarkably -upon bursting activity -this increase can even reach 10 to 12mM [START_REF] Heinemann | Ceiling of stimulus induced rises in extracellular potassium concentration in the cerebral cortex of cat[END_REF]. Thus, given that neuronal K + uptake is a slow process, this important extra K + concentration is rapidly taken up by glia as evidenced by the K + currents elicited in astrocytes in response to neuronal activity. In fact, a single electrophysiological stimulation of Schaffer collaterals in hippocampal acute slices has been reported to induce a prolonged inward current phase locked to the synaptic activity [START_REF] Sibille | Astroglial potassium clearance contributes to shortterm plasticity of synaptically evoked currents at the tripartite synapse[END_REF]. Then, astroglial extracellular potassium clearance may be either passive (Na + -K + -Cl -cotransporters, Connexin hemichannels, K + spatial buffering) or active (ATPconsuming uptake including Na + -K + ATPase and Kir4.1), but invariably causes K + intracellular retention. Therefore, in a second phase, this excess of intracellular K + is thoroughly redistributed within the gap-junction mediated astroglial network, from areas of high to low K + concentrations (Fig. 5A) (see also chapter I.1.2.1 for a discussion of K + spatial buffering). Next, although many ion transporters -including Na + -K + -Cl -(NKCC1) and Na + -K + -ATPase pump -have been implicated in the astroglial uptake of K + , the inwardly rectifying K + channels Kir4.1 are now considered to be the first route for astroglial extracellular K + translocation, as Kir4.1-mediated K + uptake accounts for 80% of the glial current evoked by synaptic transmission [START_REF] Sibille | Astroglial potassium clearance contributes to shortterm plasticity of synaptically evoked currents at the tripartite synapse[END_REF]. This K + channel has been described to be expressed almost exclusively in astrocytes throughout the brain [START_REF] Takumi | A novel ATP-dependent inward rectifier potassium channel expressed predominantly in glial cells[END_REF] and is enriched in astrocyte membranes surrounding synapses and blood vessels [START_REF] Higashi | An inwardly rectifying K(+) channel, Kir4.1, expressed in astrocytes surrounds synapses and blood vessels in brain[END_REF]. The activity of Kir 4.1 is tightly regulated by pH, intracellular Ca 2+ , Cl -and Mg 2+ concentrations, as well as extracellular volume, neurotransmitter and barium levels [START_REF] Ruppersberg | Intracellular regulation of inward rectifier K+ channels[END_REF][START_REF] Walz | Role of astrocytes in the clearance of excess extracellular potassium[END_REF]. Moreover, Kir 4.1 has been shown to be the target of intracellular signaling pathways conducted by ATP (Aguilar-Bryan and Bryan 1999) or small G-proteins [START_REF] Mark | G-protein mediated gating of inward-rectifier K+ channels[END_REF]. In regards to this compelling set of data, astrocytes appear to integrate a large set of environmental cues to finely tune the function of Kir 4.1 K + channels in maintaining the balance of synaptic ions. This is illustrated by the fact that depleting Kir4.1 in hippocampal astrocytes lead to a net glial membrane depolarization, as well as to an inhibition of glutamate uptake and an impairment of synaptic plasticity [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]). Finally, a report has clearly demonstrated that gap junction-mediated astroglial networks regulate synaptic physiology by modulating extracellular volume and ions dynamics (Pannasch, Vargova et al. 2011). Indeed, double knock-out mice for Cx43 and Cx30 display a net increase in neuronal excitability, release probability and therefore glutamate spill-over (Pannasch, Vargova et al. 2011). So, given that single « disconnected » astrocytes notwithstanding keep the ability to uptake high K + levels released in response to neuronal depolarization, this effect was in fact mediated by the incapacity of astrocytes to undergo K + spatial buffering. Astroglial cells were indeed reported to swell as a result of intracellular K + -and hence water -accumulation, which at the end even impairs extracellular glutamate uptake as evidenced by reduced transporter currents kinetics. The extracellular build-up of glutamate can induce the postsynaptic insertion of AMPARS, known to unsilence synapses, and in accordance with the BCM (Bienenstock-Cooper-Munro) theory, it further perturbes long-term synaptic plasticities (by increasing the threshold for long-term potentiation (LTP) and decreasing the one for long-term depression (LTD)) (Pannasch, Vargova et al. 2011). In a nuttshell, astrocytic K + channels and gap junction subunit proteins (Cxs) therefore act synergistically to siphon neuroactives molecules and ions from the extracellular compartment, and efficiently redistribute them within the dynamic glial network.

In hyper-osmotic conditions, the transport of water -and hence astroglial swellingwhich accompanies the uptake of excess ions -has a direct impact on cerebral volume transmission as it affects the ECS diffusion parameters [START_REF] Sykova | Extrasynaptic volume transmission and diffusion parameters of the extracellular space[END_REF]). The most prominent illustration of this effect is may be the drastic shrinkage (up to 30%) of the perisynaptic ECM volume that is observed about ten seconds after repetitive electrophysiological stimulation of acute spinal and brain slices [START_REF] Dietzel | Stimulus-induced changes in extracellular Na+ and Cl-concentration in relation to changes in the size of the extracellular space[END_REF][START_REF] Sykova | The relationship between changes in intrinsic optical signals and cell swelling in rat spinal cord slices[END_REF]. Volume transmission implies a diffusion-mediated intersynaptic crosstalk that occurs when concomitant vesicular release from distinct presynaptic elements leads to neurotransmitter spillover and activation of high affinity receptors from neighboring neurons and glial cells.

Interestingly, the role of volume transmission as a purely modulatory pathway has recently been revisited, as glutamate spillover [START_REF] Semyanov | Kainate receptor-dependent axonal depolarization and action potential initiation in interneurons[END_REF] and glutamate gliotransmission [START_REF] Liu | Astrocyte activation of presynaptic metabotropic glutamate receptors modulates hippocampal inhibitory synaptic transmission[END_REF]) can induce action potential firing. In addition, other types of intercellular communication have been shown to rely on volume transmission as their main diffusional route, including notably: (1) the release of neuropeptides in the extracellular fluid outside the synaptic cleft, (2) the diffusion of catecholamines released by axonal varicosities, (3) the efflux of amino acid transmitters (GABA and glutamate) by reversion of neuronal and glial transporter activity, and (4) the diffusion of neuronal gaseous transmitters such as nitric oxide [START_REF] Zoli | The emergence of the volume transmission concept[END_REF]. Noteworthy, the diffusion of neuroactive cues is constrained by the geometry (tortuosity and anisotropy) and physico-chemical properties (viscosity and electrochemical gradient) of the ECS (which represents 15-25% of the total cerebral volume); and remarkably these properties are especially regulated by perisynaptic astrocyte processes and its associated ECM proteins (See chapter I.2.5. for further description of the role played by glial-derived ECM in synaptic physiology). Indeed, the astroglial sheath surrounding the synapse has been demonstrated to set the tortuosity of the ECS [START_REF] Nicholson | Extracellular space structure revealed by diffusion analysis[END_REF], the desensitization and trafficking of receptors to the post synaptic density (PSD) [START_REF] Freche | Synapse geometry and receptor dynamics modulate synaptic strength[END_REF], as well as the accessibility of extrasynaptic receptors (Oliet, Piet et al. 2001) and the concentration of neurotransmitters in the synaptic cleft (Pannasch, Freche et al. 2014). In sum, given the intricate relationship between the synaptic elements and their immediate environment, it is now suggested that the tripartite synapse (pre/postneurons and glia) must rather be considered as a party of four, including the ECS [START_REF] Marcoli | On the role of the extracellular space on the holistic behavior of the brain[END_REF].

Astrocytes uptake neuroactive molecules

It is now a widely held view that homeostatic fluctuations of extracellular glutamate levels are a key modulator of synaptic functions. The amount of neurotransmitters flowing in the extracellular space is set by the dynamic balance between neuroglial uptake and release events, as well as by the coordinated synaptic recycling of neurotransmitter precursors and metabolites [START_REF] Parpura | The astrocyte excitability brief: from receptors to gliotransmission[END_REF]. This brings to mind the famous 1907's saying of Ernesto Lugaro concerning the chemical hypothesis of neurotransmission: "If that were (true), the interneuronal articulations (synapses) would be a center of active chemical exchanges; and one would therefore comprise the infiltrating of protoplasmatic "tufted" extensions of neuroglia in all the nearby free interstices, in order to perhaps pick and instantaneously fix even the smallest product of refusal" (Lugaro E. On the functions of the neuroglia [in Italian].

Riv Patol Nerv Ment. 1907 translated by Parpura V. and Verkhratsky A.). As a matter of fact, the concentration of glutamate in the different cerebral compartments is highly variable: 150 µM in the plasma, 10 µM in the CSF, 10 mM in the cytoplasm of brain cells and between 25nM and 30 µM in the extracellular space [START_REF] Danbolt | Glutamate uptake[END_REF][START_REF] Herman | Extracellular glutamate concentration in hippocampal slice[END_REF][START_REF] Featherstone | Regulation of synaptic transmission by ambient extracellular glutamate[END_REF][START_REF] Chefer | Overview of brain microdialysis[END_REF]. It is however worth noting that the estimation regarding the extracellular glutamate concentration remains largely debated, as it varries according to the methodology used to assess it [START_REF] Moussawi | Extracellular glutamate: functional compartments operate in different concentration ranges[END_REF]. In particular, based upon the concentration-dependence of the kinetics of glutamate receptor responses, the concentration of glutamate in the synaptic cleft has been reported to raise from <20nM to 1mM after action potential firing [START_REF] Dzubay | The concentration of synaptically released glutamate outside of the climbing fiber-Purkinje cell synaptic cleft[END_REF]. Interestingly, the same study showed that the concentration of glutamate reaching the perisynaptic glial sheath transiently peaked at 160-190 µM. Importantly, this concentration is sufficient for activating both metabotropic [START_REF] Scanziani | Use-dependent increases in glutamate concentration activate presynaptic metabotropic glutamate receptors[END_REF]) and ionotropic [START_REF] Clarke | A hippocampal GluR5 kainate receptor regulating inhibitory synaptic transmission[END_REF] extrasynaptic receptors. It is therefore crucial to monitor the extracellular glutamate concentration in order to maintain proper synaptic independence and efficacy. In fact, alterations in the core elements making up this system result in a vast repertoire of neurodegenerative and neuropsychiatric disorders. For instance, excessive or prolonged activation of excitatory amino acid receptors results in the massive influx of ions, and eventually leads to activation of Ca 2+ -dependent inflammatory pathways and cell death cascades [START_REF] Puyal | Multiple interacting cell death mechanisms in the mediation of excitotoxicity and ischemic brain damage: a challenge for neuroprotection[END_REF]. This is all the more true since glutamatergic gliotransmission [START_REF] Ding | Enhanced astrocytic Ca2+ signals contribute to neuronal excitotoxicity after status epilepticus[END_REF]) may represent an alternative source of glutamate release (see in relation to this chapter: I.2.5.2.). Therefore, given that this amino acid transmitter is not enzymatically degraded in the ECS, its clearance relies primarily on neuronal and astroglial high-affinity transporters (Fig. 5A). Of note, glial cells have been shown to express transporters for many other neuroactive molecules, however given that this topic exceeds the scope of this manuscript, you are referred to relevant reviews, inter alia: GABA [START_REF] Zhou | GABA and Glutamate Transporters in Brain[END_REF], Glycine [START_REF] Aroeira | GlyT1 and GlyT2 in brain astrocytes: expression, distribution and function[END_REF], Dopamine [START_REF] Krzymowski | New facts and the concept of physiological regulation of the dopaminergic system function and its disorders[END_REF] or Histamine [START_REF] Huszti | Histamine uptake into non-neuronal brain cells[END_REF]. Astroglial EAATs, namely GLAST and GLT1, are electrogenic co-transporters that alternate between two distinct three-dimensional conformations, by using the energy stored in transmembrane Na + -K + potentials. Indeed, the driving force for EAAT-mediated glutamate translocation originates for each phase of the cycle from either the influx of 3Na + /1 H + or the efflux of 1K + ; hence allowing the transport of glutamate against its electrochemical gradient. Interestingly, reports have demonstrated that these movements of ions generate transporter currents that can be recorded in acute hippocampal slices [START_REF] Bergles | Glial contribution to glutamate uptake at Schaffer collateral-commissural synapses in the hippocampus[END_REF]. Moreover, the analysis of evoked astroglial transporter currents have further revealed that although the concentration of glutamate that reaches the glial membranes is weaker, it remains within the extrasynaptic space for longer than in the synaptic compartment [START_REF] Bergles | Synaptic activation of glutamate transporters in hippocampal astrocytes[END_REF], thus definitively arguing that glial EAATs are of paramount importance for proper synaptic signaling. In consequence, impairing GLT1 or GLAST function in mice has dramatic consequences for neuronal functions, including spontaneous seizures and motor discoordination, eventually even leading to death [START_REF] Tanaka | Epilepsy and exacerbation of brain injury in mice lacking the glutamate transporter GLT-1[END_REF][START_REF] Watase | Motor discoordination and increased susceptibility to cerebellar injury in GLAST mutant mice[END_REF]. (See also the chapter II.1.4 for more information concerning the significance of astrocyte morphological remodeling on the functioning of its transporters). Finally, astroglial EAATs expression [START_REF] Gegelashvili | Neuronal soluble factors differentially regulate the expression of the GLT1 and GLAST glutamate transporters in cultured astroglia[END_REF], post-transcriptional processing [START_REF] Morel | Neuronal exosomal miRNA-dependent translational regulation of astroglial glutamate transporter GLT1[END_REF], membrane localization [START_REF] Benediktsson | Neuronal activity regulates glutamate transporter dynamics in developing astrocytes[END_REF] to depend of neuronal activity. This thus endows astroglial perisynaptic microdomains with the unique capacity to adapt its properties to match the ever-changing environment of plastic synapses. Note that alternatively, when the extracellular concentrations of glutamate are at levels above the plasmatic concentration, glutamate can traffic through Na + -dependent transporters expressed by capillary endothelial cells (O'Kane, [START_REF] O'kane | Na(+)-dependent glutamate transporters (EAAT1, EAAT2, and EAAT3) of the blood-brain barrier. A mechanism for glutamate removal[END_REF] to exit the parenchyma.

Astrocyte neuromodulation

Astrocytes synthesize neuroactive molecules: the glutamate-glutamine cycle

The uptake of amino acid transmitters by perisynaptic astrocytes is directly connected to the de novo glial synthesis of amino acid transmitters via the canonical glutamate-glutamine (GABA) cycle (Fig. 5A). Thus, the major amino acid transmitters in the brain are glutamate and GABA, which are synthesized from glucose in astrocytes (van den [START_REF] Van Den Berg | A simulation study of brain compartments. Metabolism of glutamate and related substances in mouse brain[END_REF][START_REF] Benjamin | Locations of amino acids in brain slices from the rat. Tetrodotoxin-sensitive release of amino acids[END_REF]. Strikingly, neurons do not express the key mitochondrial enzyme pyruvate carboxylase (PC) [START_REF] Schousboe | Astrocytic Control of Biosynthesis and Turnover of the Neurotransmitters Glutamate and GABA[END_REF], and thus rely on neuroglial interactions for the production of these essential neuroactive cues. Note that astroglial cells synthetize other key neuroactive cues wich are not discussed in this manuscript, including Dserine [START_REF] Martineau | Cell-type specific mechanisms of D-serine uptake and release in the brain[END_REF]), ATP (Burnstock et al. 2011), taurine [START_REF] Dominy | Building biosynthetic schools: reviewing compartmentation of CNS taurine synthesis[END_REF]) and nitric oxide (NO) [START_REF] Saha | Signals for the induction of nitric oxide synthase in astrocytes[END_REF], to mention just a few. First, astrocytes produce pyruvate by oxidizing glucose through glycolysis, and then transform pyruvate in oxaloacetate (OAA) thanks to PC, whose activity is upregulated by increased cerebral functioning [START_REF] Oz | Neuroglial metabolism in the awake rat brain: CO2 fixation increases with brain activity[END_REF]. Finally, astroglial cells synthesize glutamate as a by-product of the metabolism of OAA by the tricarboxylic acid (TCA) cycle, also known as Krebs cycle [START_REF] Hertz | Astrocytes: glutamate producers for neurons[END_REF]. Noteworthy, both ex vivo (Rouach, Koulakoff et al. 2008) and in vivo [START_REF] Cruz | Functional imaging of focal brain activation in conscious rats: impact of [(14)C]glucose metabolite spreading and release[END_REF]) reports have demonstrated that glucose, glutamine and lactate can be shuttled through astroglial gap-junction-mediated networks in response to increased neuronal activity. Concerning GABA, it has been shown to be produced by the conversion of glutamate by mean of the glutamic acid decarboxylase (GAD) enzyme [START_REF] Roberts | gamma-Aminobutyric acid in brain: its formation from glutamic acid[END_REF], which is also expressed in inhibitory neurons. Interestingly, pyruvate can also be derived from glycogenolysis. However, given that this process is very slow, it may not account for fast metabolic fluxes [START_REF] Watanabe | Factors affecting the turnover of cerebral glycogen and limit dextrin in vivo[END_REF] and must only be used to fuel signaling cascades. Accordingly, studies have demonstrated that glycogenolysis can be triggered in response to physiological levels of extracellular K + [START_REF] Hof | K+ at concentrations reached in the extracellular space during neuronal activity promotes a Ca2+-dependent glycogen hydrolysis in mouse cerebral cortex[END_REF]) and exposure to neurotransmitters [START_REF] Magistretti | Regulation of glycogenolysis by neurotransmitters in the central nervous system[END_REF]. Then, following EAATs recapture, glutamate is rapidly converted into glutamine by the glutamine synthetase (GS) enzyme, which remarkably is not expressed by neurons. Of note, inhibiting the activity of this essential enzyme in retinal glial cells has been reported to abolish almost instantly neuronal glutamatergic transmission, thereby blocking the retinal response to light [START_REF] Barnett | Inhibition of Muller cell glutamine synthetase rapidly impairs the retinal response to light[END_REF]. However, a later study showed that pharmacological blocking of GS do not affect CA1 basal excitatory synaptic transmission in hippocampal acute slices; suggesting in contrast that neuronal TCA cycle may be sufficient for replenishing glutamate synaptic vesicles in the absence of glial metabolic support [START_REF] Kam | Excitatory synaptic transmission persists independently of the glutamate-glutamine cycle[END_REF]. Therefore, given these discrepencies regarding the actual role of astrocytes in sustaining synaptic transmission, the region-specific contribution of GS still need to be clarified. While endogeneous hormonal upregulation of GS activity appears to protect neurons from excitotoxicity [START_REF] Ola | Regulation of glutamate metabolism by hydrocortisone and branched chain keto acids in cultured rat retinal Muller cells (TR-MUL)[END_REF], its inhibition induced the exact opposite [START_REF] Gorovits | Glutamine synthetase protects against neuronal degeneration in injured retinal tissue[END_REF]. Finally, glutamine is released from astrocytes via the electroneutral system N transporters (SN1), known to be potentiated by extracellular alkaline conditions and high intracellular Na + concentration [START_REF] Broer | Regulation of the glutamine transporter SN1 by extracellular pH and intracellular sodium ions[END_REF]. Then, glutamine is taken up by presynaptic neurons through the system A transporter (SAT1-2) to be finally converted intracellularly in glutamate by the phosphate-activated glutaminase (PAG) enzyme. Lastly, it has recently emerged that glutamate synthesis must be tightly linked to glutamate and GABA degradation. Thence, glutamate can also be metabolized by the enzyme glutamate dehydrogenase to produce αketoglutarate (α-KG), which is a substrate of the TCA cycle. Once GABA is taken up by astrocytes [START_REF] Hertz | Evidence for net uptake of GABA into mouse astrocytes in primary cultures--its sodium dependence and potassium independence[END_REF], it is immediately transaminated to succinic acid semialdehyde (SSA) by the enzyme GABA-transaminase (GABA-T), and then SSA is oxidized into succinate via the enzyme SSA dehydrogenase (SSADH). Next, succinate can be converted within the mitochondria into α-KG through the TCA cycle. Finally, the enzyme aspartate aminotransferase can convert α-KG into glutamate [START_REF] Verkhratsky | Why are astrocytes important?[END_REF], such that the metabolic loop is closed.

Astrocytes release neuroactive molecules

The tripartite synapse concept assumes that receptor-mediated Ca 2+ events generated within PAPs in response to synaptic transmission can trigger the release of neuroactives molecules, including ATP, GABA, glutamate and D-serine [START_REF] Araque | Tripartite synapses: glia, the unacknowledged partner[END_REF]. The introduction of this concept in the neurocentric field of synaptic transmission led to a paradigm shift as astrocytes were suggested for the first time to be active partner of neurons in processing cerebral information. However, since the promulgation of the tripartite synapse concept, there has been an intense debate in the neuroscience community regarding the design and interpretation of the experiments serving as proof of concept for the gliotransmission. Therefore, I will introduce here the pros and cons of this controversial theory before briefly describing the neuromodulatory functions of glial-derived transmitters (refer to Fig. 6).

The Pros:

(1) Astrocytes express a large repertoire of channels, transporters and receptors (see chapter I.1.2.2.) that sense physiologically relevant inputs; and beside have various transduction pathways (see chapter I.1.3.) relaying plasmalemmal binding events to compartmentalized signaling responses. In particular, the activity-dependent oscillations of astrocyte intracellular Ca 2+ concentration have proven to be the equivalent of the Rosetta stone for the neuroglial bidirectional communication. Indeed, in contrast to the all or none response of neuronal action potentials, the astrocytic responses to synaptically released transmitters consist of various types of non-linear Ca 2+ transients, having distinct amplitudes, frequencies as well as spatiotemporal diffusion patterns (Araque, Carmignoto et al. 2014).

Strikingly, the kind of Ca 2+ responses elicited in astrocytes depend of the neuronal and synapse subtypes [START_REF] Martin | Circuit-specific signaling in astrocyte-neuron networks in basal ganglia pathways[END_REF], the nature of the neurotransmitter released [START_REF] Perea | Properties of synaptically evoked astrocyte calcium signal reveal synaptic information processing by astrocytes[END_REF], as well as the frequency [START_REF] Pasti | Intracellular calcium oscillations in astrocytes: a highly plastic, bidirectional form of communication between neurons and astrocytes in situ[END_REF]) and pattern (i.e. differences in burst duration) [START_REF] Todd | Perisynaptic glia discriminate patterns of motor nerve activity and influence plasticity at the neuromuscular junction[END_REF]) of neuronal stimulation. Moreover, reports using dialysis of membrane-impermeable Ca 2+ dyes via a patch pipette have indicated that astrocytes can detect both basal and evoked synaptic activity in microdomains running along their processes by means of, respectively, "focal" (±4.2µm) and "expanded" (±12.9µm) Ca 2+ elevations (Di [START_REF] Castro | Local Ca2+ detection and modulation of synaptic release by astrocytes[END_REF][START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF]. In all, it is therefore clear that these complex forms of Ca 2+ excitability must endow astrocytes with the potential for integrating neuronal activity and thus adapt their cellular responses to the (synaptic vs circuit) context.

(2) Ca 2+ -dependent vesicular release (also named exocytosis) is a critical mechanism regulating the fusion of intracellular organelles with the plasma membrane as well as the targeting of macromolecules (e.g. channels, receptors and transporter) to the plasmalemma (Fig. 6). Exocytosis is mediated by proteins of the large and highly conserved SNARE (SNAP (Soluble Nsf Attachment Protein) REceptor) family, which can be divided in two main categories: v-SNARE (associated to membranes of released vesicles) and t-SNARE (incorporated in the membranes of target subcellular compartments). Upon increase in intracellular Ca 2+ concentration, v-SNARE ans t-SNARE proteins change their threedimensional structure, promoting the formation of a protein complex known as SNAREpin which brings vesicles closer to the plasmalemma, and thus triggers membrane fusion. Interestingly enough, astrocytes express the key molecular components of Ca 2+ -dependent secretory machinery, including synaptobrevin II [START_REF] Parpura | Expression of synaptobrevin II, cellubrevin and syntaxin but not SNAP-25 in cultured astrocytes[END_REF], SNAP 23 and 25 [START_REF] Hepp | Cultured glial cells express the SNAP-25 analogue SNAP-23[END_REF], SCAMP [START_REF] Wilhelm | Localization of SNARE proteins and secretory organelle proteins in astrocytes in vitro and in situ[END_REF]) and VAMP [START_REF] Verderio | TI-VAMP/VAMP7 is the SNARE of secretory lysosomes contributing to ATP secretion from astrocytes[END_REF], among others. Note that these molecular evidence have their roots in the work of Hans Held and Jean Nageotte who -as soon as 1910's-described secretory granules in the cytoplasm of astrocyte processes, and have further brilliantly interpreted that as a sign of active glial secretion (Held H Über die Neuroglia marginalis der menschlichen Grosshirnrinde. Monatschr f Psychol u Neurol 1909, Nageotte J Phenomenes de secretion dans le protoplasma des cellules nevrogliques de la substance grise. C R Soc Biol 1910).

(3) Exocytosis enlist various types of intracellular organelles, which vary in accordance with the membrane composition (usually depending on biogenesis), size (from 30-1000 nm), type of cargo (e.g. amino acid vs polypeptide), the destination (e.g. intra vs extracellular) and mechanism of secretion (e.g. constitutive vs regulated) [START_REF] Verkhratsky | Astrocytes as secretory cells of the central nervous system: idiosyncrasies of vesicular secretion[END_REF]. In this respect, astrocytes have been reported to possess competent secretory compartments, including synaptic-like microvesicles (SLMV, 30-100nm) [START_REF] Bezzi | Astrocytes contain a vesicular compartment that is competent for regulated exocytosis of glutamate[END_REF]), dense-core vesicles (DCV, 100-600nm) [START_REF] Calegari | A regulated secretory pathway in cultured hippocampal astrocytes[END_REF]) and secretory lysosomes (300-500nm) [START_REF] Zhang | Regulated ATP release from astrocytes through lysosome exocytosis[END_REF]. Astroglial SLMVs are few in number compared to presynaptic neurotransmitter vesicles, but have nevertheless been shown to incorporate vesicular neurotransmitter transporters, including notably the glutamate vesicular transporters VGLUT1-3 [START_REF] Fremeau | The identification of vesicular glutamate transporter 3 suggests novel modes of signaling by glutamate[END_REF][START_REF] Bezzi | Astrocytes contain a vesicular compartment that is competent for regulated exocytosis of glutamate[END_REF][START_REF] Montana | Vesicular glutamate transporter-dependent glutamate release from astrocytes[END_REF], and the D-serine vesicular transporter VSerT [START_REF] Martineau | Storage and uptake of D-serine into astrocytic synapticlike vesicles specify gliotransmission[END_REF]. Besides, note that these glutamate vesicular transporters have been proposed to be expressed by distinct subpopulations of grey matter astrocytes [START_REF] Bezzi | Astrocytes contain a vesicular compartment that is competent for regulated exocytosis of glutamate[END_REF]), thus further participating in the molecular heterogeneity of glial cells. Importantly, electron microscopy has demonstrated that astroglial SLMVs -which are primarily enriched with glutamate and D-serine -are localized in astrocytic soma and PAPs [START_REF] Montana | Vesicular glutamate transporter-dependent glutamate release from astrocytes[END_REF]Ormel, Stensrud et al. 2012). Then, DCVs are known to serve for the regulated release of hormones and neuropeptides, and require regulatory acidic proteins of the granin family (chromogranin and secretogranin), of which secretogranin II [START_REF] Paco | Regulation of exocytotic protein expression and Ca2+dependent peptide secretion in astrocytes[END_REF]) and III [START_REF] Paco | Secretogranin III is an astrocyte granin that is overexpressed in reactive glia[END_REF] as well as chromogranin A [START_REF] Majdoubi | Immunocytochemical localization of chromogranin A in the normal and stimulated hypothalamo-neurohypophysial system of the rat[END_REF]) and B [START_REF] Hur | Evidence for the existence of secretory granule (densecore vesicle)-based inositol 1,4,5-trisphosphate-dependent Ca2+ signaling system in astrocytes[END_REF] have been shown to be expressed in astrocytes. Secretory lysosomes express specific molecular markers, notably cathepsin D, LAMP1 and VAMP7. Moreover, lysosomal membranes are enriched with the vesicular ATP transporters VNUT [START_REF] Sawada | Identification of a vesicular nucleotide transporter[END_REF], and strikingly astroglial lysosomes have been proposed to be one of the main vesicular compartmemts undergoing Ca 2+ -dependent ATP exocytosis [START_REF] Li | Lysosomes are the major vesicular compartment undergoing Ca2+-regulated exocytosis from cortical astrocytes[END_REF].

(4) The delivery of secretory competent organelles and fusion with the plasma membrane have been demonstrated in several recent studies, including to just name a few: first, tagging the C-terminus of the v-SNARE protein synaptobrevin 2 with the fluorescent protein eGFP has for instance revealed that increasing experimentally the intracellular Ca 2+ concentration of astrocytes induced the disappearance of a subset of eGFP+ vesicles, while it increased the fluorescent signal at the level of the plasma membrane [START_REF] Crippa | Synaptobrevin2-expressing vesicles in rat astrocytes: insights into molecular characterization, dynamics and exocytosis[END_REF]. Then, agonist-induced Ca 2+ -dependent fusion of vesicles with the plasma membrane was unraveled given its direct impact on the astroglial membrane capacitance [START_REF] Zhang | Fusion-related release of glutamate from astrocytes[END_REF]. Finally, several studies have used total internal reflection fluorscence (TIRF) microscopy to monitor individual events of vesicular fusion in astrocytes in vitro (Bowser and Khakh 2007).

(5) Next, experiments perturbing Ca 2+ -elicited vesicular gliotransmission while simulataneously monitoring synaptic functioning have permitted to suggest that gliotransmitters are released in the extrasynaptic compartment, where they are assumed to bind to pre/postneuronal receptors. Indeed, by introducing the light chain fragment of tetanus toxin (TeNTLC) in astrocytes ex vivo, known to degrade specifically synaptobrevin/VAMP2 proteins, the action of gliotransmitters at the synapse has successfully been blocked, and thereby regulated presynaptic release [START_REF] Jourdain | Glutamate exocytosis from astrocytes controls synaptic strength[END_REF]), long-term potentiation [START_REF] Henneberger | Long-term potentiation depends on release of Dserine from astrocytes[END_REF]) and spike timing-dependent depression (Min and Nevian 2012). Furthermore, two genetic mouse models have been generated to study the physiological relevance of vesicular gliotransmission: namely the dnSNARE and the iBot rodent. On the one hand, in the dnSNARE mouse model, GFAP+ cells ovrexpress a truncated form of VAMP2 in response to doxyxycline; this dominant negative effect allowed to unravel the role of astroglial purinergic signalling in regulating synaptic strength and plasticity [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF]. On the other hand, in the iBot mouse model, GLAST+ cells express clostridial botulinum neurotoxin serotype B light chain (BoNT/B) -which degrades the synaptobrevin/VAMP 2 proteins -thanks to the use of the inducible Cre/loxP system; this model has been utilized to demonstrate the role of Müller cells vesicular glutamate release in the regulation of retinal glial cell volume [START_REF] Slezak | Relevance of exocytotic glutamate release from retinal glia[END_REF].

(6) Besides the classical Ca 2+ -dependent vesicular secretory pathway, astrocytes can release transmitters via other mechanisms (Fig. 6). Studies have notably reported reversion of astrocytic glutamate transporters activity [START_REF] Grewer | Glutamate forward and reverse transport: from molecular mechanism to transporter-mediated release after ischemia[END_REF], connexin (and likely pannexin) hemichannels [START_REF] Bennett | Connexin and pannexin hemichannels in inflammatory responses of glia and neurons[END_REF], ionotropic purinoceptors [START_REF] Ballerini | Rat astroglial P2Z (P2X7) receptors regulate intracellular calcium and purine release[END_REF], as well as glutamate-permeable ion channels [START_REF] Woo | TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon GPCR activation[END_REF]) and volume-regulated anion channels (VRAC) opening [START_REF] Kimelberg | Astrocytic swelling in cerebral ischemia as a possible cause of injury and target for therapy[END_REF]. In particular, considerable attention has been given to astroglial release via connexin 43 hemichannels (HC), which have been shown to serve for the release of glutamate [START_REF] Jiang | Glutamate release through connexin 43 by cultured astrocytes in a stimulated hypertonicity model[END_REF], ATP [START_REF] Kang | Connexin 43 hemichannels are permeable to ATP[END_REF]) and likely NAD+ as well as prostaglandin E2 [START_REF] Wang | Paracrine signaling through plasma membrane hemichannels[END_REF]. Moreover, connexin HCs have been extensively implicated in cerebral pathologies, including epilepsy [START_REF] Mylvaganam | Roles of gap junctions, connexins, and pannexins in epilepsy[END_REF], neurodegeneration [START_REF] Takeuchi | Gap junctions and hemichannels composed of connexins: potential therapeutic targets for neurodegenerative diseases[END_REF], neuroinflammation [START_REF] Bennett | Connexin and pannexin hemichannels in inflammatory responses of glia and neurons[END_REF]) and infectious diseases [START_REF] Eugenin | Role of connexin/pannexin containing channels in infectious diseases[END_REF]. Despite the fact that Cx HCs had long been regarded as non-selective large pore channels allowing unspecific low molecular weight cargoes to pass through, it has nonetheless recently come to light that Cx HCs can open in physiological situations [START_REF] Pearson | ATP released via gap junction hemichannels from the pigment epithelium regulates neural retinal progenitor proliferation[END_REF][START_REF] Anselmi | ATP release through connexin hemichannels and gap junction transfer of second messengers propagate Ca2+ signals across the inner ear[END_REF]. Of particular interest, it has been proven that the release of gliotransmitters through Cx43 HCs modulates basal hippocampal synaptic transmission (Chever, Lee et al. 2014), as well as the propagation of Ca 2+ waves between cortical astrocytes [START_REF] Stout | Intercellular calcium signaling in astrocytes via ATP release through connexin hemichannels[END_REF] and memory consolidation in the amygdala (Stehberg, Moraga-Amaro et al. 2012); (see chapter III.2.2. for more details on astroglial connexin HCs regulations and functions). Importantly, in contrast to Cx43, note that astroglial Cx30 hemichannels were found to be closed in physiological conditions of basal neuronal activity [START_REF] Valiunas | Electrical properties of gap junction hemichannels identified in transfected HeLa cells[END_REF]Pannasch, Freche et al. 2014).

The Cons:

(1) Are methods used for activating astroglial Ca 2+ -dependent vesicular release physiological, and are they really selective? The first approach generally used to elicit astroglial exocytosis has consisted in applying pharmacological agents stimulating GPCRs enriched in astrocytes, such as the group I mGluR agonist DHPG, and is thus assumed to trigger intracellular Ca 2+ increase only in these cells. However, group I mGluRs are expressed in neurons [START_REF] Lujan | Differential plasma membrane distribution of metabotropic glutamate receptors mGluR1 alpha, mGluR2 and mGluR5, relative to neurotransmitter release sites[END_REF], and their activation have been reported to induce various electrophysiological effects, including the modulation of voltage-gated Ca 2+ and K + channels, the inhibition of presynaptic release and the generation of a long-term depolarization of postsynaptic neurons [START_REF] Anwyl | Metabotropic glutamate receptors: electrophysiological properties and role in plasticity[END_REF][START_REF] Mannaioni | Metabotropic glutamate receptors 1 and 5 differentially regulate CA1 pyramidal cell function[END_REF]). Then, another set of methods has taken advantage of the uncaging of IP3 and Ca 2 for presumably driving astrocytic secretion; nevertheless, although more accurate, these methods raised serious experimental concerns as they are thought inter alia to bypass potentially critical signaling pathways, to lead to an intracellular concentration of calcium, well above physiological levels, and to recruit a wide range of other Ca 2+ -dependent cellular processes (e.g. motility, metabolism and ions homeostasis) [START_REF] Hamilton | Do astrocytes really exocytose neurotransmitters?[END_REF]. Finally, another approach has been based on the development of a transgenic mouse model expressing the Gq-coupled metabotropic receptor MrgA1 (which is normally absent of the CNS) only in astrocytes [START_REF] Fiacco | Selective stimulation of astrocyte calcium in situ does not affect neuronal excitatory synaptic activity[END_REF], allowing one to trigger the cytoplasmic release of Ca 2+ from internal stores by adding on demand the RF amide neuropeptide ligand extracellularly. This powerfull approach nonetheless presents certain limits as MrgA1 receptors are not enriched in PAPs as endogenous GPCRs (see chapter I.1.2.2.2.), and therefore may not fully recapitulate the complexity of signaling events elicited by synaptically released neurotransmitters [START_REF] Nedergaard | Artifact versus reality--how astrocytes contribute to synaptic events[END_REF].

(2) Are methods used for blocking astroglial Ca 2+ -dependent vesicular release too poorly specific? The first methods used to block astrocyte exocytosis consisted in preventing the rise of intracellular calcium by using potent Ca 2+ buffers (generally BAPTA, either dialyzed in astrocyte networks through a patch pipette or added extracellularly in its ester form BAPTA-AM). Alternatively, a similar set of techniques consisted in abolishing the IP3R2-mediated release of Ca 2+ from ER stores, either by knocking out the IP3R2 gene in astrocytes [START_REF] Fiacco | Selective stimulation of astrocyte calcium in situ does not affect neuronal excitatory synaptic activity[END_REF] or by making astroglia overexpressing an IP3 "sponge" (based on the ligand-binding site of IP3R1) that buffers IP3 molecules (Tanaka, Shih et al. 2013). All these approaches have repeatidly been assumed to block specifically exocytosis. They actually likely have a broader impact on the astroglial "Ca 2+ homeostasome" [START_REF] Schwaller | Cytosolic Ca2+ buffers[END_REF], for instance impairing glutamate uptake (e.g. via the Ca 2+ /calmodulindependent protein kinase: [START_REF] Ashpole | Loss of calcium/calmodulin-dependent protein kinase II activity in cortical astrocytes decreases glutamate uptake and induces neurotoxic release of ATP[END_REF])), PAP cytoskeleton dynamics (e.g. via the Ca 2+ -dependent actin binding protein Profilin: [START_REF] Molotkov | Calcium-induced outgrowth of astrocytic peripheral processes requires actin binding by Profilin-1[END_REF])) and extracellular K + homeostasis (e.g. via Ca 2+ -gated K + channels: [START_REF] Filosa | Local potassium signaling couples neuronal activity to vasodilation in the brain[END_REF]), [START_REF] Gordon | Astrocyte control of the cerebrovasculature[END_REF]). Moreover, intriguingly, reports have shown evidence of residual Ca 2+ signaling in astrocyte processes that was independent of IP3R2 receptors [START_REF] Haustein | Conditions and constraints for astrocyte calcium signaling in the hippocampal mossy fiber pathway[END_REF], [START_REF] Kanemaru | In vivo visualization of subtle, transient, and local activity of astrocytes using an ultrasensitive Ca(2+) indicator[END_REF]. Finally, recent reports have aimed at inhibiting the proteins that underlie the vesicular secretion machinery, notably through dialyzing astrocyte networks with TeNT and BoNT or by using the well-established dnSNARE and iBot mouse models (see above). Nonetheless, note that blocking exocytosis will have dramatic effects on the targeting of key proteins (ions channels, connexins, transporters) toward the plasmalemmal and is now therefore regarded as potentially perturbing non-vesicular gliotransmission (occurring e.g. via Best-1 and Cx HC opening, as well as GluT reversal). Finally, a debated report has claimed that neurons also express the dominant negative SNARE transgene [START_REF] Fujita | Neuronal transgene expression in dominant-negative SNARE mice[END_REF], thus adding an extra dose of controversy to the gliotransmission field.

3) Is the intracellular concentration of neuroactive molecules in astrocytes sufficient for fulfilling vesicular transmission-mediated neuromodulation? This question is relevant as a semi-quantitative electron microscopy study using calibrated immunogold labeling revealed that the concentration of glutamate in hippocampal stratum radiatum astrocytes (0.3 mM) is one sixth of the levels reported in CA1 pyramidal neurons (1.8 mM) [START_REF] Bramham | Distribution of glutamate-like immunoreactivity in excitatory hippocampal pathways: a semiquantitative electron microscopic study in rats[END_REF]. From this fact, a mathematical model [START_REF] Hamilton | Do astrocytes really exocytose neurotransmitters?[END_REF] has been developed, which assumes that gliotransmiters would be released at the same distance from neuronal postsynaptic receptors than presynaptic neurotransmitters. This model suggests that: first, the concentration of glutamate in astrocytic SLMV must thus be one sixth of that in neuronal vesicles; then, the same goes for the concentration of glutamate reaching the postsynaptic neuronal membranes (500µM from astrocytes vs 3.1mM from presynaptic sites); and finally, given the distinct affinity and kinetic properties of glutamate ionotropic receptors, glutamate gliotransmission would be able to enlist NMDA receptors, but would have almost no effect on AMPA receptors. So this theoretical modeling assumes that the critical parameter regulating the synaptic effects of vesicular gliotransmission consists of the distance of PAPs with the postsynaptic density. Note that, strikingly, a similar study aiming at modelling the contribution of astroglial neurotransmitter uptake has came to the very same conclusion: the level of astrocyte neuron coverage is a key determinant of glial control over synaptic transmission [START_REF] Freche | Synapse geometry and receptor dynamics modulate synaptic strength[END_REF]. Otherwise, the very few number of SLMVs detected in the cytoplasm of PAPs by electron microscopy is a major caveat of the gliotransmission hypothesis that will need to be answered; in this perspective, reports have claimed that astrocyte vesicular release may be biased toward a mechanism of kiss-and-run rather than full fusion [START_REF] Chen | Kiss-and-run" glutamate secretion in cultured and freshly isolated rat hippocampal astrocytes[END_REF], but in situ evidence for this mechanism are still lacking.

(4) Are the data showing gliotransmitter-mediated synaptic neuromodulation convincing? In fact, the monitoring of synaptic responses elicited by gliotransmitter release is based on neuronal electrophysiological readouts, of which the neuronal slow inward currents (SICs) are may be the best known. SICs are phasic extrasynaptic excitatory currents generated in response to activation of NMDA receptors containing NR2B subunits [START_REF] Pal | Astrocytic Actions on Extrasynaptic Neuronal Currents[END_REF]. Importantly, the appearance of SICs in response to rise in astroglial intracellular Ca 2+ concentration is the exception, not the rule; and has been shown to be promoted by adding saturated levels of D-serine (NMDAR coagonist) or by completely depleting extracellular Mg 2+ (that is removing the voltage-dependent block of NMDARs) [START_REF] Angulo | Glutamate released from glial cells synchronizes neuronal activity in the hippocampus[END_REF][START_REF] Kozlov | Target cell-specific modulation of neuronal activity by astrocytes[END_REF]). However, and even though SICs are TTX-insensitive, these conditions may not allow to unravel the source of glutamate release as microglial cells [START_REF] Mcmullan | Metabotropic glutamate receptors inhibit microglial glutamate release[END_REF]) and even neurons [START_REF] Strowbridge | Glutamate receptors mediate TTX-resistant synchronous activity in the rat hippocampus[END_REF]) could be implicated to some extent. Furthermore, keeping astrocytes in Mg 2+ -free medium has been reported to modulate intercellular calcium signalling [START_REF] Stout | Modulation of intercellular calcium signaling in astrocytes by extracellular calcium and magnesium[END_REF] and inhibit the activity of glutamine synthetase [START_REF] Deuel | Some kinetic properties of Bacillus subtilis glutamine synthetase[END_REF]. But most importantly, some reports have suggested that both strongly increasing (though the activation of the MrgA1 transgenic receptor: [START_REF] Fiacco | Selective stimulation of astrocyte calcium in situ does not affect neuronal excitatory synaptic activity[END_REF])) or inhibiting (via the knock out of IP3R2: [START_REF] Agulhon | Hippocampal short-and long-term plasticity are not modulated by astrocyte Ca2+ signaling[END_REF])) astroglial intracellular Ca 2+ transients do not perturb excitatory synaptic transmission and plasticity.

In conclusion, the tripartite synapse hypothesis has nurtured a very exciting and controversial reflection flying in the face of the sometimes dogmatic synaptic field. Note however that most of the proposed mechanisms for gliotransmission are still under intense debate.

Gliotransmitters-based neuromodulation:

I will now briefly introduce the experimental data describing the putative neuromodulatory functions of glial-derived transmitters, focusing in particular on reports investigating neuroglial interactions at the Schaffer collateral (SC)-CA1 pyramidal neuron synapse, which has been the main subject of my research (report to Fig. 6).

Gliotransmitters control presynaptic release probability

The electrical stimulation of SC fibers can induce astroglial release of ATP, rapidly converted extracellularly into adenosine, which further activates presynaptic type 1 adenosine receptors (A1R), and thus decreases the probability of glutamate release from SC terminals. Indeed, blocking gliotransmitters release by prohibiting astrocyte vesicular fusion (dnSNARE mouse model) induces a net increase in excitatory synaptic transmission [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF]. Moreover, interestingly enough, the tetanic stimulation (100Hz, 1s) of SCs fail to induce the well-characterized heterosynaptic depression (i.e. the reduction of synaptic strength) at neighboring unstimulated synapses in dnSNARE hippocampal acute slices; it was therefore suggested that astrocytes can regulate the ability of SC-CA1 synapses to undergo long-term plasticities by tonically suppressing SCs glutamatergic transmission [START_REF] Pascual | Astrocytic purinergic signaling coordinates synaptic networks[END_REF]). Interestingly, one study later found that tetanus-induced heterosynaptic depression was in fact mediated by CA1 interneurons [START_REF] Serrano | GABAergic network activation of glial cells underlies hippocampal heterosynaptic depression[END_REF]. Indeed, the authors showed that CA1 interneurons release GABA in response to SCs stimulation, thereby activating astroglial GABA B receptors. Then, GABA B signaling increases the astroglial cytoplasmic concentration of Ca 2+ which next stimulates Ca 2+ -dependent ATP vesicular release [START_REF] Serrano | GABAergic network activation of glial cells underlies hippocampal heterosynaptic depression[END_REF]). Finally, although some studies using IP3 and Ca 2+ uncaging have described Ca 2+ -induced glutamate vesicular release as able to control SCs release probability [START_REF] Fiacco | Intracellular astrocyte calcium waves in situ increase the frequency of spontaneous AMPA receptor currents in CA1 pyramidal neurons[END_REF][START_REF] Perea | Astrocytes potentiate transmitter release at single hippocampal synapses[END_REF], this observation has not been confirmed by other studies inducing [START_REF] Angulo | Glutamate released from glial cells synchronizes neuronal activity in the hippocampus[END_REF][START_REF] Fellin | Neuronal synchrony mediated by astrocytic glutamate through activation of extrasynaptic NMDA receptors[END_REF] or blocking [START_REF] Petravicz | Loss of IP3 receptor-dependent Ca2+ increases in hippocampal astrocytes does not affect baseline CA1 pyramidal neuron synaptic activity[END_REF]) hippocampal astrocyte gliotransmssion. Given these discrepancies, it would thus be important to ascertain the role of glutamate gliotransmission in basal synaptic transmission. This is an especially urgent need as a recently discovered form of NMDAR-independent LTP of presynaptic release was shown to be elicited when glutamate released through gliotransmission is coincident with postsynaptic depolarization, thereby suggesting that astrocytes contribute to a new form of Hebbian longterm synaptic plasticity [START_REF] Perea | Astrocytes potentiate transmitter release at single hippocampal synapses[END_REF].

Gliotransmitters activate postsynaptic receptors

Using a large set of techniques (mechanical stimulation, Gq GPCR agonist, Ca 2+ uncaging, neuronal depolarization…), several studies [START_REF] Pasti | Intracellular calcium oscillations in astrocytes: a highly plastic, bidirectional form of communication between neurons and astrocytes in situ[END_REF][START_REF] Angulo | Glutamate released from glial cells synchronizes neuronal activity in the hippocampus[END_REF][START_REF] Fellin | Neuronal synchrony mediated by astrocytic glutamate through activation of extrasynaptic NMDA receptors[END_REF][START_REF] Perea | Properties of synaptically evoked astrocyte calcium signal reveal synaptic information processing by astrocytes[END_REF] have reported that increasing the intracellular concentration of Ca 2+ in astrocytes triggers gliotransmission, which in turn activates postsynaptic neuronal receptors. Importantly, glutamate released from atrocytes activate (as evidenced by an increase in intracellular Ca 2+ ) only a small subset (20%) of CA1 pyramidal neurons via its binding to iGluR [START_REF] Pasti | Intracellular calcium oscillations in astrocytes: a highly plastic, bidirectional form of communication between neurons and astrocytes in situ[END_REF], while the remaining activated neurons (80%) are likely stimulated via mGluRs signalling. Note that some studies fail to report iGluR-dependent neuronal activation in response to gliotransmission [START_REF] Fiacco | Intracellular astrocyte calcium waves in situ increase the frequency of spontaneous AMPA receptor currents in CA1 pyramidal neurons[END_REF]. Thus, glial-derived glutamate signalling onto iGluRs is thought to activate in particular extrasynaptic NMDA receptors containing NR2B subunits, thereby inducing SICs (with an average rise time of 60ms and a decay time of 400-500 ms). In this respect, one report has showed that inducing astroglial Ca 2+ signaling via the activation of the Gq GPCR PAR1 (Protease-Activated Receptor 1), which is expressed by astrocytes but not neurons [START_REF] Junge | Protease-activated receptor-1 in human brain: localization and functional expression in astrocytes[END_REF]), can trigger SICs in up to 60% of the neurons activated by gliotransmission. However, interestingly, when this increase in intracellular Ca 2+ concentration was mediated by P2Y1R activation, astrocytes failed to induce similar NR2B-induced currents [START_REF] Shigetomi | Two forms of astrocyte calcium excitability have distinct effects on NMDA receptor-mediated slow inward currents in pyramidal neurons[END_REF]. The authors therefore concluded that the type of Ca 2+ responses elicited in astrocytes, as well as the causal link between rise in intracellular Ca 2+ concentration and Ca 2+ -dependent vesicular release must actually depend on the nature of the Gq GPCR activated. In addition to glutamate, NMDAR activation requires the binding of a coagonist on the glycine site of the NR1 subunit. Noteworthy, it has recently been shown that D-serine is the main NMDAR coagonist in the brain, which is mainly produced within astrocytes [START_REF] Yang | Contribution of astrocytes to hippocampal long-term potentiation through release of D-serine[END_REF], where it is enriched in glial processes [START_REF] Schell | D-serine, an endogenous synaptic modulator: localization to astrocytes and glutamate-stimulated release[END_REF]. The so-called Hebbian synapse increases its efficacy when pre-and postsynaptic activity concurs, and, conversely, decreases its strength as a result of disparate activity. NMDAR-dependent LTP and LTD require coincident presynaptic glutamate release and depolarization of the postsynaptic membrane, enabling synchronous Mg 2+ block relief and NMDAR activation [START_REF] Luscher | NMDA receptor-dependent long-term potentiation and long-term depression (LTP/LTD)[END_REF].

Astrocytes have therefore been suggested to control metaplasticity, i.e., the ability of synapses to exhibit long-term modifications. Indeed, both LTP [START_REF] Henneberger | Long-term potentiation depends on release of Dserine from astrocytes[END_REF]) and LTD [START_REF] Zhang | Bell-shaped D-serine actions on hippocampal long-term depression and spatial memory retrieval[END_REF]) are in part gated by the astrocyte-secreted NMDAR coagonist D-serine. Astrocytes have thus been proposed to set the ''sliding threshold'' for long-term synaptic plasticity by controlling the number of NMDARs that may be activated during synaptic transmission [START_REF] Panatier | Glia-derived D-serine controls NMDA receptor activity and synaptic memory[END_REF]. This hypothesis has, however, recently been challenged by reports showing that serine racemase (SR), the enzyme undertaking the synthesis of D-serine, is predominantly expressed in glutamatergic neurons and that genetic suppression of neuronal, but not astroglial, SR leads to alteration in synaptic functions and plasticity [START_REF] Rosenberg | Neuronal release of D-serine: a physiological pathway controlling extracellular D-serine concentration[END_REF][START_REF] Benneyworth | Cell selective conditional null mutations of serine racemase demonstrate a predominate localization in cortical glutamatergic neurons[END_REF] Figure 6 Principal pathways for gliotransmitters release from astrocytes. Abbreviations: Xc-system: Cystine-glutamate exchanger; EAAT: excitatory amino acid transporters; GAT: GABA transporter. Reproduced from (Verkhratsky A. and Rodriguez JJ Neurotransmitters and Integration in neuronal-astroglial networks Neurochem Res 2012).

Non-vesicular glial neuromodulation

Very interestingly, several studies have proposed that the carboxylate anion glutamate (albeit its large size) must be released by anion-channels, but failed to identify the molecular identity of the channels involved [START_REF] Takano | Receptor-mediated glutamate release from volume sensitive channels in astrocytes[END_REF][START_REF] Li | Optogenetic activation of LiGluR-expressing astrocytes evokes anion channel-mediated glutamate release[END_REF]. In this context, Dong Ho Woo and collaborators have then demonstrated that activating the Gicoupled GPCR PAR1 in hippocampal CA1 astrocytes induces the release of glutamate through a nonvesicular mechanism having two kinetically distinct modes [START_REF] Woo | TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon GPCR activation[END_REF]. Indeed, the activation of PAR1 triggers both slow (average latency: 20s) and fast (average latency: 120ms) channel-mediated glutamate gliotransmission. The slow astroglial glutamate release was associated with the anion channel Best1, known to be expressed in astrocytes [START_REF] Park | Bestrophin-1 encodes for the Ca2+-activated anion channel in hippocampal astrocytes[END_REF][START_REF] Oh | Protease activated receptor 1-induced glutamate release in cultured astrocytes is mediated by Bestrophin-1 channel but not by vesicular exocytosis[END_REF], and enriched in perisynaptic astrocyte processes [START_REF] Woo | TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon GPCR activation[END_REF]). The slow Best1 response was in fact concomitant with the peak of PAR1-evoked Ca 2+ transients, thus confirming previous data showing that Best1 opening is regulated by intracellular Ca 2+ (EC 50 ≈150nM) [START_REF] Lee | Channel-mediated tonic GABA release from glia[END_REF]). Best1mediated glutamate gliotransmission has next been shown to activate NMDARs containing the N2B subunits from CA1 hippocampal neurons [START_REF] Han | Channel-mediated astrocytic glutamate release via Bestrophin-1 targets synaptic NMDARs[END_REF], thereby modulating NMDAR-dependent synaptic potentiation [START_REF] Park | Channel-mediated astrocytic glutamate modulates hippocampal synaptic plasticity by activating postsynaptic NMDA receptors[END_REF]. Dong Ho Woo et al. then showed that the fast PAR-1 evoked glutamate release, whose kinetics has the same order of magnitude than the one of neuronal exocytosis, was mediated by the two-pore domain K + channel TREK-1, which is localized in the soma and stem processes of astrocytes [START_REF] Woo | TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon GPCR activation[END_REF]). The authors further showed that the fast TREK-1 response was elicited by the activation of the small PAR1-coupled Gαi protein, that rapidly dissociates in Gβγ, to finally bind to the N-terminus of TREK-1. Strikingly, TREK1-evoked glutamate release was shown to precede the onset of PAR1-mediated Ca 2+ signaling, and is thus thought to be a Ca 2+ -independent mode of gliotransmission, which may be recruited by other Gicoupled GPCR (including GABA b , CB1 and A1R) [START_REF] Woo | TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon GPCR activation[END_REF]). However, notwithstanding these promising results, a recent study showed that hippocampal astrocytes lacking TREK-1 channels display no change in their basic electrophysiological properties in basal condition of neuronal activity [START_REF] Du | Genetic Deletion of TREK-1 or TWIK-1/TREK-1 Potassium Channels does not Alter the Basic Electrophysiological Properties of Mature Hippocampal Astrocytes In Situ[END_REF]; therefore, future research will need to clarify the role of TREK-1 K + channels in regulating astroglial physiology in condition of neuronal bursting. Finally, several reports have demonstrated that Cx43 HCsmediated gliotransmission is critically involved in regulating synaptic transmission and memory [START_REF] Cotrina | Connexins regulate calcium signaling by controlling ATP release[END_REF]Stehberg, Moraga-Amaro et al. 2012;[START_REF] Torres | Extracellular Ca(2)(+) acts as a mediator of communication from neurons to glia[END_REF]. In particular, a recent study reported that astroglial Cx43 HCs are open under condition of basal neuronal activity in hippocampal acute slices, where they serve to maintain glutamatergic synaptic transmission via the tonic release of ATP (Chever, Lee et al. 2014). Indeed, blocking Cx43 HCs with mimetic blocking peptide rapidly decrease both extracellular levels of ATP and excitatory postsynaptic currents (EPSCs) in CA1 pyramidal neurons. The authors finally showed that the effect of Cx43 HCs-mediated ATP release on basal hippocampal excitatory transmission was due to the tonic activation of both purinergic ionotropic (P2X) and metabotropic (P2Y) neuronal receptors (Chever, Lee et al. 2014).

II. NEUROGLIAL INTERACTIONS AT THE TRIPARTITE SYNAPSE

1. The perisynaptic astrocyte process is the third synaptic compartment 1.1. PAP is a specialized signaling microdomain

In the adult brain, protoplasmic astrocytes of the cortical gray matter exhibit a complex ''spongiform'' shape made of tridimensional ramifications of processes, generally organized such that on one side an end-foot process contacts a blood vessel and on the other side numerous fine processes nestle close to active synapses. As such cells do not display the clear polarity usually provided by a basolateral organization, it has recently been proposed to define astrocytic edges according to the cellular compartment their membrane domains contact as well as their unique protein expression patterns [START_REF] Derouiche | Beyond polarity: functional membrane domains in astrocytes and Muller cells[END_REF]. In this respect, the most distal and finest leaflets of the astrocytic tree have been shown in brain slices to preferentially localize at the vicinity of glutamatergic synapses (Spacek 1985). The current section describes how the so-called PAPs recruit a specific repertoire of proteins, form unique signaling compartments and display remarkable dynamic characteristics, which play instrumental roles in maintaining proper synaptic functioning. ) and express a unique set of proteins that are particularly associated with glutamate metabolism and signaling, such as the catabolizing enzyme GS [START_REF] Derouiche | Astroglial processes around identified glutamatergic synapses contain glutamine synthetase: evidence for transmitter degradation[END_REF], the high-affinity glutamate transporters GLT-1 and GLAST [START_REF] Rothstein | Localization of neuronal and glial glutamate transporters[END_REF], the vesicular glutamate transporters VGLUT1 and 3 (Ormel, Stensrud et al. 2012;Ormel, Stensrud et al. 2012), the metabotropic glutamate receptors (mGluRs) 3 and 5 [START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. In particular, mGluR5 has repeatedly been shown to sense neurotransmitter spillover and consequently induce a prompt rise in astroglial intracellular Ca 2+ concentration [START_REF] Porter | GFAP-positive hippocampal astrocytes in situ respond to glutamatergic neuroligands with increases in [Ca2+]i[END_REF][START_REF] Pasti | Intracellular calcium oscillations in astrocytes: a highly plastic, bidirectional form of communication between neurons and astrocytes in situ[END_REF][START_REF] Latour | Differential mechanisms of Ca2+ responses in glial cells evoked by exogenous and endogenous glutamate in rat hippocampus[END_REF]. Importantly, the spatiotemporal properties of evoked calcium transients in astrocytes are assumed to match the level of synaptic activity, such that basal release of glutamate can only recruit local PAPs while neuronal bursting must trigger an overall increase of Ca 2+ that spread from the PAPs to the soma, and then from one cell to its neighbors (see chapter I.1.3.1. and [START_REF] Honsek | Astrocyte calcium signals at Schaffer collateral to CA1 pyramidal cell synapses correlate with the number of activated synapses but not with synaptic strength[END_REF]). In fact, in vitro data indicate that when cultured astrocytes are exposed to a mild concentration of exogenous glutamate (1 µM), they induce asynchronous Ca 2+ events spanning random subcellular compartments, whereas stimulating glial cells with higher concentration of glutamate (100 µM) has been reported to initiate intercellular waves of Ca 2+ oscillations (Fig. 10B) [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: long-range glial signaling[END_REF]).

Moreover, ex vivo and in vivo evidence have unraveled an astonishing diversity of Ca 2+ events in astrocytes: (1) spontaneous Ca 2+ transients occur within glial microdomain, which are only partially dependent of IP3R2 signaling (Srinivasan, Huang et al. 2015); (2) basal activity-evoked Ca 2+ increase spanning astroglial processes subcompartments [START_REF] Grosche | Microdomains for neuron-glia interaction: parallel fiber signaling to Bergmann glial cells[END_REF]); (3) sparse action potentials induce expanded rise in Ca 2+ concentration that can encompass few tens of µm (Di [START_REF] Castro | Local Ca2+ detection and modulation of synaptic release by astrocytes[END_REF]); (4) trains of action potentials trigger global IP3R2-dependent increase in Ca 2+ concentration within the whole astrocytic domain [START_REF] Haustein | Conditions and constraints for astrocyte calcium signaling in the hippocampal mossy fiber pathway[END_REF]); ( 5) multiple astrocytes can undergo synchronous Ca2+ oscillations in response to behavioural stimulus and neuromodulatory transmitters [START_REF] Paukert | Norepinephrine controls astroglial responsiveness to local circuit activity[END_REF]); ( 6) sensory stimulation can initiate long-lasting Ca 2+ elevation -both sparkle (10s) and twinkles (70s) -in astrocytes in vivo [START_REF] Kanemaru | In vivo visualization of subtle, transient, and local activity of astrocytes using an ultrasensitive Ca(2+) indicator[END_REF][START_REF] Nimmerjahn | Large-scale recording of astrocyte activity[END_REF]; (7) astrocyte enfeet display IP3R2 and TRPV4-dependent Ca 2+ transients mediating neurovascular coupling; (8) pathological insult can induce the propagation of astroglial Ca 2+ waves in vivo [START_REF] Kuchibhotla | Synchronous hyperactivity and intercellular calcium waves in astrocytes in Alzheimer mice[END_REF]. Astroglial mGluR5, albeit less numerous than its neuronal counterpart about 1/5 th : [START_REF] Brabet | Phenylglycine derivatives discriminate between mGluR1and mGluR5-mediated responses[END_REF], display unique signalling properties including a reduced desensitization and a higher capacity for hydrolysing phosphoinositides [START_REF] Balazs | Metabotropic glutamate receptor mGluR5 in astrocytes: pharmacological properties and agonist regulation[END_REF], which make them perfectly tuned for detecting small variations in extracellular glutamate levels. However, it is worth noting that few studies have recently challenged the role of mGluR5 in adult astrocytes, and as a matter of fact its expression was first reported to decrease throughout development [START_REF] Cai | Metabotropic glutamate receptors in acutely isolated hippocampal astrocytes: developmental changes of mGluR5 mRNA and functional expression[END_REF], and it was then shown to be virtually absent after postnatal week 3 in mice [START_REF] Sun | Glutamate-dependent neuroglial calcium signaling differs between young and adult brain[END_REF]). But we may not overlook astrocyte molecular heterogeneity, and thus new investigations of mGluR5 expression at the single-cell level (e.g. scRT-PCR) are needed to clarify these discrepencies. Interestingly, it has recently been documented that mGluR5 endow PAPs with the ability to detect basal levels of synaptic transmission [START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF], thereby raising the question as to whether astrocytes may integrate spatially and temporaly dispersed synaptic inputs in order to coordinate appropriate physiological responses. The idea that PAPs integrate input-specific signals may for instance explain why CA1 hippocampal astrocytes do respond to activation of Schaffer collaterals (CA3-CA1), but remain silent in response to recurrent pathway (CA1-CA1) stimulation [START_REF] Perea | Properties of synaptically evoked astrocyte calcium signal reveal synaptic information processing by astrocytes[END_REF]. Di Castro et al have recently suggested that astrocytic processes may receive spatially confined synaptic inputs activating separate GPCR clusters. Indeed, the authors found that pharmacological blocking of downstream GPCRs abolishes Ca 2+ signals in all compartments spanning astrocytic processes, whilst independently inhibiting different types of GPCR only suppresses Ca 2+ signal at specific locations (Di [START_REF] Castro | Local Ca2+ detection and modulation of synaptic release by astrocytes[END_REF]. Mechanistically, the functional compartmentalization of PAPs is likely to be mediated by the localized trafficking and positioning of their receptors, as is known to occur in postsynaptic elements [START_REF] Henley | Routes, destinations and delays: recent advances in AMPA receptor trafficking[END_REF]. Indeed, AMPA as well as NMDA receptors that are not directly aligned to neurotransmitter releasing sites have been shown to display a low opening probability due to their low affinity for glutamate [START_REF] Raghavachari | Properties of quantal transmission at CA1 synapses[END_REF][START_REF] Santucci | The effects of NR2 subunit-dependent NMDA receptor kinetics on synaptic transmission and CaMKII activation[END_REF]. Moreover, activation of PAP mGluRs, which require a minimal time of 50 ms glutamate exposure [START_REF] Attwell | Neuroenergetics and the kinetic design of excitatory synapses[END_REF], is predicted to be modulated by their distance from GluTs with which they compete for glutamate binding [START_REF] Tzingounis | Glutamate transporters: confining runaway excitation by shaping synaptic transmission[END_REF]. Therefore, akin to neurons, glutamate-induced Ca 2+ signalling in PAPs may not only depend on the repertoire of proteins they express, but would also be modulated by the spatial arrangement of these proteins. Noteworthy, protein trafficking and PAP morphogenesis are most likely synergistically regulated, as they both rely on activity-dependent cytoskeletal remodeling [START_REF] Zhou | Glutamate transporter cluster formation in astrocytic processes regulates glutamate uptake activity[END_REF] and share the same purpose of placing the receptor at the optimal location with regard to glutamate releasing sites. Next, limitations of the currently available Ca 2+ imaging techniques, including the poor intracellular volume sampled by Ca 2+ dyes after bulk loading [START_REF] Reeves | Bulk loading of calcium indicator dyes to study astrocyte physiology: key limitations and improvements using morphological maps[END_REF]) and the wash out of cytoplasmic elements induced by dialysis inherent to whole cell patch clamp, have fostered much skepticism, particularly in regard to the sites where signals are monitored, as they are not the actual loci of Ca 2+ signal induction (presumably PAPs). Indeed, insofar as PAPs are one order of magnitude smaller than light microscopy resolution, physiologically relevant Ca 2+ ''hotspot'' in PAPs has never been observed, and will require state-of-the art super resolution techniques [START_REF] Henneberger | Synaptic plasticity and Ca2+ signalling in astrocytes[END_REF]. Such information will most probably be instrumental in our understanding of astroglial integration of synaptic inputs, as it has recently been shown that local Ca 2+ events within PAPs regulate both synaptic coverage and spine stability (Bernardinelli, Randall et al. 2014).

PAPs remodeling supports neuroglial bidirectional signaling

Pioneering work performed by the group of Smith in the early 90s demonstrated that cultured astrocytes respond to glutamate exposure by rapidly inducing sprouting of filopodial processes. Remarkably, similar reorganizations of the membrane surface can be induced by settling neurons on top of an astrocytic culture, suggesting that chemotropism toward neuronal diffusing signals might be the mechanism driving astrocytic plasma membrane motility [START_REF] Cornell-Bell | The excitatory neurotransmitter glutamate causes filopodia formation in cultured hippocampal astrocytes[END_REF]. Further studies in brain slices have demonstrated that whereas PAPs surrounding synapses display spontaneous remodeling within the time range of a minute, this motility is not observed at the level of astrocytic somata and endfeet (Hirrlinger, Hulsmann et al. 2004;[START_REF] Haber | Cooperative astrocyte and dendritic spine dynamics at hippocampal excitatory synapses[END_REF].

So first, what are the molecular mechanisms organizing PAPs architecture? Based on their small size (hundreds of nanometers thick), PAPs are generally assumed to not contain organelles, although they may enclose some mitochondria [START_REF] Lovatt | The transcriptome and metabolic gene signature of protoplasmic astrocytes in the adult murine cortex[END_REF], which have been found infine astroglial processes near synapses [START_REF] Genoud | Plasticity of astrocytic coverage and glutamate transporter expression in adult mouse cortex[END_REF][START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. Very interestingly, a recent study has demonstrated that the trafficking and positioning of mitochondria within astrocyte processes facing synapses is regulated by neuronal activity. The authors further noted that this activity-dependent relocalisation of mitochondria is dependent of astrocytic intracellular Ca 2+ elevation and required the Ca 2+ -sensing mitochondrial Rho-GTPase 1 protein (Miro1) [START_REF] Stephen | Miro1 Regulates Activity-Driven Positioning of Mitochondria within Astrocytic Processes Apposed to Synapses to Regulate Intracellular Calcium Signaling[END_REF]. Miro1-mediated positioning of mitochondria within PAPs was reported in turn to regulate astroglial Ca 2+ signalling and potentially Ca 2+ -dependent astroglial functions [START_REF] Stephen | Miro1 Regulates Activity-Driven Positioning of Mitochondria within Astrocytic Processes Apposed to Synapses to Regulate Intracellular Calcium Signaling[END_REF]. Then, PAPs contain cytoskeletal elements that differ from their larger parent process; namely, PAPs are filled with dense cortical actin fibers and occasionally microtubules at their base, and appear devoid of intermediate filament, including the widely used molecular marker GFAP [START_REF] Derouiche | Anatomical aspects of glia-synapse interaction: the perisynaptic glial sheath consists of a specialized astrocyte compartment[END_REF][START_REF] Haseleu | Studying subcellular detail in fixed astrocytes: dissociation of morphologically intact glial cells (DIMIGs)[END_REF]. Most interestingly, spatial segregation of such proteins in the astrocytic tree appears to arise from compartmentalization of messenger RNAs. Indeed, whereas mRNAs encoding for GFAP have been found in situ in retinal glial cells (Muller cells) to be confined in the cytoplasm, actin mRNAs are mainly localized in the cell processes [START_REF] Sarthy | Subcellular localization of an intermediate filament protein and its mRNA in glial cells[END_REF]). Further, it has recently been shown that astrocyte protrusions are enriched with additional mRNAs, such as Ras-related proteins, Plakophilin-4, Ankyrin Repeat Domain 25 and inositol polyphosphate-1-phosphatase [START_REF] Thomsen | A Boyden chamber-based method for characterization of astrocyte protrusion localized RNA and protein[END_REF]. To recruit molecules at PAPs, astrocytes may require scaffolding proteins, as seen in perivascular endfeet, where dystrophinassociated complex proteins undertake the anchoring of Kir4.1 potassium channels and aquaporin-4 water channels [START_REF] Enger | Molecular scaffolds underpinning macroglial polarization: an analysis of retinal Muller cells and brain astrocytes in mouse[END_REF]. Accordingly, actin-associated proteins of the ezrin radixin moesin (ERM) family have been described to be specifically enriched in PAPs [START_REF] Derouiche | Peripheral astrocyte processes: monitoring by selective immunostaining for the actin-binding ERM proteins[END_REF], where they dynamically regulate membrane cytoskeleton linkage. However, most scaffolding proteins in PAPs are still unknown and, therefore, represent an exciting target for future studies. Moreover, compartmentalization of the various cytoskeletal elements along the astrocytic tree supposes serial mRNA and protein transport systems. For instance, the APC tumor-suppressor protein, known to be implicated in mRNA anchoring at the leading edge of migrating fibroblasts [START_REF] Mili | Genome-wide screen reveals APC-associated RNAs enriched in cell protrusions[END_REF], has been shown to localize at the tip of microtubules within protrusions of migrating astrocytes (Etienne-Manneville and [START_REF] Etienne-Manneville | Cdc42 regulates GSK-3beta and adenomatous polyposis coli to control cell polarity[END_REF]. It may, thus, be hypothesized that APC anchors PAPs mRNAs in migrating astrocytes during development and/or adulthood. Such compartmentalized distribution and translation of mRNAs in PAPs would enable local and adjustable accumulation of a specific repertoire of proteins. However, given that mechanisms of cargo transports in astrocyte processes are still poorly understood, these hypotheses have yet to be thoroughly investigated in situ.

What are the molecular mechanisms underlying PAPs morphological plasticity? Given the tremendous complexity of differentiated astrocyte morphology, elucidating in situ the general principle of this structural plasticity remains challenging. Thus, several in vitro assays have been developed to characterize the compartmentalized signaling pathways underpinning the asymmetric rearrangement of cellular elements in response to stimuli (Etienne-Manneville 2008). In particular, establishment of stellation in primary cultured astrocytes has been used to model the dynamic behavior of PAPs, as it fully relies on subcellular redistribution of cytoskeletal proteins (Safavi-Abbasi, [START_REF] Safavi-Abbasi | Rapid morphological changes in astrocytes are accompanied by redistribution but not by quantitative changes of cytoskeletal proteins[END_REF], and induces the rapid protrusion of filopodia at the cell surface, which are devoid of GFAP whilst expressing ezrin and α-actin [START_REF] Racchetti | Astrocyte stellation, a process dependent on Rac1 is sustained by the regulated exocytosis of enlargeosomes[END_REF]). Using stellation model, filopodia extension and retraction have been shown to be controlled by the small GTPases Rac1 and Rho, respectively. Thus, activated Rac1 would relocalize under the plasma membrane at the extremity of astrocyte protrusions [START_REF] Racchetti | Astrocyte stellation, a process dependent on Rac1 is sustained by the regulated exocytosis of enlargeosomes[END_REF], where it has been suggested to promote the polymerization of actin filaments as well as the recruitment of ezrin, which links actin to the plasma membrane when phosphorylated at T567 [START_REF] Auvinen | Regulation of ezrin localization by Rac1 and PIPK in human epithelial cells[END_REF]. In brain slices, T567-activated ezrin has been shown to be restricted to perisynaptic glial sheaths, providing a hypothetical mechanism for the stabilization of PAP remodeling after mGluRs activation [START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. Moreover, a report has noted that blocking PAPs motility by overexpressing a mutated form of Rac1 in astrocytes reduces the maturation of dendritic protrusions in hippocampal slice culture [START_REF] Nishida | Direct astrocytic contacts regulate local maturation of dendritic spines[END_REF].

On the other hand, L-glutamate exposure in vitro has also been found to activate the small GTPase Rho, leading to suppression of astrocyte stellation via an as yet unknown mechanism involving GluTs [START_REF] Chen | L-glutamate activates RhoA GTPase leading to suppression of astrocyte stellation[END_REF]. Therefore, the opposite effect of Rho and Rac1 activation on astrocyte morphology is consistent with the role they play in axonal growth cone and dendritic spine extension and retraction, respectively [START_REF] Tashiro | Regulation of dendritic spine morphology by the rho family of small GTPases: antagonistic roles of Rac and Rho[END_REF][START_REF] Woo | Rac1 and RhoA promote neurite outgrowth through formation and stabilization of growth cone point contacts[END_REF]. Together, these GTPases-mediated antagonistic functions of glutamate suggest that the link between synaptic activity and morphological plasticity of PAPs may not be as trivial as a chemotropism toward glutamate and likely depends on the repertoire of membrane proteins expressed at a given process. In fact, PAP motility is widely assumed to be actin-based [START_REF] Haber | Cooperative astrocyte and dendritic spine dynamics at hippocampal excitatory synapses[END_REF][START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF], and -if so -its growth direction (e.g. outgrowth vs shrinkage) must rely on the repertoire of actin-binding protein recruited in this microdomain, as it may change the actin equilibrium toward either polymerization (e.g. Arp2/3 and Profilin-1) or depolymerisation (Cofilin) [START_REF] Mattila | Filopodia: molecular architecture and cellular functions[END_REF]. Of particular interest, a recent in vitro study has found that uncaging Ca 2+ by photolysis induces PAP-like outgrowth, which could be specifically inhibited by overexpressing a mutated form of the actin-binding protein Profilin-1 (abdProf1) [START_REF] Molotkov | Calcium-induced outgrowth of astrocytic peripheral processes requires actin binding by Profilin-1[END_REF]. Profilin-1 catalyzes the ADP-to-ATP exchange on actin monomers, and thus promotes the polymerization of actin filaments. So, knowing that abdProf1 did not modify the astrocyte cytoskeleton, as well as basal motility and morphology, the authors have suggested that future research may take advantage of this molecular tool to decipher the link between PAP remodelling and synaptic functioning [START_REF] Molotkov | Calcium-induced outgrowth of astrocytic peripheral processes requires actin binding by Profilin-1[END_REF]. Note that another isoform of Profilin has later been shown to be expressed in cultured astrocytes (Profilin-2a), which has been shown to control astroglial morphological complexity, as well as to mediate forskolin-induced glial stellation via its PKA-dependent phosphorylation [START_REF] Schweinhuber | Profilin isoforms modulate astrocytic morphology and the motility of astrocytic processes[END_REF]. Finally, Molotkova et al have further hypothesized that evoked astroglial Ca 2+ signalling may activate the Ca 2+ -binding protein Calmodulin [START_REF] Cheng | Local calcium changes regulate the length of growth cone filopodia[END_REF] and Calcineurin [START_REF] Chang | Asymmetric retraction of growth cone filopodia following focal inactivation of calcineurin[END_REF], that in turn recruits Profilin-1 via the IP3 second messenger pathway [START_REF] Lassing | Specific interaction between phosphatidylinositol 4,5bisphosphate and profilactin[END_REF]. An alternative mechanism for glutamate-induced PAP structural plasticity could rely on intracellular Ca 2+ rise upon mGluR-induced Gq GPCR activation setting off the canonical phospholipase C/inositol1,4,5-triphosphate (IP3) pathway. Recent data have indeed shown a reduced astrocytic coverage of hippocampal synapses in mice in which IP3R-induced Ca 2+ release was downregulated by expressing a recombinant glutathione-S-transferase-IP3 buffer (''IP3 sponge'') specifically in astrocytes and in a temporally controlled manner (Tanaka, Shih et al. 2013).

Finally, how PAPs remodelling may induce neuroglial bidirectional signalling? On the one hand, astroglial processes tend to make closer contacts with the postsynaptic rather than presynaptic element [START_REF] Lehre | Asymmetry of glia near central synapses favors presynaptically directed glutamate escape[END_REF] and, in this regard, are further enriched with a repertoire of transmembrane and membrane-anchored proteins supporting bidirectional neuroglial signaling. For instance, dendritic spines express Eph receptor tyrosine kinases, while PAPs contain ephrin cell-surface ligands [START_REF] Murai | Eph receptors and ephrins in neuron-astrocyte communication at synapses[END_REF], together with cprotocadherin [START_REF] Garrett | Control of CNS synapse development by {gamma}protocadherin-mediated astrocyte-neuron contact[END_REF] and most likely integrin receptors [START_REF] Hama | PKC signaling mediates global enhancement of excitatory synaptogenesis in neurons triggered by local contact with astrocytes[END_REF][START_REF] Herrera-Molina | Astrocytic alphaVbeta3 integrin inhibits neurite outgrowth and promotes retraction of neuronal processes by clustering Thy-1[END_REF]. In particular, neuroglial contact-mediated ephrin signaling may regulate the morphology of the tripartite synapse via the recruitment of guanine exchange factors (GEF) such as Ephexin [START_REF] Shamah | EphA receptors regulate growth cone dynamics through the novel guanine nucleotide exchange factor ephexin[END_REF]), Tiam1 [START_REF] Tanaka | Tiam1 mediates neurite outgrowth induced by ephrin-B1 and EphA2[END_REF]) and the Rap1/R-Ras exchange factor SHEP1 [START_REF] Dodelet | A novel signaling intermediate, SHEP1, directly couples Eph receptors to R-Ras and Rap1A[END_REF], thereby controlling small G protein activity. On the other hand, the strategic position of PAPs in regard to dendritic spines may endow them with the unique ability to dynamically control the flow of signalling molecules arriving at neuronal receptors. In this perspective, using fluorescent time-lapse microscopy, it has been shown that glutamate-induced remodelling of hippocampal synapses, and in particular the extension of spine head protrusions (SHP), is regulated by the activity of astrocytic glutamate transporters [START_REF] Verbich | Glial glutamate transport modulates dendritic spine head protrusions in the hippocampus[END_REF]). Moreover, SHP -which is thought to occur in response to glutamate spillover -was shown to correlate with PAP withdrawal, thereby suggesting that neuroglial remodelling supervised glutamate-mediated synaptic rewiring. Another study has then confirmed the putative role of PAPs in preventing glutamate spillover -and thus modulating intersynaptic crosstalk -by acutely blocking IP3-mediated signalling in astrocytes (Tanaka, Shih et al. 2013). Hence, given that astroglial IP3 signaling is known to be activated in particular by neurotransmitters (via the recruitment of Gq GPCR), it emerges that the level of PAP synaptic coverage is tailored by synaptic activity, and in turn it determines the fate of dendritic spines. In fact, electon microscopy revealed that PAPs are more likely to nestle close to thin (immature) than to mushroom (mature) spines in the rodent hippocampus [START_REF] Medvedev | Glia selectively approach synapses on thin dendritic spines[END_REF].

Neuroglial synaptic interactions and the extracellular matrix

Besides the activity-dependent redistribution of glutamate receptors at the postsynaptic density, excitatory synapses display surprising structural remodelling capacities, which foster continuous neuronal learning and thereby changes of contextual memories. Critically, plastic synapses are embedded in an interwoven meshwork of protein fibers (so-called extracellular matrix or ECM) serving as scaffold for cells and anchorage for diffusing macromolecules, all of which are embraced by PAP membranes. The core element making up the "matrisome" are encoded by hundreds of genes which orchestrate the assembling and remodeling of extracellular matrices, and provide signaling cues to neuroglial cells through ECM receptors and ECM-bound growth factors [START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF]. ECM proteins of the CNS have hence been implicated in virtually all aspects of neuronal development and function, such as maintenance of neural stem cell microenvironment, neuronal migration, axonal growth, synaptogenesis and plasticity of synaptic circuits (reviewed in [START_REF] Barros | Extracellular matrix: functions in the nervous system[END_REF]). Especially, ECM proteins play instructive roles at the synapses, including locally buffering ions, limiting glutamate receptor trafficking, capturing and concentrating growth-factors and signaling molecules, bridging intracellular cytoskeleton and limiting neuroal structural plasticity upon injury (for review see [START_REF] Karetko | Diverse functions of perineuronal nets[END_REF][START_REF] Wang | The perineuronal net and the control of CNS plasticity[END_REF]). ECM proteins of the brain include glycoproteins (Laminins, Tenascins, thrombospondins, Hevin, SPARC) and proteoglycans (NG2, lecticans); the later are subdivided in heparan sulfate proteoglycans (HSPGs) (agrin, perlecan, syndecan) and chondroitin sulfate proteoglycans (CSPGs) (lecticans: Neurocan, Brevivan, Versican) depending of the nature of the glycosaminoglycan (GAG) chain which is linked to its core protein [START_REF] Smith | GAG-ing with the neuron": The role of glycosaminoglycan patterning in the central nervous system[END_REF]. In particular, CSPGs have been identifiedtogether with Wisteria floribunda agglutinin (WFA) lectin -in PNNs, which are highly organized lattices of ECM proteins condensed at the level of soma and synapses from parvalbumin+ GABAergic neurons as well as glutamatergic pyramidal neurons, albeit to a much smaller extent [START_REF] Dzyubenko | Neuron-Glia Interactions in Neural Plasticity: Contributions of Neural Extracellular Matrix and Perineuronal Nets[END_REF]. The physiological relevance of CSPGs-containing PNNs has been demonstrated by injecting its degradating enzyme chondroitinase ABC in mature CNS where it actually reopened the critical period of plasticity for ocular dominance in the visual cortex [START_REF] Pizzorusso | Reactivation of ocular dominance plasticity in the adult visual cortex[END_REF]. This astonishing experimental evidence revealed a role for PNNs in stabilizing mature synaptic networks.

Then, many PNNs-associated regulatory proteins have been reported such as ECM-modifying enzymes (Matrix Metalloproteinase 2 and 9, tissue Plasminogen Activator or tPA), homeodomain-containing transcription factors (Orthodenticle homeobox 2) and secreted matricellular proteins (tenascin-C, Hevin, SPARC) wich can directly interacts with specific GAGs and thereby add an extra layer of synaptic plasticity. Given the sum of this, it is noteworthy that astrocyte-to-neuron reciproqual interactions at the synapses can be mediated by dynamic changes of the ECM composition, architecture and signaling properties. First, astrocytes has been shown to be the first source for many elements of the synaptic matrisome, including Brevivan [START_REF] Yamada | Molecular cloning of brevican, a novel brain proteoglycan of the aggrecan/versican family[END_REF][START_REF] Slezak | New roles for astrocytes: regulation of CNS synaptogenesis[END_REF], Hevin/SPARC [START_REF] Kucukdereli | Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and SPARC[END_REF]) and tPA [START_REF] Hebert | The story of an exceptional serine protease, tissue-type plasminogen activator (tPA)[END_REF], to mention but a few [START_REF] Giamanco | Deconstructing the perineuronal net: cellular contributions and molecular composition of the neuronal extracellular matrix[END_REF]. Then, interestingly enough, astrocytesecreted matricellular proteins have been found to promote synaptogenesis [START_REF] Ballerini | Rat astroglial P2Z (P2X7) receptors regulate intracellular calcium and purine release[END_REF], pre-to postsynaptic adhesion [START_REF] Kucukdereli | Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and SPARC[END_REF]) and synaptic functional maturation (or AMPA-mediated unsilencing) [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors[END_REF].

Next, astrocyte local contacts mediate integrin receptor signaling (via PKC activation) in neurons, thereby triggering excitatory synaptogenesis [START_REF] Hama | PKC signaling mediates global enhancement of excitatory synaptogenesis in neurons triggered by local contact with astrocytes[END_REF]). Finally, injection into adult cat visual cortex of immature astrocytes, which can regulate ECM composition, has been shown to be sufficient to reactivate the critical period of ocular dominance plasticity [START_REF] Muller | Ocular dominance plasticity in adult cat visual cortex after transplantation of cultured astrocytes[END_REF].

PAPs control synaptic functioning

Astroglial coverage of spines is heterogenous. Electron microscopy investigations indeed show that spine coverage varies from no contact within olfactory bulb glomeruli (Chao TI et al. The synapse-astrocyte boundary: an anatomical basis for an integrative role of glia in synaptic transmission In Voleta A and Haydon PG (eds) The tripartite synapse: glia in synaptic transmission Oxford University press 2002) to ensheathment of almost all spines (≈90 %) in hippocampal mushroom/perforated synapses [START_REF] Witcher | Plasticity of perisynaptic astroglia during synaptogenesis in the mature rat hippocampus[END_REF]). Such ultrastructural studies, however, provide ''snapshot'' overviews at a given timepoint, and do not appreciate the actually dynamic nature of glia-synapse interactions. Morphological relationships between the three synaptic partners have indeed been shown to change during development (Nixdorf-Bergweiler, Albrecht et al. 1994;Bushong, Martone et al. 2004), as well as in response to neuronal activity [START_REF] Guldner | Complex synaptic arrangements in the rat suprachiasmatic nucleus: a possible basis for the "Zeitgeber" and non-synaptic synchronization of neuronal activity[END_REF]Oliet, Piet et al. 2001) and plasticity [START_REF] Wenzel | The influence of long-term potentiation on the spatial relationship between astrocyte processes and potentiated synapses in the dentate gyrus neuropil of rat brain[END_REF][START_REF] Lushnikova | Synaptic potentiation induces increased glial coverage of excitatory synapses in CA1 hippocampus[END_REF]). The following section presents the many ways this intricated threesome relationship may control synaptic functioning, from basal transmission to plasticity and diseases.

PAPs modulate basal synaptic activity

Through shielding of chemical synapses by means of their fine distal processes, astrocytes ensure efficient spine-to-spine transmission via insulation of neurotransmitter releasing sites. In particular, astroglial synaptic enwrapping is thought to prevent neurotransmitters spillover and activation of extrasynaptic receptors, thereby preserving release probability (Oliet, Piet et al. 2001). In this respect, PAPs are thought to rule for synaptic versus volume mode of neurotransmission by shaping extracellular neurotransmitter diffusion and uptake [START_REF] Piet | Physiological contribution of the astrocytic environment of neurons to intersynaptic crosstalk[END_REF][START_REF] Sykova | Diffusion in brain extracellular space[END_REF]. More specifically, it has been estimated that the concentration of glutamate in the synaptic cleft may peak at ≈1mM after neuronal vesicular release, and decayed with an exponential time constant of 1.2 ms (time at which the concentration is decreased at 1/e≈36.8% of its initial value) [START_REF] Clements | The time course of glutamate in the synaptic cleft[END_REF]). Thus, considering the slow transport cycle of astroglial GLT1 (12-70 ms: [START_REF] Wadiche | Kinetics of a human glutamate transporter[END_REF]) and the actual speed of synaptic glutamate removal (<1ms: [START_REF] Diamond | Transporters buffer synaptically released glutamate on a submillisecond time scale[END_REF], it has been hypothesized that GLT1 acts primarily as a buffer and may hence accumulate by thousands in PAPs. Furthermore, GLT1 has been reported by a recent study to be highly mobile within the astroglial plasma membrane; more specifically, GLT1 trafficking is slower in PAPs than in the main stem processes and is tightly regulated by neuronal activity [START_REF] Murphy-Royal | Surface diffusion of astrocytic glutamate transporters shapes synaptic transmission[END_REF]. This study has therefore proposed a model of the tripartite synapse in which GLT1 molecules binding to glutamate increase their surface diffusion in order to go away from the PAPs, and consequently get rapidly replaced by new GLT1 transporters. Note that such activity-dependence of GLT1 trafficking supposes the existence of a sophisticated scaffolding machinery within PAP membranes, but it remains to be thoroughly elucidated. Conversely, impairing GLT1 trafficking by antibody cross-linking has been shown to affect directly the kinetics (both rise time and decay time) of sEPSCs, which is not surprising given the suggested role of GLT1 as a synaptic glutamate buffer. Finally, reports have now unambiguously demonstrated that the level of astrocytic synaptic coverage is vital to determine the efficacy of GLT1-mediated glutamate buffering (Oliet, Piet et al. 2001;[START_REF] Omrani | Up-regulation of GLT-1 severely impairs LTD at mossy fibre--CA3 synapses[END_REF]Pannasch, Freche et al. 2014). Then, coverage of excitatory synapses has been proposed to bring astrocytic vesicles competent for glutamate release [START_REF] Parpura | Gliotransmission: Exocytotic release from astrocytes[END_REF] at sufficient proximity to the synaptic cleft to activate both pre-and postsynaptic GluRs. Similarly, astrocytic release of glutamate co-agonists has recently been shown to control synaptic transmission by unlocking the gate of NMDARs [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF]. Crucially, these mechanisms of PAPmediated tuning of neurotransmission are nevertheless inconsistent with the functional competition brought by astrocytic glutamate transporters at the extrasynaptic level [START_REF] Huang | Astrocyte glutamate transporters regulate metabotropic glutamate receptor-mediated excitation of hippocampal interneurons[END_REF]). Indeed, GLT-1 and GLAST affinity for glutamate is comparable to NMDARs or mGluRs and their glutamate binding velocity is similar to AMPARs [START_REF] Huang | Astrocyte glutamate transporters regulate metabotropic glutamate receptor-mediated excitation of hippocampal interneurons[END_REF]). Thus, given the high expression levels of GluTs at astrocyte membranes [START_REF] Lehre | The number of glutamate transporter subtype molecules at glutamatergic synapses: chemical and stereological quantification in young adult rat brain[END_REF], glutamate released by PAPs would have to run away from thousands of glial GluTs to have a chance of activating neuronal GluRs. Therefore, to solve this discrepancy, PAP glutamatergic gliotransmission must imply the spatiotemporal segregation of glutamate uptake and release events. Interestingly, such patterned membrane expression of transporters and transmitter releasing sites at PAPs has been proposed to functionally result in compartmentalization of extracellular glutamate concentrations [START_REF] Moussawi | Extracellular glutamate: functional compartments operate in different concentration ranges[END_REF]), an hypothesis supported by in vitro data suggesting that, conversely, extracellular fluctuations of glutamate control membrane distribution of glial transporters (Poitry-Yamate, [START_REF] Poitry-Yamate | Neuronal-induced and glutamate-dependent activation of glial glutamate transporter function[END_REF][START_REF] Nakagawa | Mechanisms of substrate transport-induced clustering of a glial glutamate transporter GLT-1 in astroglial-neuronal cultures[END_REF]).

Furthermore, it has recently been shown that an unexpected key determinant of synaptic astroglial coverage in the hippocampus is the gap-junction protein connexin 30 (Cx30).

Indeed, in the absence of the protein, astroglial processes literally penetrate synaptic clefts and get abnormally close to postsynaptic densities, thereby reducing synaptic transmission as synaptic glutamate is removed directly from the synapse (Pannasch, Freche et al. 2014). Then, using a mutated form (Cx30T5M) that only impairs the channel function of the protein, we showed that such regulation involves channel-independent mechanisms. Insofar as Cx30 has recently been shown to interact with the cytoskeleton (Qu, Gardner et al. 2009), it appears that such interaction is essential to confine PAPs to perisynaptic spaces, thereby limiting the sink effect of GluT accumulation away from releasing sites. Given that Cx30 only begins to be expressed after P10 in mice, it most certainly plays a prominent role in shaping synaptic networks during postnatal development. Recent studies reminiscent of our work assessed the impact of increasing GluT expression on synaptic and neuronal function, and found impairments in presynaptic short-term plasticity, long-term plasticity as well as information processing and memory formation [START_REF] Carmona | Glial ephrin-A3 regulates hippocampal dendritic spine morphology and glutamate transport[END_REF][START_REF] Filosa | Neuron-glia communication via EphA4/ephrin-A3 modulates LTP through glial glutamate transport[END_REF]). Further research is, however, needed to unravel the molecular pathway(s) enabling Cx30 to regulate the distance of the PAP to the synaptic cleft. Moreover, note that most of the arguments brought forward to explain how astrocytes set the mode of synaptic transmission remain inaccurate in that the role of PAPs is often omitted. Indeed, PAPs are difficult to study in living tissue, as they are not directly accessible to traditional electrophysiological recordings, cannot be readily isolated for biochemistry, and are smaller than the optical resolution of regular light microscopy [START_REF] Reichenbach | Morphology and dynamics of perisynaptic glia[END_REF]. Therefore, despite interesting emergent hypotheses, the current lack of understanding of the PAP functional architecture is a major issue that will need to be addressed to decipher their actual role in neurotransmission.

PAPs regulate synaptic plasticity

Subtle changes in the efficacy of synaptic transmission are believed to be at the core of memory formation and can be experimentally assessed through the induction of LTP and LTD, respectively corresponding to activity-dependent increase and decrease in synaptic strength [START_REF] Bliss | Long-lasting potentiation of synaptic transmission in the dentate area of the unanaestetized rabbit following stimulation of the perforant path[END_REF][START_REF] Bliss | A synaptic model of memory: long-term potentiation in the hippocampus[END_REF][START_REF] Cooke | Plasticity in the human central nervous system[END_REF]. The so-called Hebbian synapse increases its efficacy when pre-and postsynaptic activity concurs, and, conversely, decreases its strength as a result of disparate activity. Strikingly, astrocytes have recently been proposed to provide additional sources of activity underlying atypical form of Hebbian plasticity (see chapter I.2.5.2.2, [START_REF] Perea | Astrocytes potentiate transmitter release at single hippocampal synapses[END_REF]). Although this hypothesis has recently been validated in vivo for both LTP and LTD (Min and Nevian 2012; [START_REF] Navarrete | Astrocyte calcium signal and gliotransmission in human brain tissue[END_REF], we are still far from understanding the exact mechanisms underlying these astrocyte-dependent forms of plasticity. For instance, signalling dynamics at the PAPs may be several orders of magnitude slower than neurotransmission events, which would imply that the pairing of pre-and postsynaptic activities is likely achieved long before gliotransmission has occurred. In this respect, a recent study proposed that for certain patterns of correlated activity, astrocytes may act as a ''thresholding unit'', meaning that PAPs-to-neuron signalling would be triggered in response to local build-up of neurotransmitters accumulated as a result of repeated stimulations (Min and Nevian 2012). However, further studies are still required to fully decipher how PAPs manage to sense differences in extracellular neurotransmitters concentration. Moreover, given that PAPs enwrap ≈60 % of hippocampal excitatory synapses and support activity-dependent spreading of Ca 2+ signaling, such structures are ideally positioned to coordinate plasticity at neighboring inactivated synapses along dendritic shafts (known as heterosynaptic plasticity).

It has, thus, been proposed that gliotransmitter-mediated homeostatic plasticity may serve as an efficient way to regulate the overall neuronal outputs, via coordinated scaling of synaptic weights [START_REF] Beattie | Control of synaptic strength by glial TNFalpha[END_REF][START_REF] Gordon | Norepinephrine triggers release of glial ATP to increase postsynaptic efficacy[END_REF]). In addition to the functional strengthening or weakening of pre-existing synapses, activity-dependent long-term plasticity is known to induce the de novo formation and elimination of synapses. On this point, the idea that astrocytes play instructive roles in all aspects of synapse development, from formation to elimination, has recently gained considerable traction in the neuroscience community (see chapter I.2.1.3. and [START_REF] Chung | Astrocytes Control Synapse Formation, Function, and Elimination[END_REF]). Strikingly, it has also recently been described that LTP induces the structural remodeling of PAPs. Indeed, LTP was found to induce a transient increase in PAP motility (Bernardinelli, Randall et al. 2014;Perez-Alvarez, Navarrete et al. 2014), leading to a decreased astrocytic coverage of dendritic spines (Perez-Alvarez, Navarrete et al. 2014) although an increased coverage preferentially occurring on enlarged spines was also reported (Bernardinelli, Randall et al. 2014). Remarkably, a decrease in astroglial synapse coverage in the amygdala was also recently evidenced during consolidation of contextual memory (Ostroff, Manzur et al. 2014). The fact that PAP synapse coverage seems restricted to potentiated spines upon synaptic plasticity is in accordance with live imaging data claiming that there is an inverse correlation between the actual size of a dendritic spine and the motility of the PAP that nestles close to it [START_REF] Nishida | Direct astrocytic contacts regulate local maturation of dendritic spines[END_REF]. This suggests that LTP regulates PAP-spine contacts and, in doing so, directly influences the stability of enlarged synapses. However, one may wonder how astrocytes can locally sense synaptic potentiation and consequently regulate the coverage of so many distinct spines (e.g. small vs large)? Bernardinelli et al have showed that the remodelling of astrocytes occurring during LTP actually requires the activation of astroglial metabotropic receptors by presynaptically-released glutamate, likely triggering intracellular Ca 2+ signalling in individual PAPs (Bernardinelli, Randall et al. 2014). Moreover, these authors used a sophisticated approach consisting of expressing an exogenous Mrg Gq-coupled metabotropic receptor in astrocytes, which is not expressed in the brain, and triggered its activation in a spatially and temporally controlled manner via the photolysis of a caged Mrg ligand. Using this approach, they found that activating Mrg signaling in one PAP induces Ca 2+ signalling, as well as a rapid increase in PAP-synapse coverage, whereas, meanwhile, neighboring unstimulated PAPs did not show any sign of morphological plasticity (Bernardinelli, Randall et al. 2014). Note that this signalling mechanism has been corroborated by other studies, which in addition provide evidence that the rise in PAP intracellular Ca 2+ is mediated by IP3R2 signaling and that mGluR3 and 5 are enriched in PAPs in situ [START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]Perez-Alvarez, Navarrete et al. 2014). Finally, in vivo data have confirmed that PAP-synapse remodelling can be elicited in the primary somatosensory barrel cortex in response to sensory stimulation, following the same signalling cascade (Bernardinelli, Randall et al. 2014;Perez-Alvarez, Navarrete et al. 2014). In all, this recent piece of work provides critical evidence enlightening the functional role of PAPs in the plasticity and maintenance of synaptic contacts. To go even further, as astrocyte territories contact several individual neurons, PAPs most probably connect synaptic ensembles belonging to separate neuronal circuits. It would, therefore, be interesting to ascertain in future investigations whether astrocytes may compute information stored from dispersed synaptic networks.

Implication of PAPs in synaptopathies

Homeostatic fluctuation of extracellular glutamate levels is a key modulator of synaptic function and is therefore a balancing act between uptake and release events, carried out by sophisticated astroglial molecular machinery (see chapter I.2.4.3 and I.2.5.2). Alterations in the core elements making up this system result in a vast repertoire of neurodegenerative and neuropsychiatric disorders. In particular, overstimulation of excitatory amino acid receptors results in the excessive increase of intracellular Ca 2+ concentration, and generally leads to activation of Ca 2+ -dependent inflammatory pathways and apoptosis [START_REF] Puyal | Multiple interacting cell death mechanisms in the mediation of excitotoxicity and ischemic brain damage: a challenge for neuroprotection[END_REF].

Such glutamatergic excitotoxic signaling is heavily involved in the etiology of neurodegenerative disorders such as Alzheimer's or Huntington's disease [START_REF] Hynd | Glutamate-mediated excitotoxicity and neurodegeneration in Alzheimer's disease[END_REF][START_REF] Mehta | Excitotoxicity: bridge to various triggers in neurodegenerative disorders[END_REF], multiple sclerosis [START_REF] Kostic | Multiple sclerosis and glutamate excitotoxicity[END_REF]) and neuropathic pain [START_REF] Osikowicz | The glutamatergic system as a target for neuropathic pain relief[END_REF]. Supporting this notion, Papouin et al. have recently demonstrated that PAP-secreted D-serine gates the glutamate-induced Ca 2+ overload that mediates neuronal death in hippocampal slices, hence suggesting that perisynaptic neuroglial interactions play a crucial role in neurodegeneration [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF]. Other mechanisms subtending neurological disorders rely on long-lasting adaptation of glutamate homeostasis regulators such as the glial glutamate transporter EAAT2/GLT-1 and the glutamate-catabolizing enzyme GS as a result of prolonged exposure to inadequate ECS glutamate concentrations [START_REF] Javitt | Translating glutamate: from pathophysiology to treatment[END_REF]. These persistent changes have indeed been shown to mediate symptoms of mental disorders with known environmental causes, such as substance abuse [START_REF] Kalivas | The glutamate homeostasis hypothesis of addiction[END_REF]) and mood disorders [START_REF] Mathews | Targeting the glutamatergic system to treat major depressive disorder: rationale and progress to date[END_REF]. Moreover, failure of the system to maintain the overall excitation/inhibition balance of synaptic inputs is thought to result in a pathophysiological pathway shared by most psychiatric conditions [START_REF] Yizhar | Neocortical excitation/inhibition balance in information processing and social dysfunction[END_REF]. In this respect, ''glutamate hypotheses'' accounting for neuropsychiatric disorders such as schizophrenia [START_REF] Moghaddam | From revolution to evolution: the glutamate hypothesis of schizophrenia and its implication for treatment[END_REF]), Huntington's chorea [START_REF] Cummings | Alterations in cortical excitation and inhibition in genetic mouse models of Huntington's disease[END_REF]) and Down's syndrome [START_REF] Baroncelli | Brain plasticity and disease: a matter of inhibition[END_REF]) have emerged. Interestingly, this framework is currently being reconsidered in light of the tripartite nature of the synapse. For instance, the function of astrocytic cysteine/glutamate exchangers and glutamate transporters has been shown to be strongly altered after prolonged exposure to drugs of abuse, thereby mediating symptoms of drug-seeking patients [START_REF] Reissner | Using glutamate homeostasis as a target for treating addictive disorders[END_REF]). In the same way, given that astrocytes processes could control the synchronized activity of neuronal networks dispersed across their territory of influence [START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF]Pannasch and Rouach 2013), astroglial processes have been proposed to participate in the spatiotemporal coordination of excitation/inhibition balance via the release of gliotransmitters [START_REF] Fellin | Astrocytic glutamate is not necessary for the generation of epileptiform neuronal activity in hippocampal slices[END_REF]. Therefore, in all, implication of the third synaptic compartment in our understanding of synaptopathies has yet to be considered and is likely to bring forth new pharmacological targets and therapeutic strategies.

The Supraoptic nucleus of the hypothalamus as a physiological model of morphological neuroglial plasticity

In the mammalian brain, the best example of physiological regulation of astroglial synaptic coverage is the remodelling of astrocytic processes contacting oxytocin-secreting neurons in the hypothalamo-neurohypophysial system during lactation. In response to suckling during breast feeding, astrocytes of the SON rapidly withdraw their processes from magnocellular cells (MNCs) somata and dendrites. This reduced astroglial neuron coverage allows MNCs to trigger synchronized high-frequency bursting activity, which in turn lead to a massive release of OT in the bloodstream in a pulsatile fashion, finally inducing the milk ejection reflex of the mammary gland (report to Fig. 7).

I will thus first introduce the unique neuroglial morphological remodelling occurring in the SON during lactation, its inductive factors as well as the molecular mechanisms involved and finally present its physiological roles.

2.1. Neuroglial remodeling in the Supraoptic nucleus during lactation 2.1.1. Plasticity of OT-secreting MNCs coverage by astroglia during lactation

The MNCs are the principal neurosecretory cells of the hypothalamo-neurohypophysial system. MNCs somata (≈18 000 according to [START_REF] Bandaranayake | Morphology of the accessory neurosecretory nuclei and of the retrochiasmatic part of the supraoptic nucleus of the rat[END_REF]) are located in two regions of the hypothalamus: the SON (bearing the optic chiasma) and the PVN (facing the wall of third ventricle) (Fig. 7A), while its axon terminals (presenting ≈2000 neurosecretory endings according to [START_REF] Nordmann | Ultrastructural morphometry of the rat neurohypophysis[END_REF]) abut in the posterior pituitary where they contact fenestrated capillaries, thus allowing neuropeptides to reach the systemic circulation. Besides, MNCs nerve endings contact differents CNS area, including the amygdala, nucleus accubens, hippocampus and prefrontal cortex [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF], where it plays a major neuromodulatory role [START_REF] Stoop | Neuromodulation by oxytocin and vasopressin in the central nervous system as a basis for their rapid behavioral effects[END_REF]. MNCs are subdivided into two groups, OT and VPreleasing neurons, which electrical activities and thus neurosecretory functions are regulated by distinct physiological stimuli. OT is involved in the control of behavioral and reproductive functions, while VP regulates body fluid and cardiovascular functions. Interestingly, MNCs have been shown to be loosely packed in the SON such that OT+ and VP+ neurons actually intermingle in the neuropile. However, OT+ neurons of the SON are surrounded by two morphologically distinct subtypes of astroglial cells, the stellate and radial glia-like astrocytes [START_REF] Bonfanti | Radial glia-like cells in the supraoptic nucleus of the adult rat[END_REF], which physically isolate them from neighbouring neuronal circuits. In fact, radial glia-like astrocytes -which are the most numerous glial cell type of the SON -have their cell bodies grouped together in a thin layer elongated along the ventral border of the nucleus, so-called ventral glia lamina (VGL) (Fig. 7B). Then, astrocytes from the VGL extend centripetally numerous long and bushy processes toward OT+ MNCs.

Therefore, in basal condition of neurosecretion (such as in virgin mice), OT-secreting MNCs somata and dendrites are almost completely ensheathed by radial astroglial membranes (Fig. 7B). Strikingly, it has been known since the early 80's that this picture changes completely upon physiological situations of intense neurosecretion, including parturition [START_REF] Montagnese | Structural plasticity in the rat supraoptic nucleus during gestation, post-partum lactation and suckling-induced pseudogestation and lactation[END_REF], lactation [START_REF] Hatton | Magnocellular neuropeptidergic neurons in hypothalamus: increases in membrane apposition and number of specialized synapses from pregnancy to lactation[END_REF], osmoregulation [START_REF] Chapman | Osmotic stimulation causes structural plasticity of neurone-glia relationships of the oxytocin but not vasopressin secreting neurones in the hypothalamic supraoptic nucleus[END_REF]) and stress [START_REF] Miyata | Not only osmotic stress but also repeated restraint stress causes structural plasticity in the supraoptic nucleus of the rat hypothalamus[END_REF]. In these situations, astrocyte steming from the VGL withdraw their processes from OT+ MNCs surfaces, and thereby promote the juxtaposition of neuronal profiles, that is to say the extracellular buildup of neurotransmitters and the electrotonic coupling between adjacent dendrites (Fig. 7C). At the same time, the morphology of OT-secreting MNCs changes drastically, such that their somata and secreting organelles become hypertrophic (which is not due to an overall cell swelling), their dendrites become stubby and less branched, and the number of their axon terminals strongly increase [START_REF] Stern | Reorganization of the dendritic trees of oxytocin and vasopressin neurons of the rat supraoptic nucleus during lactation[END_REF]. Importantly, although similar neuroglial structural plasticities have been described for other magnocellular nuclei [START_REF] Tweedle | Ultrastructural comparisons of neurons of supraoptic and circularis nuclei in normal and dehydrated rats[END_REF][START_REF] Theodosis | Neuronal-glial and synaptic plasticity in the adult rat paraventricular nucleus[END_REF], in any case, it appears to be restricted to OT+ MNCs circuits, irrespective of the type of physiological stimulations [START_REF] Chapman | Osmotic stimulation causes structural plasticity of neurone-glia relationships of the oxytocin but not vasopressin secreting neurones in the hypothalamic supraoptic nucleus[END_REF]). Therefore, MNCs hypertrophy does not account for the increased juxtaposition of OT+ neurons; indeed, although VP+ MNCs show similar increase in cell volume under situations of strong hormonal demands, these cells do not modify astrocytic neuronal coverage. Thereafter, neuroglial structural remodeling in response to physiological situations of intense OT secretion has also been reported to occur in the neurohypophysis. Hence, in basal condition, astrocytic-like pituicytes extend manifold ramifications that ensheath OT+ axons and enwrap neurohypophyseal capillaries, thereby limiting the release of neuropeptides in the systemic circulation. In contrast, during parturition or lactation, pituicyte processes retract, and thus reduce their physical interactions with blood vessels and MNCs axon terminals, thereby releasing the brake of OT secretion in the systemic circulation [START_REF] Tweedle | Evidence for dynamic interactions between pituicytes and neurosecretory axons in the rat[END_REF]. Interestingly, the morphological changes displayed by hypothalamic astrocytes are rapid and reversible; generally occurring only few hours after the onset of stimulation [START_REF] Perlmutter | Neuronal/glial plasticity in the supraoptic dendritic zone in response to acute and chronic dehydration[END_REF] and returning to a basal state with a velocity that depends on the duration of stimulation. In fact, it takes only a month after weaning for a lactating rodent to recover normal neuroglial contacts within its SON, while it takes at least twice the time for a rodent which has experienced consecutive childbirth (Theodosis and Poulain 1984).

Moreover, these neuroglial anatomical changes do not intervene if the pups are directly removed from the nest after birth, whereas they last longer than usual if one provides the lactating rodent with new pups to feed after weaning [START_REF] Montagnese | Structural plasticity in the rat supraoptic nucleus during gestation, post-partum lactation and suckling-induced pseudogestation and lactation[END_REF]. Lastly, and very surprisingly, a study has shown that blocking the withdrawal of astroglial processes in the SON, by injecting the brain of pregnant rodents with an enzyme degrading a necessary factor (PSA-NCAM), do not perturb the bursting activity of MNCs, nor the frequency and amplitude of suckling-induced reflex milk ejections (Catheline, Touquet et al. 2006). Therefore, the authors have proposed that neuroglial remodelling, albeit of primordial importance in situ, is not necessary for parturition, nor lactation. We will further discuss this assumption in chapter II.2.2.3.

Structural plasticity of MNC synapses during lactation

Synaptic inputs to MNCs shape their pattern of electrical activity and thus determine their level of neurosecretion. The reduction of astroglial coverage of OT+ MNCs occurring during lactation has been shown to be permissive for structural synaptic plasticity, taking in particular the form of de novo formation and elimination of synapses. Therefore, the SON provides an exemplary model of activity-dependent remodeling of synaptic circuits in the adult brain, correlating with astroglial morphological plasticity [START_REF] Theodosis | Possible morphological bases for synchronisation of neuronal firing in the rat supraoptic nucleus during lactation[END_REF]) (Fig. 7C). Using a dissector-based stereological method to analyse electron microscopy data, researchers have shown that the most significant synaptic rearrangement taking place in the SON consists of an increase in multisynaptic (axosomatic and axodendritic) contacts, which goes from ≈9% in virgin rodents to ≈20% in lactating animals (El [START_REF] El Majdoubi | Lactation-induced plasticity in the supraoptic nucleus augments axodendritic and axosomatic GABAergic and glutamatergic synapses: an ultrastructural analysis using the disector method[END_REF]. Then, interestingly enough, although lactation induces OT+ MNCs hypertrophy, the total density of synapses in lactating animals (≈35x10 6 per mm 3 according to [START_REF] Gies | Synaptic plasticity in the rat supraoptic nucleus during lactation involves GABA innervation and oxytocin neurons: a quantitative immunocytochemical analysis[END_REF]) is comparable to those of virgin rodents, and is even higher when focusing only at axodendritic synapses. Thus, these findings support the idea that lactation drives the neoformation of input synapses onto OT+ neurons. Note that this hypothesis has been confirmed in vivo, where new OT+ MNC synapses could be observed in the SON as soon as 24h after the onset of biological stimulation [START_REF] Montagnese | Structural plasticity in the rat supraoptic nucleus during gestation, post-partum lactation and suckling-induced pseudogestation and lactation[END_REF]; as well as in vitro, where it has been possible to increase the density of synapses contacting OT neurosecretory cells in hypothalamic acute slices after 4h of experimental stimulation (Theodosis et al. 2001). Similarly to the lactation-induced juxtaposition of OT+ neuronal profiles, the velocity at which the synaptic connectivity of the SON returns to a basal state relies heavily on the duration of the physiological stimulation (Theodosis and Poulain 1984).

Next, the question arose over the identification of hypothalamic neuronal circuits undergoing synaptic plasticity in situations of hormonal demand; Firstly, GABAergic synapses represent more than one third of OT+ MNCs input synapses, and most of them are steming from neighboring hypothalamic interneurons (El [START_REF] El Majdoubi | Lactation-induced plasticity in the supraoptic nucleus augments axodendritic and axosomatic GABAergic and glutamatergic synapses: an ultrastructural analysis using the disector method[END_REF]) (Fig. 7C).

Interestingly, the activity-dependent remodeling of hypothalamic GABAergic circuits during lactation is restricted to synapses contacting OT+ neurons in the SON (Theodosis, Paut et al.1986). Secondly, at least ≈25% of synapses onto OT+ MNCs are glutamatergic (Fig. 7C), and arise from a distinc pool of local interneurons. Of particular interest, glutamatergic synaptic contacts account for the highest proportion of multisynaptic inputs in the SON and is moreover reported to triple following lactation (Meeker, Swanson et al. 1993). In all, glutamatergic synapses represent the main excitatory drive controling MNCs neurosecretion (van den [START_REF] Van Den Pol | Glutamate, the dominant excitatory transmitter in neuroendocrine regulation[END_REF]). Thirdly, the noradrenergic innervation provides ≈10% of OT+ MNCs input synapses [START_REF] Michaloudi | The noradrenergic innervation of identified hypothalamic magnocellular somata and its contribution to lactation-induced synaptic plasticity[END_REF]). These noradrenergic fibers originate either from the ventrolateral medulla or from the nucleus tractus solitarii.

Importantly, the latter appears to play a vital role in relaying visceral and somatosensory informations to the hypothalamic neurosecretory cells, in particular in relation to vaginal distension (parturition) [START_REF] Dreifuss | Excitation of supraoptic neurones by vaginal distention in lactating rats; correlation with neurohypophysial hormone release[END_REF][START_REF] Bailey | Electrophysiological responses of neurones in the rat nucleus tractus solitarius to oxytocin-releasing stimuli[END_REF]. In contrast, note that the neuronal circuitry that links mechanoreceptor stimulation in the nipple to OT+ MNC activation remains largely unknown [START_REF] Higuchi | Role of the supraoptic nucleus in regulation of parturition and milk ejection revisited[END_REF]. Finally, somato-dendritic release of OT is a retrograde messenger regulating the amplitude of excitatory inputs onto SON, and thereby plays a necessary role for the generation of OT+ MNCs bursting activity [START_REF] Lambert | Action of endogenous oxytocin within the paraventricular or supraoptic nuclei: a powerful link in the regulation of the bursting pattern of oxytocin neurons during the milk-ejection reflex in rats[END_REF]).

Inductive signaling and molecular mechanisms of OT secretion

Generation of bursting activity driving OT secretion during lactation

It has been recognized since the early 70's that OT-secreting MNCs display a characteristic high-frequency burst of electrical activity during suckling (30-80 Hz spike bursts lasting 1-4 sec, recurring every 4-8 min) [START_REF] Lincoln | Electrophysiological evidence for the activation of supraoptic neurones during the release of oxytocin[END_REF]. Hence, after 5-15 minutes from the onset of suckling, virtually all OT+ MNCs of the SON fire synchronously, leading to the pulsatile and massive release of OT in the bloodstream. In fact, this pattern of electrical activity is tightly regulated as it has been shown that phasic OT stimulation of myoepithelial cells of the mammary gland can induce efficient milk let-down while tonic stimulation does not because of OT receptors desensitization [START_REF] Armstrong | The puzzle of pulsatile oxytocin secretion during lactation: some new pieces[END_REF]. OT+ MNCs bursting triggers the extracellular buildup of K + , that is to say rapid axonal depolarization, in such a way that a single bursting event is thought to be sufficient to recruit the ≈2000 axonal endigs making up each neurohypophysial fibers [START_REF] Giovannucci | Regulation of secretory granule recruitment and exocytosis at rat neurohypophysial nerve endings[END_REF]. Although the identity of MNCs synaptic inputs activated by suckling is still unknown, in vitro data demonstrating that the synchronisation of MNCs bursting events is mediated by excitatory synaptic inputs, have suggested that glutamate is the main neurotransmitter governing the rythmic drive of OT+ neurosecretory cells [START_REF] Israel | Glutamatergic input governs periodicity and synchronization of bursting activity in oxytocin neurons in hypothalamic organotypic cultures[END_REF]. In other words, the prevailing glutamatergic hypothesis proposes that the pulse generator for rythmic firing of OT+ MNC is entirely included in the SON and relies on local excitatory synaptic inputs. Conversely, MNC activation induces co-release of autocrine signaling molecules -including the opioid peptide dynorphin and ATP [START_REF] Brown | Opioid modulation of magnocellular neurosecretory cell activity[END_REF][START_REF] Noguchi | Adenosine inhibits voltage-dependent Ca2+ currents in rat dissociated supraoptic neurones via A1 receptors[END_REF], which provides negative feedback to neurosecretory cells, thereby inhibiting prolonged OT secretion. Lastly, the paracrine release of OT has been shown to endorse sophisticated neuromodulatory functions, monitoring its own secretion: (1) OT acts as a positive feedback increasing OT neurosecretory cell firing [START_REF] Lambert | Action of endogenous oxytocin within the paraventricular or supraoptic nuclei: a powerful link in the regulation of the bursting pattern of oxytocin neurons during the milk-ejection reflex in rats[END_REF]); (2) OT signaling decreases GABA mediated inhibitory post-synaptic currents (IPSCs) [START_REF] Brussaard | Postsynaptic mechanism of depression of GABAergic synapses by oxytocin in the supraoptic nucleus of immature rat[END_REF]; (3) OT serves as a depressant presynaptic messenger for afferent excitatory pathways, preventing excessively lenghty stimulations and thereby promoting the pulsatility of MNCs firing [START_REF] Kombian | Dendritically released peptides act as retrograde modulators of afferent excitation in the supraoptic nucleus in vitro[END_REF]). Noteworthy, it has been noted that dendritically-released OT can concentrate in the hypothalamic extracellular fluid at 100 times the plasmatic concentration [START_REF] Ludwig | Dendritic release of vasopressin and oxytocin[END_REF]. Strikingly, in vivo release of OT depends on MNCs intracellular signaling rather than neurosecretory cell firing (Ludwig, Sabatier et al. 2002). Therefore, it has been postulated than MNCs need to be « conditioned » by pregnancy to be able to respond to suckling-associated stimuli. In particular, MNCs express oestrogen receptor β [START_REF] Somponpun | Osmotic regulation of estrogen receptor-beta in rat vasopressin and oxytocin neurons[END_REF], whose signaling tailors the synthesis of OT [START_REF] Nomura | Estrogen receptor-beta regulates transcript levels for oxytocin and arginine vasopressin in the hypothalamic paraventricular nucleus of male mice[END_REF] and OT receptors [START_REF] Young | Estrogen receptor alpha is essential for induction of oxytocin receptor by estrogen[END_REF], regulates the activity of the hypothalamo-neurohypophysial axis [START_REF] Liu | Intrahypothalamic estradiol modulates hypothalamuspituitary-adrenal-axis activity in female rats[END_REF], and increases plasmatic levels of OT [START_REF] Chiodera | Effect of estrogen or insulin-induced hypoglycemia on plasma oxytocin levels in bulimia and anorexia nervosa[END_REF]. Therefore, the generation of rythmic activity in the SON does not appear to be hardwired in the neuronal circuitry nor in intrinsic electrophysiological properties of OT-secreting MNCs, but rather seems to emerge from the complex interactions between numerous neuromodulatory cues and glutamatergic excitatory synaptic inputs, enabling the SON to generate an intermitent physiological response from a continuous stimulation.

Permissive factors for structural neuroglial plasticity in the SON

The dramatic neuroglial plasticity taking place in the SON during lactation involves, first and foremost, the remodeling of adhesive interactions (PSA-NCAM and F3-contactin), ECM molecules (Laminins, Tenascin C, proteoglycans) and cytoskeletal proteins (GFAP and Vimentin). First, PSA-NCAM (α-2-8-linked Polyisialic Acid Neural Cell Adhesion Molecule) is a high molecular weight glycoprotein expressed by neurons and astrocytes in the SON, where it is enriched in dendrites/axonal terminals and fine astrocyte processes, respectively [START_REF] Seki | Distribution and possible roles of the highly polysialylated neural cell adhesion molecule (NCAM-H) in the developing and adult central nervous system[END_REF]. Very interestingly, this transmembrane adhesion protein has been reported to be essential for the rearrangement of neuroglial contacts in the hypothalamus, as enzymatic removal of PSA from NCAM prevented the lactation-induced morphological plasticity of the SON [START_REF] Theodosis | Cell surface expression of polysialic acid on NCAM is a prerequisite for activity-dependent morphological neuronal and glial plasticity[END_REF]. Note that the cellular mechanisms mediated by PSA-NCAM are still unknown, but given it huge size and electrostatic properties it has been proposed to intervene as a barrier between cells and as such should be regarded as an essential permissive factor for the structural reassembling of cellular connection in the SON. Then, tenascin-C is a large anti-adhesive ECM molecule normally expressed by astrocytes during development and injury, and kept at a very low level in the adult brain (with the exception of a few CNS areas like the olfactory bulb glomeruli, the molecular layer of the cerebellum and the ventral horn of the spinal cord). Interestingly, tenascin-C is secreted in the SON [START_REF] Singleton | Differential expression of tenascin by astrocytes associated with the supraoptic nucleus (SON) of hydrated and dehydrated adult rats[END_REF], where it induces intracellular signaling through binding with F3-contactin and Integrinβ1 receptors, and modulates the mechanical properties of the ECM by interacting with collagens and proteoglycans [START_REF] Theodosis | Adhesion molecules and structural plasticity of the adult hypothalamo-neurohypophysial system[END_REF].

Furthermore, tenascin-C expression in the hypothalamus is regulated by various signaling factors including monoamines [START_REF] Vacher | Architecture of the hypothalamoposthypophyseal complex is controlled by monoamines[END_REF], FGF-1 [START_REF] Suzuki | Expression of tenascin-C long isoforms is induced in the hypothalamus by FGF-1[END_REF] and Serotonin [START_REF] Brezun | Serotonin depletion in the adult rat produces differential changes in highly polysialylated form of neural cell adhesion molecule and tenascin-C immunoreactivity[END_REF], and has been shown to chiefly regulate ECM remodeling during synaptic plasticity [START_REF] Jones | Astrocyte-secreted matricellular proteins in CNS remodelling during development and disease[END_REF]. Thus, albeit the exact role of tenascin-C in SON remodeling still has to be fully determined, it is widely regarded as a necessary element of the SON plasticity. Finally, the remodeling of neuroglial cells in the SON during lactation is made possible by the upregulation and reorganization of cytoskeletal elements, notably GFAP [START_REF] Salm | Lactation-associated redistribution of the glial fibrillary acidic protein within the supraoptic nucleus. An immunocytochemical study[END_REF], actin [START_REF] Wang | Mechanisms underlying oxytocin-induced excitation of supraoptic neurons: prostaglandin mediation of actin polymerization[END_REF], tubulin [START_REF] Miyata | Morphological plasticity and rearrangement of cytoskeletons in pituicytes cultured from adult rat neurohypophysis[END_REF]) and tubulin-associated proteins [START_REF] Nothias | Expression of a phosphorylated isoform of MAP1B is maintained in adult central nervous system areas that retain capacity for structural plasticity[END_REF]. In particular, GFAP-associated astrocytic plasticity occurs in the SON in response to suckling via both disassembling and redistribution of GFAP filaments from the glial processes to the soma. Importantly, this reorganization of GFAP filaments is thought to be permissive for the realignment of radial glia-like astrocyte processes from a vertical to a lateral orientation in regard to the VGL [START_REF] Bobak | Plasticity of astrocytes of the ventral glial limitans subjacent to the supraoptic nucleus[END_REF].

Molecular mechanisms for structural neuroglial plasticity in the SON

Continuous suckling triggers intermittent OT+ MNCs bursting and thus pulsatile milk let-down, which goes hand-in-hand with the chronic reorganization of the astrocytic GFAP cytoskeleton. Indeed, suckling induces primarily the downregulation of GFAP, which is rapidly reversed and even up-regulated after the third or fourth milk ejection reflex (Wang and Hamilton 2009). In other words, astrocyte processes return to their initial position when a certain threshold of ions and neurotransmitters -which have been released in the ECS during bursting -is exceeded. Therefore, the timely disassembling of GFAP filaments in response to suckling appears to be rather mediated by the initial increase of various neurochemical factors, inter alia: K + (Coles and Poulain 1991), noradrenaline, [START_REF] Bealer | Noradrenergic control of central oxytocin release during lactation in rats[END_REF], glutamate [START_REF] Herbison | Profile of monoamine and excitatory amino acid release in rat supraoptic nucleus over parturition[END_REF]) and OT [START_REF] Neumann | Oxytocin and vasopressin release within the supraoptic and paraventricular nuclei of pregnant, parturient and lactating rats: a microdialysis study[END_REF]. Especially, the later seems to play an instructive role in the GFAP response to suckling, as acute SON slices treated with OT (10pM-1nM for 30 min) display dose-dependent reduction of MNCs coverage by GFAP+ processes [START_REF] Wang | Astrocytic plasticity and patterned oxytocin neuronal activity: dynamic interactions[END_REF]. Importantly, this OT-mediated GFAP downregulation was not due to increased OT+ MNCs firing, as it could be elicited in the presence of the voltage gated Na + ion channel blocker TTX [START_REF] Wang | Astrocytic plasticity and patterned oxytocin neuronal activity: dynamic interactions[END_REF].

Interestingly, it has also been showed that the retraction of GFAP filaments upon suckling is accompanied by a similar decreased expression of key functional glial proteins, including in particular AQP4, thus suggesting that the withdrawal of astroglial processes is based on both cytoskeleton redistribution and cell shrinkage [START_REF] Wang | Astrocytic plasticity and patterned oxytocin neuronal activity: dynamic interactions[END_REF]. Then, the reversal of GFAP loss concurs with the extracellular buildup of K + (and very likely glutamate, ATP and OT) following repetitive MNCs bursting events; indeed, it has been demonstrated that exposing acute SON slices with high concentration of K + (12mM for 30s) in the presence of OT is sufficient to induce increased expression of GFAP [START_REF] Wang | Astrocytic plasticity and patterned oxytocin neuronal activity: dynamic interactions[END_REF]. Lastly, but importantly, the question remains about why blocking GFAP+ processes withdrawal fails to impair the milk ejection reflex (Catheline, Touquet et al. 2006). A study has demonstrated that injecting the glial toxins L-aminoadipic acid or fluorocitrate in the brain of lactating rodents, known to block respectively GS activity and energetic metabolism, induces the impairment of OT+ MNCs synchronized bursting [START_REF] Wang | Astrocytic plasticity and patterned oxytocin neuronal activity: dynamic interactions[END_REF]. Strikingly, the authors further showed that these toxins actually reduce the level of GFAP in SON without promoting OT secretion; thus, fostering the idea that the effect of GFAP on neurosecretory cells activity may actually be uncoupled to astroglial morphogenesis. So, knowing that the astroglial cytoskeleton has recently emerge to be a key scaffolding structure regulating the activitydependent trafficking of functional proteins [START_REF] Sullivan | Cytoskeletal anchoring of GLAST determines susceptibility to brain damage: an identified role for GFAP[END_REF][START_REF] Murphy-Royal | Surface diffusion of astrocytic glutamate transporters shapes synaptic transmission[END_REF][START_REF] Stephen | Miro1 Regulates Activity-Driven Positioning of Mitochondria within Astrocytic Processes Apposed to Synapses to Regulate Intracellular Calcium Signaling[END_REF], the authors performed co-immunoprecipitation assays in lactating SON, using GFAP as a bait. In this perspective, GFAP association with channels (AQP4), cytoskeletal proteins (Actin) and enzymes (GS and SR) was found to be dynamically regulated throughout suckling, and thereby may serve to bring astroglial processes close enough to OT+ MNCs synapses to tailor glutamate metabolism and signaling [START_REF] Wang | Astrocytic plasticity and patterned oxytocin neuronal activity: dynamic interactions[END_REF]). This hypothesis is in accordance with reports showing for instance that GFAP interacts with glutamate transporters [START_REF] Sullivan | Cytoskeletal anchoring of GLAST determines susceptibility to brain damage: an identified role for GFAP[END_REF], and regulates its trafficking toward the plasma membrane [START_REF] Hughes | Loss of glial fibrillary acidic protein results in decreased glutamate transport and inhibition of PKA-induced EAAT2 cell surface trafficking[END_REF]).

Functional consequences of the astroglial synaptic remodeling of OT neurons 2.3.1. Astrocytes remodeling modifies ECS diffusion properties in the lactating SON

The extrasynaptic exchange of signaling molecules in the CNS, also called volume transmission (see chapter I.2.4.2.1. and [START_REF] Sykova | Extrasynaptic volume transmission and diffusion parameters of the extracellular space[END_REF])), depends heavily on the diffusional properties of the ECS. Especially, here are few key parameters controling ECS properties: geometry of the synapse, localization of receptors, composition of the ECM (notably the presence of physical and electrostatic barriers), extracellular degrading enzymes and proximity of astrocyte processes and its associated transporters. The later is of particular interest in the context of SON neuroglial cells remodeling, and has hence been investigated during lactation using the tetramethylammonium iontophoretic method, allowing effective monitoring of ECS tortuosity, extracellular volume and nonspecific uptake changes in real time [START_REF] Piet | Physiological contribution of the astrocytic environment of neurons to intersynaptic crosstalk[END_REF]). This study has demonstrated that astrocyte processes withdrawal facilitates the diffusion of molecules in the ECS by reducing ECS tortuosity, thereby promoting heterosynaptic crosstalks. Noteworthy, the authors have showed that OT+ MNCs synaptic inputs are subject to neuromodulation in absence of surrounding glial membrane sheaths. Indeed, glutamate spillover can reach presynaptic metabotropic glutamate receptors, and thus lead to depression of GABAergic transmission in acute SON slices of lactating rodents [START_REF] Piet | Physiological contribution of the astrocytic environment of neurons to intersynaptic crosstalk[END_REF]).

Astrocytes remodeling regulates extracellular potassium build up in the SON

Astrocyte processes and its high-affinity ion transporters (including the best-known Kir4.1) are key regulators of extrasynaptic osmotic balance (see chapter I.2.4.2.2.). In this respect, their removal from the vicinity of OT+ synapses during lactation would in particular lead to the rapid extracellular build up of K + , which is massively released in response to the intense burst of MNCs firing. Electrophysiological approaches based on K + -sensitive microelectrodes have indeed reported that the lactation-induced OT+ MNCs burst of firing triggers the rise of extracellular K + concentration [START_REF] Coles | Extracellular K+ in the supraoptic nucleus of the rat during reflex bursting activity by oxytocin neurones[END_REF]. Note that this acute K + buildup may rapidly depolarize neighboring elements of the SON neuropile, all the more that neurons are firing synchronously and hence gradually spreads toward the posterior pituitary to recruit virtually all hypophyseal OT+ fibers.

Astrocytes remodeling sets extrasynaptic receptors signaling in the SON

A characteristic function of perisynaptic astrocyte processes consists in uptaking neurotransmitters spilling out of the synaptic cleft, which allows maintaining proper synapse independence and limiting excitotoxicity (see chapter I.2.4.3 and (Isaacson 2000;[START_REF] Danbolt | Glutamate uptake[END_REF]. In this regard, the remodeling of radial glia-like astrocytes in the lactating SON has provided a case in point for investigating the contribution of astroglial uptake to the activity of OT+ MNCs. First, studies have showed that blocking astroglial glutamate transporters in virgin SON with selective pharmacological agents (like dihydrokainate, DHK) induces a net reduction in the amplitude of EPSCs, as well as a diminution in the frequency of miniature EPSCs (Oliet, Piet et al. 2001;[START_REF] Boudaba | Increased tonic activation of presynaptic metabotropic glutamate receptors in the rat supraoptic nucleus following chronic dehydration[END_REF]. In fact, this synaptic transmission shutdown was mediated by the activation of pre-synaptic mGluRs reducing the probability of glutamate release (Oliet, Piet et al. 2001). Then, reports have demonstrated that glutamatemediated presynaptic inhibition of synaptic release is naturally occurring in physiological situations of reduced astroglial neuronal coverage, that is to say reduced glutamate clearance, such as lactation (Oliet, Piet et al. 2001) or dehydration [START_REF] Boudaba | Increased tonic activation of presynaptic metabotropic glutamate receptors in the rat supraoptic nucleus following chronic dehydration[END_REF].

Kainate receptors (KARs) signaling provides another example in which the distance of PAPs and its associated glutamate high-affinity transporters from synaptic releasing sites is critical for shaping the mode of action of neurotransmitter receptors. The presynaptic activation of KARs has indeed been reported to modulate the release of neurotransmitters toward either facilitation or inhibition depending on the concentration of receptor agonists applied (Oliet and Bonfardin 2010). In light of this, the extracellular build-up of glutamate consecutive to the remodeling of astrocytes in the SON would similarly affect KARsmediated presynaptic signaling. Activation of KARs on GABAergic presynaptic elements from virgin SON slices by basal level of endogenous glutamate triggers the facilitation of inhibitory transmission onto MNCs [START_REF] Bonfardin | Glia-dependent switch of kainate receptor presynaptic action[END_REF]. In this case, pharmacological blocking of KARs using philanthotoxin-433 has showed that the facilitation of GABA release is mediated by ionotropic signaling, involving neuronal depolarization and thus massive Ca 2+ entry. Then, in lactating SON slices, where the ambient concentration of glutamate is much higher, the activation of the very same receptors rather induces the inhibition of GABA release onto OT+ neurons [START_REF] Bonfardin | Glia-dependent switch of kainate receptor presynaptic action[END_REF]. Actually, this effect relies on the recruitment of a metabotropic signaling cascade by activated KARs, as could be seen from the fact that the inhibition of GABA release was abolished by a phospholipase C inhibitor. Finally, to confirm that OT+ MNC synapses coverage by astrocytes determines the mode of action of KARs, two distinct experiments were performed. One initial approach has consisted in incubating lactating SON slices with an enzyme metabolizing glutamate (glutamic-pyruvic transaminase), immediately reducing glutamate extracellular levels, the consequence of which was to switch KARs inhibition toward facilitation of GABA release. Then, virgin SON slices were treated with a specific glutamate transporter blocker (TBOA), thus rapidly leading to a net increase in extracellular glutamate concentration, pushing KARs signaling toward inhibition of GABA release [START_REF] Bonfardin | Glia-dependent switch of kainate receptor presynaptic action[END_REF]. In conclusion, the KARs-mediated bidirectional regulation of GABA release is directly controlled by the physiological state of the tripartite synapse, hence adding an extra level of plasticity to the OT+ neuronal circuit.

Astrocytes remodeling promotes MNCs electrotonic coupling during lactation

The withdrawal of radial glial-like astrocyte processes from OT+ neurons in the lactating SON promotes the direct apposition of neurosecretory cell surfaces, which increases significantly the efficacy of MNCs electrical synapses, and hence electrotonic coupling, as illustrated by lactation-induced increase of intercellular dye coupling [START_REF] Hatton | Dye coupling among immunocytochemically identified neurons in the supraoptic nucleus: increased incidence in lactating rats[END_REF]. Electrical synapses are based on gap junction channels (GJC)-mediated interneuronal coupling and support bidirectional exchange of ions, second messengers and energetic metabolites contributing to the generation of high frequency synchronized bursting (O'Brien 2014). Therefore, the expression of MNCs connexins has been reported to be regulated by physiological situations of high hormonal demands [START_REF] Micevych | Connexin 32 mRNA levels in the rat supraoptic nucleus: up-regulation prior to parturition and during lactation[END_REF][START_REF] Jiang | Involvement of connexin43 in the acute hyperosmotic stimulusinduced synthesis and release of vasopressin in the supraoptic nucleus of rats[END_REF], and appear to contribute to the activation of MNCs [START_REF] Duan | Ultrastructure of junction areas between neurons and astrocytes in rat supraoptic nuclei[END_REF][START_REF] Yuan | Acute hyperosmotic stimulus-induced Fos expression in neurons depends on activation of astrocytes in the supraoptic nucleus of rats[END_REF] as well as the synthesis and release of neurohormones [START_REF] Jiang | Involvement of connexin43 in the acute hyperosmotic stimulusinduced synthesis and release of vasopressin in the supraoptic nucleus of rats[END_REF]). Finally, it has been suggested that the difference of MNCs dye coupling observed between virgin and lactating SON slices may also arise from neuroendocrine regulations. Indeed, the cerebral level of oestrogen was found to increase substantially upon suckling [START_REF] Taya | Mechanisms of suppression of ovarian follicular development during lactation in the rat[END_REF], and ovariectomy vs estradiol replacement have been shown to have opposite effects on MNCs GJC-mediated coupling [START_REF] Hatton | Effects of ovariectomy and estrogen replacement on dye coupling among rat supraoptic nucleus neurons[END_REF]).

Astrocytes processes withdrawal regulates gliotransmission in the SON

Astrocytes are now acknowledged to be active contributors to synaptic transmission, particularly through the release of neuroactive substances called gliotransmitters (see chapter I.2.5.2). In the hypothalamoneurohypophysial system, astrocytes have been reported to release various signaling cues, including Taurine [START_REF] Hussy | Glial cells in the hypothalamo-neurohypophysial system: key elements of the regulation of neuronal electrical and secretory activity[END_REF], ATP [START_REF] Gordon | Norepinephrine triggers release of glial ATP to increase postsynaptic efficacy[END_REF]) and D-serine [START_REF] Mothet | D-serine is an endogenous ligand for the glycine site of the N-methyl-D-aspartate receptor[END_REF]. The removal of astrocyte processes from the vicinity of OT+ synapses in the SON has a direct impact on gliotransmission-based modulation of MNCs activity. Indeed, in this case: (1) Taurine can no longer activates SON neuronal glycinergic receptors, which normally inhibits the generation of action potentials by hyperpolazizing MNCs [START_REF] Choe | Taurine release by astrocytes modulates osmosensitive glycine receptor tone and excitability in the adult supraoptic nucleus[END_REF]); (2) ATP released by glia fails to regulate postsynaptic efficacy (via the insertion of AMPARs) at glutamatergic synapses [START_REF] Gordon | Norepinephrine triggers release of glial ATP to increase postsynaptic efficacy[END_REF]); (3) the lack of D-serine, a well-known coagonist of NMDARs, limits the number of NMDARs that can be activated and thus recruited by longterm synaptic plasticities (LTP or LTD) [START_REF] Panatier | Glia-derived D-serine controls NMDA receptor activity and synaptic memory[END_REF].

In all, the remodelling of neuroglial contacts occuring in the SON in response to physiological stimuli (suckling, dehydration, and stress) has provided the neuroscience community with un unprecedented model for investigating the contribution of astrocytes to the functioning of the tripartite synapse.

Beyond lactation: the role of OT in maternal care and offspring social development

First characterized in the mid 50's [START_REF] Vigneaud | The sequence of amino acids in oxytocin, with a proposal for the structure of oxytocin[END_REF], Oxytocin (OT) is a vital nonapeptide released in the systemic circulation in response to various endogenous and environemental stimuli, which controls fundamental body functions largely related to reproduction (lordosis, orgasm, parturition, lactation) and osmoregulation (Bourque, Oliet et al. 1994;Veening, de Jong et al. 2015). Moreover, when released centrally throughout the CNS, OT has a plethora of effects on cognition (learning and memory), sociability (emotion, social recognition, trust, empathy) and behavior (maternal care, food intake, motivation) (for review see [START_REF] Anacker | Life in groups: the roles of oxytocin in mammalian sociality[END_REF][START_REF] Chini | Learning about oxytocin: pharmacologic and behavioral issues[END_REF][START_REF] Bridges | Neuroendocrine regulation of maternal behavior[END_REF]. In particular, I will focus here on the role of OT in modulating maternal nurturing behaviors and further discuss its consequences on the social development of offsprings.

OT regulates maternal nurturing behaviors

The first hint of a causal link between OT and maternal care has been brought to light in the late 70's when Pederson and colleagues performed intracerebroventricular injection of OT in virgin female rats, hence leading rodents to adopt maternal behaviour toward foster pups [START_REF] Pedersen | Induction of maternal behavior in virgin rats after intracerebroventricular administration of oxytocin[END_REF]. Conversely, injecting pharmacological antagonists of OT following the same procedure has the exact opposite effect on postpartum maternal behaviors [START_REF] Van Leengoed | Inhibition of post-partum maternal behaviour in the rat by injecting an oxytocin antagonist into the cerebral ventricles[END_REF]. The propensity of female rodents to respond maternally to pup stimuli (smell, ultrasonic vocalizations, facial expressions) increases significantly at the time of birth, as do plasmatic levels of OT (de Geest, Thiery et al. 1985). What are the maternal behaviors adopted by dams during the development of pups? First, maternal responsiveness starts rising around day 17 of pregnancy in rodents, where dams display increased levels of nest building and defense towards male intruders [START_REF] Mayer | Prepartum changes in maternal responsiveness and nest defense in Rattus norvegicus[END_REF]. Then, following childbirth, the female rodents engaged in two distinct sets of behavioural responses: (1) pups-oriented actions, including retrieval, pups-licking, grooming and feeding; and (2) maternal services, such as pup defense, nest building and increased exploratory activity [START_REF] Bridges | Neuroendocrine regulation of maternal behavior[END_REF]. Note that some of these behaviors (in particular pup retrieval and nest building) have since been regularly used to assess the neuroethological capacity of female rodents to engage in maternal caregiving (Deacon 2006). What are the brain structures controlling maternal nurturing? Recent studies have started to identify the neuronal circuits underlying maternal behaviors in rodents; noteworthy, these circuits were found to be widely dispersed throughout the brain, including notably the olfactory bulb [START_REF] Levy | Olfactory regulation of maternal behavior in mammals[END_REF]), the medial preoptic area (MPOA) [START_REF] Dobolyi | Preoptic inputs and mechanisms that regulate maternal responsiveness[END_REF]), the nucleus accumbens [START_REF] Stern | Neural mediation of nursing and related maternal behaviors[END_REF] and the sensory cortex [START_REF] Elyada | Becoming a mother-circuit plasticity underlying maternal behavior[END_REF]. Jay Rosenblatt'approach-avoidance model allowed linking the functions of these various CNS structures into a unique theoretical framework explaining the priming of maternal responsiveness (Rosenblatt JS and Mayer AD An analysis of approach/withdrawal processes in the initiation of maternal behaviour in the laboratory rat In K. E. Hood, G.

Greenberg, & E. Tobach (Eds.), Behavioral development 1995). In brief, this model proposes that female rodents will engage in maternal care, if and only if the appeal to approach pup's stimuli is greater than the tendency to avoid it. For instance, it has been demonstrated that while the olfactory stimuli generated by the pups is repellent for nulliparous female rodents, and may even trigger infant-directed aggression [START_REF] Mccarthy | The influence of reproductive state on infanticide by wild female house mice (Mus musculus)[END_REF], it rather become attractive for young dams [START_REF] Kinsley | Morphine treatment and reproductive condition alter olfactory preferences for pup and adult male odors in female rats[END_REF]. With respect to the neuronal circuitry involved in this reflex, it is now well-established that olfactory stimuli converge onto the amygdala, which in turn contacts several hypothalamus nuclei, including the MPOA.

Then, MPOA outputs terminate in the ventral tegmental area (VTA), which finally sends its axons to synapses of the nucleus accumbens [START_REF] Bridges | Neuroendocrine regulation of maternal behavior[END_REF]. It has been suggested that emotion-related inhibitory signals arising from the amygdala may actually be inhibited at the time of parturition, hence enabling the activation of the mesolimbic reward and motivational center, thereby priming maternal care. Strikingly, OT has been shown to intervene at all levels of the neuronal circuitry described by Rosenblatt. Indeed, OT boosts the interest of female rodents for social olfactory stimuli, and increases social memory by modulating the activity of neurons from the anterior olfactory nucleus, which connect to the olfactory bulb [START_REF] Oettl | Oxytocin Enhances Social Recognition by Modulating Cortical Control of Early Olfactory Processing[END_REF]. Next, OT increase the responsiveness of nulliparous female rodents to auditory stimuli (ultrasonic vocalizations) generated by the pups, thereby driving maternally-oriented behaviors [START_REF] Marlin | Oxytocin enables maternal behaviour by balancing cortical inhibition[END_REF]. Then, intracerebral injection of OT induces a net reduction of maternal aggressive behaviors towards pups [START_REF] Mccarthy | Oxytocin inhibits infanticide in female house mice (Mus domesticus)[END_REF], as well as male intruders. The latter was found to be mediated by the inhibition of the central amygdaloid nucleus (CeA) [START_REF] Consiglio | Effects of oxytocin microinjected into the central amygdaloid nucleus and bed nucleus of stria terminalis on maternal aggressive behavior in rats[END_REF]). Moreover, it has recently been showed that OT signaling in the CeA reduces rodent fear responses [START_REF] Viviani | Oxytocin selectively gates fear responses through distinct outputs from the central amygdala[END_REF][START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF]) and anxiety [START_REF] Laszlo | Positive reinforcing effect of oxytocin microinjection in the rat central nucleus of amygdala[END_REF]. Consequently, OT signaling in the amygdala has been demonstrated to be necessary and sufficient for social recognition in the mouse [START_REF] Ferguson | Oxytocin in the medial amygdala is essential for social recognition in the mouse[END_REF]. Furthermore, OT has also been shown to triggerthe onset of maternal care in female rodents by activating directly the MPOA and VTA neurons [START_REF] Pedersen | Oxytocin activates the postpartum onset of rat maternal behavior in the ventral tegmental and medial preoptic areas[END_REF]. Finally, the release of OT in the nucleus accumbens has been shown to be necessary for social reward [START_REF] Dolen | Social reward requires coordinated activity of nucleus accumbens oxytocin and serotonin[END_REF]) and is thought to facilitate pro-social [START_REF] Yu | Effects of nucleus accumbens oxytocin and its antagonist on social approach behavior[END_REF] as well as maternal behaviors in rodents [START_REF] Olazabal | Oxytocin receptors in the nucleus accumbens facilitate "spontaneous" maternal behavior in adult female prairie voles[END_REF]. In all, OT is a vital neurohormone priming parental responsiveness by repressing inhibitory neural circuits promoting female withdrawal while activating maternal neural circuits which favor the approach of dams toward pup stimuli.

Maternal care and OT are critical for the social development of offsprings

Intensive maternal care is a distinguishing characteristic of mammalian species, which is essential for the proper development of immature offspring CNS. Newborns are innately attracted by the nipples of the lactating mother, which produce a unique olfactory stimulus allowing infant to specifically recognize and thus bond to its caregiver [START_REF] Porter | Unique salience of maternal breast odors for newborn infants[END_REF]. Actually, this olfaction-based parental recognition is reciproqual such that the mother can discriminate between their pups and stranger newborns [START_REF] Ostermeyer | Pup recognition in Mus musculus: parental discrimination between their own and alien young[END_REF].

The initial OT-mediated behavioral switch between repulsion and attraction of the female rodents for the pup smell [START_REF] Levy | Olfactory regulation of maternal behavior in mammals[END_REF]) is then underpinned by the offspring attachment behaviors. The pup olfactory attachment to its mother has been shown to be mediated by odor-reward pairing in the olfactory bulb at the time of breastfeeding [START_REF] Moriceau | Unique neural circuitry for neonatal olfactory learning[END_REF]. Noteworthy, OT is released in the pup olfactory bulb in response to suckling, where it facilitates the induction of long-term synaptic plasticities and thus odorbased memories [START_REF] Fang | Oxytocin facilitates the induction of long-term potentiation in the accessory olfactory bulb[END_REF]. Besides, OT plays a key role in social recognition [START_REF] Ferguson | Oxytocin in the medial amygdala is essential for social recognition in the mouse[END_REF], especially in the context of mother-infant bonding, as pups lacking OT receptors display no preference for their mother over other female [START_REF] Ross | Oxytocin and the neural mechanisms regulating social cognition and affiliative behavior[END_REF]). Then, it is widely admitted that maternal nurturing behaviors, such as licking and grooming, have a great impact on the offspring brain development. In particular, maternal-infant tactile contacts set the neuroendocrine responses to stress of the pup by stimulating the synthesis of hippocampal glucocorticoid receptors, whose signaling is known to downregulate the release of hypothalamic stress hormones [START_REF] Liu | Maternal care, hippocampal glucocorticoid receptors, and hypothalamic-pituitary-adrenal responses to stress[END_REF]. Very interestingly, early maternal physical care (occuring within the first three days of pup life) has also been shown to set the epigenetic profile of a glucocorticoid receptor gene promoter in the hippocampus, thereby regulating its expression and effects on the hypothalamic-pituitaryadrenal axis [START_REF] Weaver | Epigenetic programming by maternal behavior[END_REF]). Maternal grooming has been found to be modulated by OT signaling, as intracerebtal injection of OT increase female rodent grooming [START_REF] Drago | Oxytocin potently enhances novelty-induced grooming behavior in the rat[END_REF], while administration of an OT antagonist reduces this type of maternal care [START_REF] Pedersen | Oxytocin antagonism alters rat dams' oral grooming and upright posturing over pups[END_REF]. It is important to stress that maternal care remains nevertheless important for the social development of offspring up to the end of lactation. Therefore, early weaning in rodents (day 14) severely perturbs the neurochemistry, neuronal connectivity and behavior of the pups. Specifically, early weaned mice display decreased cerebral levels of brain-derived neurotrophic factor, precocious myelination in the amygdala and anxiety-like, as well as aggressive behaviors ; all of which is thought to be caused by long-lasting high plasmatic levels of corticosterone [START_REF] Kikusui | Behavioural and neurochemical consequences of early weaning in rodents[END_REF][START_REF] Mogi | Developmental consequences and biological significance of mother-infant bonding[END_REF]. Of note, cerebral injection of OT in pups has been found to reduce their vocalizations in response to social isolation [START_REF] Insel | Central administration of oxytocin modulates the infant rat's response to social isolation[END_REF], which is likely due to an anxiolytic effect [START_REF] Stachowiak | Effects of oxytocin on the function and morphology of the rat adrenal cortex: in vitro and in vivo investigations[END_REF]. Finally, exposure of pups to a negative social environment (like male intruders) has long-term effects on their behavior, and consequently maternal care may be regarded as a nongenomic way of transmistting behavioral responses, such as stress reactivity, from one generation to the next [START_REF] Francis | Nongenomic transmission across generations of maternal behavior and stress responses in the rat[END_REF]. As a mater of example, the intergenerational transmission of behaviors has clearly been demonstrated for maternal care. Indeed, maternal licking/grooming induces increased expression of OT receptors in region of the pup brain associated to maternal care (particularly in the CeA, MPOA and PVN) and reduces the latency of the same mouse to exhibit nurturing behaviors as they in turn become mother [START_REF] Champagne | Naturally occurring variations in maternal behavior in the rat are associated with differences in estrogen-inducible central oxytocin receptors[END_REF]. This is in line with reports showing that early-weaned females [START_REF] Kikusui | Early weaning deprives mouse pups of maternal care and decreases their maternal behavior in adulthood[END_REF]) and females which have experienced early social stress [START_REF] Murgatroyd | Effects of early life social stress on maternal behavior and neuroendocrinology[END_REF] display depressed maternal caregiving and reduced levels of OT signaling in the PVN, SON and CeA. In conclusion, from reproduction and maternal care to infant bonding and neuroethological development, OT is a « social lubricant » facilitating interindividual relationships.

III. ASTROGLIAL CONNEXINS 1. Properties of astroglial connexins

The current understanding of intercellular glial signaling is the culmination of a large piece of work performed over the last four decades, aiming at shifting the neuroscience community perception about the role of glial cells in neurophysiology; stressing, in particular, the fact that astrocytes are organized in functional networks rather than in loose syncytia as originally thought (Kuffler D and Nicholls J G in From Neuron to Brain (eds Kuffler D and Nicholls J G) 273 (Sinauer, Sunderland, 1977); Mugnaini E in Astrocytes (eds Fedoroff S and Vernadakis A) 329-371 (Academic Press, New York, 1986)). The main astroglial pathway for cell-to-cell communication consists of plasmalemmal channels, the connexins, which are organized in clusters at the level of specialized intercellular connection called gap-junction.

Astrocytes express mostly two types of Connexins, Cx30 and Cx43, which display differential temporal and spatial distribution, biophysical properties, C-terminal domain, regulation by neuronal activity, and contribution to behavior (Pannasch and Rouach 2013). I will thus describe below the molecular identity of Cxs, as well as the regulation of its synthesis/degradation, trafficking and biophysical properties, to finally demonstrate that Cx30 and Cx43 have indeed very peculiar, yet distinct, properties (report to Fig. 8 and9).

Molecular identity and rules of assembly

Connexins form a large family of genes encoding protein channels (named after their specific molecular mass in kDa), that are expressed in most tissues with a timely and celltype-specific pattern. The genomic organization of the Cx genes is remarkably conserved: the 5′-untranslated region of exon 1 is separated -by a single intron -from the complete Cx open reading frame and 3′-untranslated region of the exon 2. However, the regulatory sequences of Cx genes, albeit bearing consensus transcriptional motifs, contain specific binding sequences for transcriptional factors and epigenetic regulatory enzymes [START_REF] Oyamada | Regulation of connexin expression by transcription factors and epigenetic mechanisms[END_REF], thereby ensuring the developmental and cell type-specific expression of each Cx proteins.

Then, the prototypical structure of connexins consists of four hydrophobic regions embedded in the plasmalemma bilayer, plus two extracellular loops, as well as one central intracellular loop and a cytoplasmically localized N and C-terminus (Fig. 8A) [START_REF] Grosely | A history of gap junction structure: hexagonal arrays to atomic resolution[END_REF].

Bioinformatical analysis of Cx protein sequences has demonstrated a high similarity index for the transmembrane domains and the extracellular loops, whereas the central loop and the Cterminus differ significantly between each Cxs. In particular, the variable size and sequence of the C-terminus, which has been reported to contain numerous signaling protein domains (Herve, Bourmeyster et al. 2007), may explain why each Cx subunit interacts with a specific repertoire of cytoplasmic proteins (Fig. 8B) and thus display unique signaling properties (see chapter III.2.3. for further discussion on the role of protein-protein interactions in mediating Cx non channel functions). Most cells express multiple Cx proteins, which assemble by six to form a hemichannel (also called connexon) containing either identical (homomeric) or distint (heteromeric) Cx subunits (Fig. 8A). It is now well documented that Cx subunits can associate in heteromeric hemichannels, presenting unique permeability and gating properties, but in a limited number of combinations [START_REF] Segretain | Regulation of connexin biosynthesis, assembly, gap junction formation, and removal[END_REF]. The compatibility of the different Cx subunits is based on the aminoacid sequence of their N-terminus and third transmembrane domain. The latter also determines the intracytoplasmic site of Cx oligomerization (reticulum endoplasmic vs trans-golgi network) [START_REF] Maza | Defining a minimal motif required to prevent connexin oligomerization in the endoplasmic reticulum[END_REF]. Note that Cx hemichannels have now emerged to endorse primordial function in astroglial extracellular communication (see chapter III.2.2. and [START_REF] Cheung | Connexons and pannexons: newcomers in neurophysiology[END_REF]). Then, a hemichannel can dock end-to-end with either a similar (homotypic) or a different (heterotypic) connexon from an adjacent cell to form a gap-junction channel (GJC) (Fig. 8A). Similarly, the assembly of Cxs in heterotypic GJCs has been shown to be restricted to certain compatible combinations [START_REF] Koval | Pathways and control of connexin oligomerization[END_REF], relying on post-transcriptional modifications targeting the Cx extracellular loops [START_REF] Bai | Extracellular domains play different roles in gap junction formation and docking compatibility[END_REF]. Moreover, heterotypic GJCs have been shown to act as voltage-sensitive regulatory valves for intercellular communication (Palacios-Prado and Bukauskas 2009).

Cxs-based intercellular communication is extensively present in the CNS, and among the twenty-one Cxs identified so far, eleven have been described to be enriched in the brain [START_REF] Rouach | Gap junctions and connexin expression in the normal and pathological central nervous system[END_REF]. Neurons express eight distinct types of Cxs (Cx26, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx47), of which the majority decrease after early postnatal development. Actually, the timing of Cxs downregulation observed in neurons correlate with the developmental window for neuronal differentiation, suggesting that gap-junction intercellular coupling (GJIC) play an instructive role in this process [START_REF] Rozental | Gap junctions in the nervous system[END_REF]. Interestingly, interneuronal gap-junctions are organized in so-called electrical synapses [START_REF] Pereda | Electrical synapses and their functional interactions with chemical synapses[END_REF], allowing direct exchange of ions and small molecules (up to 1.5kDa) between the cytoplasm of adjacent cells [START_REF] Loewenstein | Junctional intercellular communication: the cell-to-cell membrane channel[END_REF]. Unlike chemical synapses, GJIC is thought to endow developing neurons with the ability to rapidly exchange subthreshold electrical currents in a bidirectional fashion; note that there is some exceptions like the rectifying synapses found in the Drosophila, in which action potentials can propagate orthodromically but not antidromically [START_REF] Allen | Making an escape: development and function of the Drosophila giant fibre system[END_REF]. In other words, electrical synapses enable the coordination of small electrical transients from interconnected neurons and thus foster the generation of high-frequency synchronous bursts firing [START_REF] Galarreta | Spike transmission and synchrony detection in networks of GABAergic interneurons[END_REF]. Astrocytes express mainly two types of Cxs, Cx30 and Cx43, and were also reported to express low levels of Cx26 [START_REF] Nagy | Connexin26 in adult rodent central nervous system: demonstration at astrocytic gap junctions and colocalization with connexin30 and connexin43[END_REF]). However, given its low expression level and the fact that it does not form detectable GJCs, very little attention has so far been given to the role of this glial Cx in astrocytic communication; this question may thus represent a future exciting line of research. Note that, although a study has shown that Figure 8 A. Illustration representing the general topology of connexins (Cxs) and its assembly in hemichannels (HCs) as well as gap junction channels (GJCs). Cxs have four transmembrane domains (M1-M4), two extracellular loops (E1 and E2), one cytoplasmic loop (CL) and both N-and C-terminus on the cytoplasm side. Cxs assemble in hexamers to form hHCs, enabling bidirectional exchange with the extracellular space. Docking of two HCs triggers the assembly of a GJC, allowing bidirectional coupling between apposed cells. Reproduced from (Retamal M.A. et al. Connexin lens physiology and cataract formation, Clinic Experiment Ophtalmology 2011). B. Scheme depicting the amino acid sequence of the human Cx43 and consensus interacting protein motifs. Abbreviations: SH2-3: Src homology 2-3 domain; PDZ: PSD95/disc large/ZO-1 homology domain. Reproduced from (Giepmans BNG Gap Junctions and connexin-interacting proteins Cardiovascular Research 2004). heterotypic astrocyte-to-astrocyte GJCs are not functional in situ [START_REF] Orthmann-Murphy | Two distinct heterotypic channels mediate gap junction coupling between astrocyte and oligodendrocyte connexins[END_REF]), this question is still uner discussion. Intercellular dye-coupling experiments have demonstrated that more than 80% of the cells forming functional GJCs with astrocytes are neighboring astroglial cells (e.g. see [START_REF] Schools | Development of gap junctions in hippocampal astrocytes: evidence that whole cell electrophysiological phenotype is an intrinsic property of the individual cell[END_REF])). There is yet scarce evidence of neuron-to-astrocytes functional GJCs in rodents, as both immunogold and freeze fracture approaches failed to find such heterocellular junctions when applied in different brain regions [START_REF] Rash | Cell-specific expression of connexins and evidence of restricted gap junctional coupling between glial cells and between neurons[END_REF]. Then, as oligodendrocytes and astrocytes have been shown to express nonoverlapping set of Cxs (Cx29, Cx32, Cx47), the GJCs formed by this two cell types are hetetotypic by nature; two types of astrocyte-to-oligodendrocytes GJCs have been described so far: Cx47-Cx43 and Cx32-Cx30 [START_REF] Magnotti | Functional heterotypic interactions between astrocyte and oligodendrocyte connexins[END_REF].Thereafter, although microglia express Cx proteins in vitro (notably Cx43) [START_REF] Eugenin | Microglia at brain stab wounds express connexin 43 and in vitro form functional gap junctions after treatment with interferon-gamma and tumor necrosis factor-alpha[END_REF], it has recently been assumed that they do not form functional GJCs under normal as well as pathological conditions in vivo [START_REF] Wasseff | Activated microglia do not form functional gap junctions in vivo[END_REF]. Finally, astrocytes diplay numerous autocellular gap junctions, which can represents up to 25% of the total number of GJCs from a single astrocyte [START_REF] Wolff | Autocellular coupling by gap junctions in cultured astrocytes: a new view on cellular autoregulation during process formation[END_REF]; even though the function of such « reflexive » GJCs remains unknown, it has been hypothesized that these junctions may allow astrocyte processes to act as independent signalling microdomains.

Regulation of synthesis, trafficking and degradation

Connexin proteins have a short half-life of only few hours (1.5 to 3.5h), which tailortogether with Cx channels opening/closure -the extent of GJIC to physiological stimuli [START_REF] Herve | The connexin turnover, an important modulating factor of the level of cell-to-cell junctional communication: comparison with other integral membrane proteins[END_REF]). Of note, Cx30 exhibits a surprisingly long lifespan (>12h), which is hypothetically due to its short C-terminal tail, likely lacking some of the canonical regulatory sites for post-translational modifications. As a matter of example, phosphorylation was found to reduce significantly the half-life of Cx43 [START_REF] Hertzberg | Use of antibodies in the analysis of connexin 43 turnover and phosphorylation[END_REF]. The regulation of Cx transcription is especially mediated by the binding of transcription factor molecules, either ubiquitous (Sp1, cAMP, Wnt, NFκB) or cell type-specific (Nkx2.5, Shox2, Tbx5), to the Cx gene promoter located 300bp upstream of the transcription initiation site from exon 1 (for review see [START_REF] Oyamada | Regulation of connexin expression by transcription factors and epigenetic mechanisms[END_REF]). In particular, the transcription of Cx43 and Cx30 has been found to be taken over by different transcription factors, respectively Wnt (van der Heyden, Rook et al. 1998) and NFκB (Ortolano, Di Pasquale et al. 2008). The later is triggered in response to elevation of the intracellular Ca 2+ concentration and may thus be activity-dependent. Then, Cxs are co-translationnaly imported in the endoplasmic reticulum (ER) compartment (Fig. 9A), where they rapidly bound to molecular chaperone proteins. In particular, these chaperones supervised the formation of disulphide bonds between cysteine residues from the Cx extracellular loops. The passage of neo-synthetized Cxs by the ER quality control system is essential for ensuring proper three dimensional protein folding. Note that although most Cx proteins have been found to achieve oligomerization in the ER (Das Sarma, [START_REF] Das Sarma | Targeted gap junction protein constructs reveal connexin-specific differences in oligomerization[END_REF], some gap-junction subunits (such as Cx43) appear to form hexamers later on in the trans-golgi network [START_REF] Musil | Multisubunit assembly of an integral plasma membrane channel protein, gap junction connexin43, occurs after exit from the ER[END_REF]. Next, Cxs are translocated from the ER to the Golgi apparatus (VanSlyke and [START_REF] Vanslyke | Analysis of connexin intracellular transport and assembly[END_REF], with the exception of Cx26 and Cx30 that can eventually directly traffic to the plasmalemma [START_REF] George | Intracellular trafficking pathways in the assembly of connexins into gap junctions[END_REF]Qu, Gardner et al. 2009) (Fig. 9A). The passage of Cx proteins through the Golgi apparatus is thought to enable post-translational modifications, among which phosphorylation is the best-studied, that directly influence Cx targeting and functions (see for review [START_REF] Lampe | The effects of connexin phosphorylation on gap junctional communication[END_REF]). Afterward, a plethora of postgolgi (vesicular or tubular) carriers transport the Cx hemichannels to the plasma membrane by using either the actin (as for Cx30, see (Qu, Gardner et al. 2009)) or the tubulin (as for Cx43, see [START_REF] Shaw | Microtubule plus-end-tracking proteins target gap junctions directly from the cell interior to adherens junctions[END_REF])) cytoskeleton as a scaffold. Once inserted in the plasmalemma, freely moving connexons are rapidly clustering around adherens junctions (Fig. 9A), eventually interacting directly with its cadherin subunits [START_REF] Wei | Connexin43 associated with an N-cadherin-containing multiprotein complex is required for gap junction formation in NIH3T3 cells[END_REF]. This stable intercellular contact points facilitate the docking of hemichannels from apposed plasma membranes, with the particularity that newly added connexons are inserted in the gap junction plaques by the periphery, therefore segregating with the older hemichannels which are located at the center (Fig. 9A) [START_REF] Gaietta | Multicolor and electron microscopic imaging of connexin trafficking[END_REF]. Interestingly, Cx30 and Cx43 have also been shown to segregate into distinct subdomains within the gap junction plaques, and note that this may similarly promote differential turn-over for this two astroglial Cxs (Kelly, Shao et al. 2015). The turnover of Cx proteins is primarily mediated by the formation of "annular junctions" (Fig. 9B), first characterized by electron microscopy in the late 70's [START_REF] Marquart | So-called annular gap junctions in bone cells of normal mice[END_REF], that corresponds to double-membrane doughnut shape vesicular structures internalizing the GJCs. Nevertheless, given the difficulty to identify annular junctions in living cells, it is commonly thought that Cx internalization may alternatively rely on the classical endocytic pathway (Fig. 9B), as exemplified by the colocalization of Cx43 with endosomal markers (for review see (Falk, Kells et al. 2014)). After internalization, Cx proteins are trafficked within the cytoplasm to finally reach the appropriate degradation compartment, that is to say, either the proteasome or the lysosome (Fig. 9B). The degradation of proteins via the proteasomal pathway most often depends on their post-translational modification by the ubiquitin system. The ubiquitin system consists of a serie of three enzymatic complexes (E1: ubiquitin-activating enzymes, E2: ubiquitin-conjugating enzymes, E3: ubiquitin ligases) catalyzing the binding of a ubiquitin chain to a lysine residue on the protein [START_REF] Grice | The recognition of ubiquitinated proteins by the proteasome[END_REF]. Once ubiquitinylated, the proteins can interact with the 26S proteasome, that is composed of a barrel-shaped 20S core particle, which carries the proteolytic activity, and two 19S regulatory subunits placed on either sides of the core element. When inserted in gap junction plaques, Cx43 has been shown to be a substrate for ubiquitination [START_REF] Laing | The gap junction protein connexin43 is degraded via the ubiquitin proteasome pathway[END_REF], thereby facilitating its internalization [START_REF] Girao | Eps15 interacts with ubiquitinated Cx43 and mediates its internalization[END_REF]). However, interestingly, the contribution of ubiquitinylation to gap junction degradation is likely not to be mediated by the proteasome, as this pathway is designed to degrade single unfolded proteins (Falk, Kells et al. 2014). Therefore, the proteasome has been proposed to be rather implicated in early ER-associated-degradation (ERAD) of single misfolded Cx proteins [START_REF] Laird | Life cycle of connexins in health and disease[END_REF]. Alternatively, ubiquitinylation of Cx43 has been demonstrated to induce its trafficking from the early endosomes to the lysosomes [START_REF] Leithe | Ubiquitylation of the gap junction protein connexin-43 signals its trafficking from early endosomes to lysosomes in a process mediated by Hrs and Tsg101[END_REF]); this effect is regulated by components of the endosomal sorting complex required for transport (ESCRT). The lysosomes consist of acidic compartments containing over 60 different hydrolytic enzymes (including proteases, glycodisases, lipases and nucleases) degrading almost all cellular macromolecules into their respective buildingblocks (amino-acid, monosaccharides, fatty acid and nitrogen base) [START_REF] Xu | Lysosomal physiology[END_REF]. Thus, inhibiting ESCRT cargoes in charge of Cx43 lysosomal trafficking increased Cx43 levels at the plasmalemma while maintaining the pool of ubiquitinylated Cx43, highlighting the importance of the lysosomal pathway for the degradation of Cx proteins [START_REF] Leithe | Ubiquitylation of the gap junction protein connexin-43 signals its trafficking from early endosomes to lysosomes in a process mediated by Hrs and Tsg101[END_REF]. Finally, ultrastructural studies have confirmed that annular gap junctions can fuse with lysosomal compartments in cells [START_REF] Naus | Ultrastructural analysis of gap junctions in C6 glioma cells transfected with connexin43 cDNA[END_REF], suggesting that the different Cx degradation pathways are, in the end, linked.

Regulation of the junctional permeability

Communication between astrocytes via GJIC is finely tuned, in both the short-and long-term, by extracellular molecules released from neighboring cells (neurotransmitters, neurohormones, gliotransmitters, growth factors, and cytokines). Note that the physiological status of astrocytes (intracellular pH, membrane capacitance, cytoplasmic osmolarity) is also decisive for determining the extent of GJIC (for review see [START_REF] Rouach | Gap junctions and connexin expression in the normal and pathological central nervous system[END_REF]). Thus, the most rapid regulations of GJIC rely on modifications of the probability/time of Cx opening and changes in the unitary conductance of single Cxs; while slower regulations rather require adjusting the level of Cx transcription, as well as altering the post-translational processing and turnover of Cx proteins (for the latter, see previous chapter, [START_REF] Goodenough | Gap junctions[END_REF]). First, a large repertoire of signaling molecules (ATP, Ca 2+ , Glutamate, TNFα, interleukin-1β) are known to rapidly activate astroglial intracellular signaling pathways, thereby modulating the function of kinases (PKC, PKA, src) and phosphatases (PP2A, PP2B, PP1). These enzymes are critical to set GJC gating, by reversibly altering the three dimensional conformation, and thus conductive properties of the Cx channels [START_REF] Moreno | Gap junction channel gating modulated through protein phosphorylation[END_REF]. The exact molecular mechanism by which phosphorylation regulates the unitary conductance of Cx channels is still not being fully solved, but it is suggested that it may modify the interaction of the Cx C-terminal tail with the intracellular loops, thereby partially hampering the intercellular molecular coupling. Note that intramolecular loop/tail functional interactions have been reported for both Cx30 [START_REF] Manthey | Intracellular domains of mouse connexin26 and -30 affect diffusional and electrical properties of gap junction channels[END_REF]) and Cx43 [START_REF] Ponsaerts | Intramolecular loop/tail interactions are essential for connexin 43-hemichannel activity[END_REF]. Interestingly, the phosphorylation of Cx30 and Cx43 has recently been shown to trigger the opening of GJCs and to be mediated by distinct kinases, especially PKC [START_REF] Alstrom | Isoform-specific phosphorylation-dependent regulation of connexin hemichannels[END_REF] and PKA [START_REF] Pidoux | Anchored PKA as a gatekeeper for gap junctions[END_REF], respectively.

But additional work should be carried out to ascertain this hypothesis, as previous studies have reported that Cx43 may also be phosphorylated by PKC [START_REF] Lampe | Phosphorylation of connexin43 on serine368 by protein kinase C regulates gap junctional communication[END_REF]. Conversely, Cx dephosphorylation reduces GJIC, and has mainly been described to be elicited by pathological stimuli. For instance, incubating cells with the GJC inhibitor 18 beta-GA promotes the activation of the PP1 and PP2A phosphatase that mediate the disassembly of Cx43-containing gap-junction plaques [START_REF] Guan | Gap-junction disassembly and connexin 43 dephosphorylation induced by 18 beta-glycyrrhetinic acid[END_REF]. Then, there is widespread recognition that the physiological status of the interconnected cells directly regulates the opening of GJCs. As a matter of example, cytoplasmic acidification is known to foster GJC uncoupling, and interestingly, the H + binding that conveys the closure effect of pH has been reported to act on the Cx carboxy terminus [START_REF] Francis | Connexin diversity and gap junction regulation by pHi[END_REF]. Again, the acidification of the Cx C-terminal amino acid residues induces a conformational change that lead this protein domain to get in close contact with the channel pore, thereby inducing GJC gating. This data was further confirmed by a report showing that replacing the C-terminal tail of a Cx by another, actually allows transferring the pH-gating sensitivity among themselves [START_REF] Wang | Chimeric evidence for a role of the connexin cytoplasmic loop in gap junction channel gating[END_REF]. Next, the opening of GJCs is dependent of transjunctional voltage, with the particularity that GJCs voltage-dependent conformational transitions are often slower and less sensitive to trans-junctional potentials than classical voltage-gated ion channels [START_REF] Giaume | Gap junctions in cultured astrocytes: single-channel currents and characterization of channel-forming protein[END_REF]. Nonetheless, transjunctional voltage-dependent gating has been implicated in the rectifying behavior of heterotypic GJCs, where one connexon displays faster potential-dependent closure than the other. Rectifying intercellular channels allow assymetric exchange of ionic currents, and are thus mainly -if not exclusively -found in electric synapses connecting excitable cells (O'Brien 2014). Thereafter, GJC conductances are also regulated by transmembrane voltage [START_REF] Gonzalez | Molecular basis of voltage dependence of connexin channels: an integrative appraisal[END_REF], such that GJCs open in response to membrane depolarization [START_REF] Enkvist | Astroglial gap junction communication is increased by treatment with either glutamate or high K+ concentration[END_REF] and close upon membrane hyperpolarization [START_REF] Pina-Benabou | Calmodulin kinase pathway mediates the K+-induced increase in Gap junctional communication between mouse spinal cord astrocytes[END_REF]. Lastly, note that although Cx hemichannels are regulated by the very same factors, those can actually induce very distinct functional outcomes (for review see [START_REF] Cheung | Connexons and pannexons: newcomers in neurophysiology[END_REF])).

Functions of astroglial connexins

Recent investigations have unraveled an unexpected complexity and variety in the functions of Cxs. Indeed, Cx functions extend beyond the formation of GJ channels enabling intercellular communication, and include the formation of a hemichannel (HC) mediating exchange with the extracellular space, as well as channel-independent functions involving intracellular signaling and cell adhesion molecules. Increasing evidence support the idea that Cx30 and Cx43 display very distinct functional properties in astrocytes. In particular, the astroglial Cxs show different developmental expression patterns: Cx43 expression is initiated around embryonic day 12 in rodents, whereas Cx30 is detectable later on, around postnatal day 16 (Kunzelmann, Schroder et al. 1999). Moreover, although Cx30 and Cx43 colocalize in mature grey matter astrocytes, they are differentially distributed in the brain: Cx43 is principally expressed in the cortex, while Cx30 is enriched in subcortical areas and is not expressed in the white matter [START_REF] Nagy | Connexin30 in rodent, cat and human brain: selective expression in gray matter astrocytes, co-localization with connexin43 at gap junctions and late developmental appearance[END_REF]). I will shortly present below the role of Cx proteins in GJIC as well as HC extracellular communication and non-channel intracellular signaling, to finally describe some of the differential functions endorsed by Cx30 and Cx43 (report to Fig. 10).

Gap-junction mediated functions

Protoplasmic astrocytes of the cerebral grey matter occupy non-overlapping anatomical domains, leading some to suggest that glia can coordinate the synaptic activity of local neuronal ensembles spanning their territory of influence. This hypothesis has fostered the emergence of the "neuroglial synaptic islands" theory which adds an extra layer of complexity to the CNS functioning [START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF]). The role of astrocytes in neurophysiology has therefore mainly been investigated at the single cell level; thus, overlooking the extensive gap junction-mediated networking properties of these cells, which nevertheless constitutes another essential level of the CNS organisation by filling the gap between the so-called synaptic islands. Indeed, in situ measurement of intercellular dye-coupling has allowed revealing that astrocytes from most brain areas are actually connected through Cx-based channels with hundreds of neighboring cells [START_REF] Giaume | Astroglial networks: a step further in neuroglial and gliovascular interactions[END_REF].

The first issue that came up was: how GJC coupling endorse astroglial cells with the unique ability to form functional neuroglial networks? The shape of astrocytic networks relies primarily on their location within neuronal compartments, and that is particularly noticeable in the olfactory glomeruli [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]) and the barrels of the somatosensory cortex [START_REF] Houades | Gap junction-mediated astrocytic networks in the mouse barrel cortex[END_REF]). Thus, astrocytes that are located outside the barrels are mostly not coupled, whereas astrocytes within a barrel are extensively coupled; similarly, there is only very restricted GJIC between astrocytes situated inside and outside the olfactory glomeruli. Moreover, interestingly, the isoform-specific distribution of astroglial Cx appears to closely match the neuronal functional unit, and for instance Cx43 is preferentially expressed at the edge of the olfactory glomeruli, whereas Cx30 is enriched in the central domain of the glomerular neuropile [START_REF] Houades | Gap junction-mediated astrocytic networks in the mouse barrel cortex[END_REF]. Then, the astroglial GJIC is functionally restricted, and it was found that not all cells within the coupling territory of a hippocampal dye-filled astrocyte are actually labelled [START_REF] Houades | Shapes of astrocyte networks in the juvenile brain[END_REF]. Given the specific rules of compatibility between Cxs and connexons, and in view of the isoform-specific Cx biophysical properties, it is now widely accepted that the selectivity of GJCs gating depends on the exact Cx subunits composition of hemichannels, as well as the status of its post-translational modifications. This selective coupling, together with the specific shape of astroglial networks observed in the barrel cortex, may explain why neuronal-induced glutamate signaling in astrocytes is restricted to the border of a barrel column and do not spread to neighboring somatosensory receptive fields, thereby participating in the compartmentalization of cortical responses to sensory inputs [START_REF] Schipke | Astrocytes discriminate and selectively respond to the activity of a subpopulation of neurons within the barrel cortex[END_REF]. In this line, an in vivo two-photon Ca 2+ imaging study has recently claimed that the astroglial responses to sensory stimulation in the visual cortex have many, if not all, of the spatial characteristics of their neuronal counterpart [START_REF] Schummers | Tuned responses of astrocytes and their influence on hemodynamic signals in the visual cortex[END_REF].

Besides, strikingly, the authors also found that astroglial cells are even more finely tuned for orientation and spatial frequency than the corresponding neuronal receptive-fields. In all, GJC-coupled astrocytes are organized in specific anatomical and functional compartmentalized networks.

Secondly, the question arose about the factors influencing the extent of GJIC in astrocytes. The extent of Cx-based astroglial networks is developmentally regulated, such that Cx expression and GJIC have been described to sharply increase in the hippocampus and cortex during the course of the first postnatal week [START_REF] Houades | Shapes of astrocyte networks in the juvenile brain[END_REF]), whereas they have been noted to reduce in the ageing rodent brain [START_REF] Cotrina | Expression and function of astrocytic gap junctions in aging[END_REF]. The shape of astroglial GJC-mediated networks is also constrained by the morphology of developing astrocytes. For instance, CA1 astroglial processes have been reported to align perpendicularly to the hippocampal pyramidal cell layer during the third postnatal week (Nixdorf-Bergweiler, Albrecht et al. 1994). This morphological remodeling leads astrocytes to support anisotropic GJIC (Anders, Minge et al. 2014) which is essential for sustaining synchronized bursting activities by radially relocating neuronally-released K + from the s. radiatum toward the s. lacunosum moleculare (Wallraff, Kohling et al. 2006). Cx30 and Cx43

GJCs are permeable to a large repertoire of ions and signaling molecules (small RNAs (≈24 mer), small peptides (≈10 AA), Ca 2+ , IP3, ATP, NAD + ), as well as energetic metabolites (glucose, lactate) (for review see [START_REF] Harris | Connexin channel permeability to cytoplasmic molecules[END_REF])), which are trafficked within the astroglial network under the close supervision of neuronal activity. Indeed, intercellular dye coupling was found to be potentiated in astrocytes cocultured with neurons [START_REF] Rouach | Activity-dependent neuronal control of gap-junctional communication in astrocytes[END_REF]. This effect was mediated by neuronal spiking, and especially the extracellular accumulation of K + , which likely regulates the activity of the calmodulin-dependent protein kinase II and thus promotes Cx43 phosphorylation [START_REF] Pina-Benabou | Calmodulin kinase pathway mediates the K+-induced increase in Gap junctional communication between mouse spinal cord astrocytes[END_REF].

Thereafter, the trafficking of a fluorescent glucose derivative (2-NDBG) in astrocyte networks was found to be controlled by neuronal activity in hippocampal acute slices (see chapter I.2.2.2. for a description of the role of astrocytes in neurometabolic support, (Rouach, Koulakoff et al. 2008). In contrast to the previous in vitro data, the authors showed in this case that the increase in astroglial GJIC was due to the activation of postsynaptic AMPARs by neuronally-released glutamate, and not to the extracellular build-up of K + . A study using dual microelectrode simulataneous recording of tissue oxygen and neuronal activity, monitoring neurometabolic coupling in the cerebral cortex, has later confirmed this observation [START_REF] Viswanathan | Neurometabolic coupling in cerebral cortex reflects synaptic more than spiking activity[END_REF]. Therefore, it emerges that increased excitatory synaptic transmission regulates the level of interastrocytic glucose trafficking (Fig. 10C) by locally increasing the energetic demand rather than altering GJC gating. Indeed, neuronally-released glutamate does not change astroglial GJIC for inorganic dyes (Rouach, Koulakoff et al. 2008). Activity-dependent glucose intercellular trafficking is all the more pertinent, as astroglial GJCs and glutamatergic synapses have been described in situ to be significantly close one from the other [START_REF] Genoud | Proximity of excitatory synapses and astroglial gap junctions in layer IV of the mouse barrel cortex[END_REF]. It remains to be investigated whether the same mechanisms apply for other neurotransmitters; and given that the inhibitory transmission is not associated with significant energy consumption [START_REF] Chatton | GABA uptake into astrocytes is not associated with significant metabolic cost: implications for brain imaging of inhibitory transmission[END_REF]), it appears to be at least unlikely for GABA. In conclusion, astroglial networks are highly plastic as they can rapidly reorganize the function of their GJCs to match the local neuronal metabolic demand. Finally, the question that is now asked in the field is: what is the role of GJCs in shaping synaptic transmission and plasticity? The contribution of astroglial GJCs to neuromodulation is mainly taking place at the neuronal network level. In fact, signaling molecules diffusing throughout astroglial networks can be rapidly released extracellularly in response to local synaptic events, thereby regulating the activity of extended multi-synaptic circuits. For example, the Ca + -dependent release of ATP by hippocampal astroglial networks can induce heterosynaptic depression at neighboring synapses [START_REF] Serrano | GABAergic network activation of glial cells underlies hippocampal heterosynaptic depression[END_REF].

In this line, astroglial Ca 2+ signaling at the network level was induced by infusing astrocytes with the IP3 second messenger (Fig. 10B), which triggered astroglial glutamate release and thus epileptiform neuronal bursting [START_REF] Kang | Astrocytic glutamate release-induced transient depolarization and epileptiform discharges in hippocampal CA1 pyramidal neurons[END_REF]. Then, the activity-dependent trafficking of energetic metabolites within gap junction-mediated astroglial networks has been shown to be critical for sustaining both basal and evoked neuronal activity in situations of glucose deprivation (Fig. 10C) (Rouach, Koulakoff et al. 2008); note that this pathway may therefore be particularly relevant in pathological situations associated with metabolic stress such as hypoglycemia or ischemia. Alternatively, GJIC also supports astroglial extracellular homeostasis by allowing the relocation of neuronally-released glutamate and K + from the site of uptake toward distal astrocytes bearing blood vessels (Fig. 10A), allowing its recycling in the systemic circulation. Importantly, Cx-based regulations of astroglial clearance have been reported to control extracellular space volume as well as neuronal excitability, release probability and postsynaptic insertion of AMPARs (Pannasch, Vargova et al. 2011). Therefore, astroglial gap junction communication may be regarded as a key determinant of synaptic strength and plasticity. Finally, the contribution of astroglial GJIC to neuronal network activity is illustrated by the behavioural deficits of mice knockout for astroglial Cxs. Indeed, mice lacking both Cx30 and Cx43 were found to be impaired in sensorimotor and hippocampal-dependent spatial memory tasks [START_REF] Lutz | Deletion of astrocyte connexins 43 and 30 leads to a dysmyelinating phenotype and hippocampal CA1 vacuolation[END_REF]. Moreover, both Cx30 (Dere, De Souza-Silva et al. 2003) and Cx43 [START_REF] Frisch | Mice with astrocyte-directed inactivation of connexin43 exhibit increased exploratory behaviour, impaired motor capacities, and changes in brain acetylcholine levels[END_REF]) single knock-out mice show altered emotionality and cerebral levels of neuromodulators. However, further work is still needed to ascertain that those cognitive effects are in fact mediated by Cx GJC functions and not HC or non channel functions.

Connexin hemichannel functions

While much attention has been directed to the role of Cx hemichannels in pathological situations, it is only very recently that connexons have been suggested to directly participate in normal cerebral physiology. Indeed, before the first demonstration of Cx HC opening in the early 90's [START_REF] Paul | Connexin46, a novel lens gap junction protein, induces voltage-gated currents in nonjunctional plasma membrane of Xenopus oocytes[END_REF], connexons embedded in the plasmalemma were thought to be maintained closed in order to avoid any loss of cytoplasmic integrity. Interestingly, another set of transmembrane proteins called pannexins, which are homologous to the invertebrate innexin GJ-forming proteins [START_REF] Baranova | The mammalian pannexin family is homologous to the invertebrate innexin gap junction proteins[END_REF], have been demonstrated to form large pore channels ressembling Cx HCs. Thus, similarly, pannexin channel opening was initially regarded as potentially deleterious for the brain. Nevertheless, this view is currently being re-evaluated as both connexons and pannexons do open in physiological situations; (note that the function of pannexins is beyond the scope of this manuscript so you are referred to recent reviews: [START_REF] Cheung | Connexons and pannexons: newcomers in neurophysiology[END_REF][START_REF] Montero | Hemichannels: new pathways for gliotransmitter release[END_REF]. Moreover, although generally considered as poorly selective channels, astroglial connexons actually display isoform-specific permeabilities. Thus, a recent study has reported that Cx43 connexons are primarily permeant to ATP, while Cx30 showed less molecular selectivity but can conduct detectable currents in response to changes in extracellular osmolarity (Hansen, Braunstein et al. 2014). Yet it must be noticed that another study using specific Cx43 HC blokers has found that although Cx43 opening is not detectable electrophysiologically at the resting potential, it can conduct electrical currents when the membrane potential depolarizes [START_REF] Contreras | Gating and regulation of connexin 43 (Cx43) hemichannels[END_REF]. Therefore, it is now clear that Cx HCs gating is finely tuned by physiological stimuli, including intra and extracellular changes in both Ca 2+ and K + , as well as transmembrane voltage, cytoplasmic pH and Cx posttranscriptional modifications. Otherwise, it is worth observing that Cx HC opening is also very sensitive to pathological changes, and consequently it has been implicated in various CNS conditions, including notably neurodegeneration [START_REF] Takeuchi | Gap junctions and hemichannels composed of connexins: potential therapeutic targets for neurodegenerative diseases[END_REF], neuroinflammation [START_REF] Bennett | Connexin and pannexin hemichannels in inflammatory responses of glia and neurons[END_REF], cerebral ischemia [START_REF] Bargiotas | Hemichannels in cerebral ischemia[END_REF]) and glioma [START_REF] Sin | Opposing roles of connexin43 in glioma progression[END_REF].

Figure 10 A. Illustration representing the astroglial pathway endorsing local and spatial K + buffering. Astrocytes take up of extracellular K + released by neurons occurs through inward rectifying K + channels (such as Kir 4.1), which ensure local K + buffering. K + is indeed massively released by neurons during the repolarization phase of the action potential. Astrocytes uptake excess K + from the extracellular space and redistribute it through the gap junction-mediated glial network. K + travel within the astroglial syncitium toward region of low intracellular K + concentration (spatial buffering), and is finally released distally through Kir. Reproduced from (Verkhratsky A. and Butt A. Glial Neurobiology A textbook 2007) Knowing that, one might ask: what are the documented physiological functions associated to Cx HC opening/closure? First, using small blocking peptides mimicking the sequences of Cx extracellular loops, a recent study has shown that astroglial Cx43 HCs are open in acute hippocampal slices in physiological conditions, and can thus regulate basal glutamatergic synaptic transmission via the tonic release of ATP (Chever, Lee et al. 2014). The authors further showed that the regulation of basal synaptic transmission by ATP released from astrocytes is blunted when the slices are incubated with the P2X and P2Y receptor antagonists, thus indicating that HC-mediated ATP signaling recruit the neuronal purinergic P2 receptors. Interestingly, modulation of synaptic functioning by astroglial HC-mediated release of gliotransmitters is supported by ultrastuctural studies demonstrating that Cx proteins are located in fine distal astrocyte processes [START_REF] Hofer | Visualization and functional blocking of gap junction hemichannels (connexons) with antibodies against external loop domains in astrocytes[END_REF], nestling close to excitatory synapses in situ [START_REF] Genoud | Proximity of excitatory synapses and astroglial gap junctions in layer IV of the mouse barrel cortex[END_REF]. Another study performed by Torres et al has sought to reduce the extracellular concentration of Ca 2+ notably by uncaging a Ca 2+ chelator in hippocampal acute slices in order to reach a level similar to what can be observed during neuronal discharges (~0.5 mM) [START_REF] Torres | Extracellular Ca(2)(+) acts as a mediator of communication from neurons to glia[END_REF]. Interestingly, Torres and collaborators showed that a local decline in extracellular Ca 2+ led to a rise in extracellular ATP and triggers inter-astrocytic Ca 2+ waves. Then, using different pharmacological and transgenic approaches, the authors identified astroglial Cx43 HCs as the source of ATP release, and further demonstrated that blocking Cx43 HCs abolish the ATPevoked intercellular Ca 2+ waves [START_REF] Torres | Extracellular Ca(2)(+) acts as a mediator of communication from neurons to glia[END_REF]. Finally, Torres et al revealed that the release of ATP by astroglial Cx43 HCs activates purinergic P2Y1 receptors on neighboring inhibitory interneurons, which in turn provide negative feedback to excitatory neurons. To summarize, Cx43 HC purinergic signaling elicited in response to a steep decrease in extracellular Ca 2+ may serve to reduce neuronal hyperexcitability by increasing the synaptic inhibitory tone. Then, besides its role in excitatory and inhibitory transmission, Cx43

HCs have been implicated in synaptic learning and memory. Indeed, a recent survey has revealed that infusing the rat basolateral amygdala with the Cx43 HC blocker Gap 27 or with TAT-Cx43L2, a peptide that selectively inhibits Cx43 HCs without affecting Cx43 GJIC, induces amnesia for auditory fear conditioning (Stehberg, Moraga-Amaro et al. 2012). Of note, when TAT-Cx43L2 was administered 6h after training it had no effect on fear conditioning; thus, suggesting that Cx43 HC blockers must inhibit (at least transitory) the consolidation of short-term fear memory. Moreover, the authors found that co-infusing TAT-Cx43L2 with a cocktail of signaling molecules (glutamate, glutamine, lactate, d-serine, glycine, and ATP) actually prevent this amnesic effect, hence leading them to assume that Cx43 HC gliotransmission is necessary for memory consolidation in the amygdala (Stehberg, Moraga-Amaro et al. 2012). However, although pioneering, this study failed to provide direct in vivo evidence of Cx43 HC-mediated astroglial release and did not seek to identify the exact gliotransmitter involved in memory consolidation nor its cellular target(s); therefore, these questions will need to be addressed in future studies. Thereafter, Cx43 HCs mediate both paracrine [START_REF] Torres | Extracellular Ca(2)(+) acts as a mediator of communication from neurons to glia[END_REF]) and autocrine effects, enabling the coordination of homeostasic astroglial responses such as intercellular calcium waves, cell division/death, extracellular osmolarity and pH buffering or fast glucose sensing. Finally, it must be emphasised that although Cx30 HCs have been reported to be closed in basal condition of neuronal activity (Pannasch, Freche et al. 2014), it remains to be determined whether these connexons can open in response to physiological situations associated for instance to changes in extracellular ionic balance (Hansen, Braunstein et al. 2014) such as neuronal bursting.

Connexin non-channel functions

Gap junction nexus: a specialized multiprotein complex at the cell-cell interface

Intercellular gap junctions are specialized membrane microdomains involving dynamic interactions between Cx proteins and various connexin-binding partners. This multiprotein complex, so called gap junction nexus, has recently emerged to act as a scaffold regulating both intracellular signaling and cytoskeletal reorganization. There is now strong evidence to support the idea that the isoform-specific amino acid sequence of the Cx C-terminal domain is the target of most connexin-interacting proteins (Herve, Bourmeyster et al. 2007).

Consequently, each individual Cx is suggested to establish a unique set of protein-protein interactions that must be responsible, at least in part, for its specific regulatory (e.g. turnover rate) and functional (e.g. open probability and elementary permeability) properties, as well as mediates its particular influence on the downstream cellular machinery. Of particular interest, most Cx partners have been reported to contain at least one protein-binding cassette, among witch PDZ (PSD-95/Dlg /ZO-1) and SH (Src homology) are the best-known. These signaling domains are 80-100 amino acid sequences that bind to a small peptide motif in the C-terminal tail of their target transmembrane proteins. Thus, via the binding of PDZ-and SH-containing junction associated proteins to the C-terminal domain of Cxs, the gap junction nexus interacts directly with the other types of cell-cell communication systems, namely tight and adherence junctions. First, tight junctions are specialized intercellular protein complexes maintaining the plasma membranes of adjacent cells tightly associated extracellularly, such that the intercellular space become a virtually impermeable barrier to fluid. Cx43 has for instance been shown to colocalize and coprecipitate with tight junction proteins, notably occluding, claudin-5, ZO-1 and ZO-2 [START_REF] Giepmans | The gap junction protein connexin43 interacts with the second PDZ domain of the zona occludens-1 protein[END_REF][START_REF] Singh | Connexin 43 interacts with zona occludens-1 and -2 proteins in a cell cycle stage-specific manner[END_REF][START_REF] Nagasawa | Possible involvement of gap junctions in the barrier function of tight junctions of brain and lung endothelial cells[END_REF]). Similarly, Cx30 has been found to associate with ZO-2, αand β-catenins [START_REF] Mennecier | Aberrant expression and localization of connexin43 and connexin30 in a rat glioma cell line[END_REF][START_REF] Talhouk | Heterocellular interaction enhances recruitment of alpha and beta-catenins and ZO-2 into functional gap-junction complexes and induces gap junction-dependant differentiation of mammary epithelial cells[END_REF]. Then, adherens junctions are another type of cell-cell contact points in which typical cadherin receptors anchor the plasmalemma of apposed cells via their homophilic interactions. Cadherins are transmembrane proteins that bridge the cell surface to the cytoskeleton via its interaction with adaptator proteins called catenins, thereby enabling the coordination of cell dynamics during for example collective migration and morphogenesis. Here also, Cx43 colocalize and coprecipitate with adherens junction proteins, such as N-cadherin [START_REF] Wei | Connexin43 associated with an N-cadherin-containing multiprotein complex is required for gap junction formation in NIH3T3 cells[END_REF], α-catenin and β-catenin [START_REF] Ai | Wnt-1 regulation of connexin43 in cardiac myocytes[END_REF][START_REF] Wu | Role of catenins in the development of gap junctions in rat cardiomyocytes[END_REF], to just mention a few. Therefore, one might reasonably assume that the cross-talk taking place between Cxs and the other types of junctional proteins may be instrumental for establishing the tremendous complexity of the cerebral intercellular connectivity.

The plasma membrane consists of a "mosaic fluid" in which gap junction nexus, among others, form signaling platforms adapting protein-protein interactions in order to cope with the ever-changing intercellular interface. In the first instance, these plasmalemmal microdomains enable the coordinated recruitment and binding of a large repertoire of enzymes and signaling molecules. Hence, Cx43 C-terminal domain interacts with kinases/phosphatases (e.g. Src, PKA, PKC, MAPK, PPs reviewed in (Herve, Bourmeyster et al. 2007), calcium-binding proteins (calmodulin, see: [START_REF] Duffy | pH-dependent intramolecular binding and structure involving Cx43 cytoplasmic domains[END_REF]), membrane channels and receptors (M2/M3-mAChR, P2X7, RPTPµ, see: [START_REF] Giepmans | Association of connexin43 with a receptor protein tyrosine phosphatase[END_REF][START_REF] Fortes | Modulation of intercellular communication in macrophages: possible interactions between GAP junctions and P2 receptors[END_REF][START_REF] Yue | Ischemia impairs the association between connexin 43 and M3 subtype of acetylcholine muscarinic receptor (M3-mAChR) in ventricular myocytes[END_REF])) and scaffolding proteins (notably proteins of the MAGUK (membrane-associated guanylate kinase) family, see (Herve, Bourmeyster et al. 2007). In contrast to Cx43, note that little is known about the interacting partners of Cx30, and consequently it represents an important caveat that will need to be filled in future studies. In all, the recruitment of this large array of signaling effectors at the gap junction level may allow rapid and synergistic adaptations of both GJC gating and intracellular signaling to physiological needs.

In a second instance, Cx proteins can also interact directly with cytoskeletal elements in order to regulate cell motility/adhesion via a channel independent function; (note that the role of Cx/cytoskeleton interactions in Cx trafficking/assembly is beyond the scope of this manuscript, so you are referred to comprehensive reviews: [START_REF] Laird | Life cycle of connexins in health and disease[END_REF][START_REF] Olk | Connexins, cell motility, and the cytoskeleton[END_REF][START_REF] Gilleron | Molecular connexin partner remodeling orchestrates connexin traffic: from physiology to pathophysiology[END_REF]). Thus, it has been observed that Cx43 associates with tubulin [START_REF] Giepmans | Gap junction protein connexin-43 interacts directly with microtubules[END_REF]) and microtubule plus-end-tracking proteins like EB1 [START_REF] Shaw | Microtubule plus-end-tracking proteins target gap junctions directly from the cell interior to adherens junctions[END_REF], as well as with actin (Yamane, Shiga et al. 1999), but likely via actinbinding proteins like drebrin [START_REF] Butkevich | Drebrin is a novel connexin-43 binding partner that links gap junctions to the submembrane cytoskeleton[END_REF]), cortactin [START_REF] Squecco | Sphingosine 1-phosphate induces myoblast differentiation through Cx43 protein expression: a role for a gap junction-dependent and -independent function[END_REF]) and spectrin [START_REF] Toyofuku | Direct association of the gap junction protein connexin-43 with ZO-1 in cardiac myocytes[END_REF]. Moreover, Cx43 has been shown to colocalize (ezrin) or to co-immunoprecipitate (IQGAP1) with cytoskeletal scaffolding proteins (Xu, Francis et al. 2006), and requires the activity of the cytoskeletal motor protein Myosin II to bind actin filaments [START_REF] Wall | Connexin 43 is localized with actin in tenocytes[END_REF]). Cx43 not only interacts but also regulates the organization and dynamic of the cytoskeleton. Indeed, a recent study using total internal reflection fluorescence microscopy (TIRF) revealed that Cx30ko cultured cells display increased microtubule instability, while cells expressing a Cx43 construct in which the tubulin binding domain was deleted show impaired microtubule membrane targeting (Francis, Xu et al. 2011). Furthermore, overexpression of Cx43 induces the reorganization of the actin cytoskeleton (especially stress fibers) and the flattening of Cx transfected cells [START_REF] Naus | Characteristics of C6 glioma cells overexpressing a gap junction protein[END_REF][START_REF] Cotrina | ATP-mediated glia signaling[END_REF]. Conversely, knocking-out Cx43 in cultured astrocytes induces altered mRNA expression for several key cytoskeletal molecules, including tubulin, actin and actin-binding proteins [START_REF] Iacobas | Array analysis of gene expression in connexin-43 null astrocytes[END_REF]; while consistently, silencing Cx43 in astrocytes using RNAi impairs the protein expression of actin, GFAP and tubulin (Olk, Turchinovich et al. 2010). Finally, note that although Cx30 has been demonstrated to interact with both the actin and tubulin cytoskeleton (Qu, Gardner et al. 2009), there is currently a significant lack of information concerning the role of Cx30 in cytoskeleton regulation.

Connexin non channel functions regulate cell adhesion and migration

Given the unique ability of Cx C-terminal domain to interact with a plethora of cytoskeletal and signaling proteins (the Cx proteome is indeed expected to comprise more than 40 proteins, see [START_REF] Laird | The gap junction proteome and its relationship to disease[END_REF]), an increasing number of studies have recently started to questioned the role of the so-called Cx non-channel functions in dynamic cellular processes, including in particular cell adhesion and migration. Note that I will focus here mostly on Cx43, because due to its ubiquitous expression Cx43 has attracted most studies attention, while -to my best knowledge -Cx30 has largely been understudied. Thus, Cx43 expression was initially found to sharply increase the competence of glioma cells to aggregate in vitro, and given that antibodies directed against the extracellular domain of Cx43 inhibited this effect, it has been suggested that the adhesive properties of Cx43 rely on its HCs rather than GJCs [START_REF] Lin | Connexin 43 enhances the adhesivity and mediates the invasion of malignant glioma cells[END_REF]. Besides, a study using a similar approach then demonstrated that the connexin isoform appears to dictate the ability of cells to aggregate, that is to say, the docking of connexons between adherent cells may follow the same rules of compatibility than gap junction assembly [START_REF] Cotrina | Adhesive properties of connexin hemichannels[END_REF]. Then, studies sought to understand the endogenous role of Cx43 adhesive properties in cerebral development, focusing in particular at the interactions between neuron precursors and radial glial cells during their early migration from the ventricular zone to the cortical plate. Indeed, migrating neurons are wellacknowledged to use parental radial glia fibers as scaffolds, and Cx43 has been shown to be enriched at the point of contact between these two cell types [START_REF] Nadarajah | Differential expression of connexins during neocortical development and neuronal circuit formation[END_REF].

Interestingly, studies have demonstrated that downregulating Cx43 expression in either both cell types (total knockout) or especially in radial glia (conditional knockout) impairs the normal lamination of the mouse neocortex as a result of disrupted radial neuronal migration [START_REF] Fushiki | Changes in neuronal migration in neocortex of connexin43 null mutant mice[END_REF][START_REF] Cina | Involvement of the cytoplasmic C-terminal domain of connexin43 in neuronal migration[END_REF]). Moreover, these surveys showed that Cx43(K258stop) mice, in which the last 125 amino acid residues of the Cx43 cytoplasmic C-terminal tail are missing, show the same developmental phenotype than Cx43 knockout animals. Consistently, the authors failed to rescue neuronal migration when they foster the expression of a C-terminal truncated form of Cx43 in the developing neocortex of Cx43ko mice, thus indicating that Cx43 C-terminus is involved in cellular adhesion in vivo (where it likely anchors the actin cytoskeleton to the plasmalemma, see (Elias, Wang et al. 2007). Noteworthy, the regulation of cell adhesion by Cx43 is not surprising as it has been shown to associate with adhesion protein complexes such as N-Cadherin/p120 catenin or integrinβ1/vinculin (Xu, Li et al. 2001;Xu, Francis et al. 2006). Thereafter, another study has clarified the mechanism used by Cx hemichannels to orchestrate proper cortical development, by showing that their adhesive but not their channel functions are actually necessary for directionnal neuronal migration (Elias, Wang et al. 2007). Thus, the authors showed that inhibiting Cx43 adhesive properties by mutating a cystein residue on one of its extracellular loops, while keeping hemichannel function normal, prevents neurons from rescuing the Cx43 knockdown-associated migration phenotype. Morever, each connexin isoform may in fact play specific functional roles in cell migration, as the authors noted that Cx26 (wich has very high sequence homology with Cx30) is critical for nuclear translocation, whereas Cx43 participates primarily to neuronal branches stabilization (Elias, Wang et al. 2007). Of note, similar contribution of Cx43 to neuronal radial migration has been demonstrated for the hippocampus and cerebellum (Wiencken-Barger, [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]). Subsequently, a later survey aimed at unraveling the mechanism by whitch Cx43 may control directional migration in vivo [START_REF] Elias | Connexin 43 mediates the tangential to radial migratory switch in ventrally derived cortical interneurons[END_REF]. Hence, Elias et al took advantage of knockdown/rescue experiments with Cx43 truncated/mutated forms to show that the tangential to radial migratory switch that interneurons operate in the developing cortex is dependent of the adhesive properties and the C-terminus of Cx43. Finally, the participation of Cx43 to directional migration has also been studied at the single cell level in embryonic fibroblasts from Cx43ko mice, using a wound closure assay (Francis, Xu et al. 2011). In this study, knocking down Cx43 gene expression causes defects in directional cell migration by preventing the Golgi apparatus and the microtubule organizing center to reorient perpendicularly to the wound, as normally expected (Etienne-Manneville 2006). Moreover, actin stress fibers were found to mis-aligned at the leading edge of Cx43 lacking migrating cells and tubulin fibers failed to anchor properly to the plasmalemma when the tubulin binding domain of Cx43 was truncated (Francis, Xu et al. 2011). Moreover, here also, expression of a Cx43 mutated form blocking the channel function did not hamper the migration phenotype. These data suggest that, besides its role in cell-cell adhesion, Cx43 is a critical regulator of cell polarity and motile behaviors. The Cx43 non-channel functions brought to light in those studies are thus likely due to the activation of signaling cascades downstream of Cx43 C-terminal tail, and notably the polarized recruitment of small Rho GTPases, as these enzymes are pivotal for coordinating cell polarity, adhesion and migration [START_REF] Etienne-Manneville | Rho GTPases in cell biology[END_REF]. Actually, via its interaction with integrin/cadherin receptors, Cx43 has been shown to activate the signaling of small Rho GTPases (Xu, Li et al. 2001;Xu, Francis et al. 2006;[START_REF] Wheelock | Cadherin switching[END_REF], thereby turning-on the motility machinery of the cell.

I. ARTICLE 1

Introduction

Astrocytes undergo dramatic morphofunctional maturation during early postnatal stages, changing from individual sparsely branched cells to tremendously ramified and interconnected cellular networks. The establishment of astrocytic networks relies especially on the timely tuned expression of gap junction (GJ) subunit proteins, so-called connexins (Cxs). Hence, the two main astroglial Cxs, Cx43 and Cx30, show different developmental expression patterns: Cx43 starts expressing around embryonic day 12, while Cx30 expression is detectable from postnatal day 16 in mice (Kunzelmann, Schroder et al. 1999).

Strikingly, along with their well-known role in GJ-mediated intercellular coupling, Cxs functions include the formation of hemichannels (HCs), enabling bidirectional exchanges with the extracellular space, as well as non-channel functions, such as intracellular signalling or protein interactions. Indeed, the isoform-specific sequence of Cx C-terminal tails contains multiple protein binding motifs and thus serves as a multi-modal signaling platform for connexin-interacting partners (Herve, Bourmeyster et al. 2007). Consistently, a recent proteomic analysis has for instance noted that Cx43 functionally interacts with various cytoskeletal proteins, including actin and tubulin, associated with the formation of polarized cellular protrusions (Olk, Turchinovich et al. 2010). As such, it was shown by combining atomic force microscopy with immunolabeling that Cx43 interacts with actin at the tip of astrocyte processes during the early stage of adhesion (Yamane, Shiga et al. 1999).

Similarly, the tubulin binding domain of Cx43 has been shown to chiefly regulate cell polarization and directional cell migration by anchoring tubulin bundles at the leading cell surface, thereby allowing proper reorientation of the microtubule organizing center (MTOC) (Francis, Xu et al. 2011). Finally, in vivo data have demonstrated that Cx43 non-channel functions are actually essential during embryonic neurodevelopment, notably by mediating intercellular adhesion between migrating cortical neurons and radial glial fibers (Elias, Wang et al. 2007). The latter may relies on cross-junctional interactions between Cx43-containing GJs and adhesion complexes such as N-Cadherin/catenin and integrinβ1/vinculin (Xu, Li et al. 2001;Xu, Francis et al. 2006).

In contrast, little is known about Cx30 channel-independent functions and their contribution to postnatal brain development. Therefore, we used an in vitro scratch-induced migration assay on astrocytes to explore the role of Cx30 in the early polarization of astrocyte protrusions. We found that Cx30 regulates the reorientation of astrocyte protrusions, microtubule organizing center (MTOC), and Golgi apparatus during polarized migration. This effect occurred via the modulation of a Laminin/Integrinβ1/Cdc42 signaling pathway. Cx30 indeed altered laminin levels in migrating astrocytes, integrinβ1 receptors redistribution at leading edges of astroglial protrusions, recruitment and activation of the Rho GTPase Cdc42, as well as assembly of focal adhesion plaques at the leading edge.

Importantly we also found that Cx30, whose expression is developmentally regulated, controlled in vivo the establishment of astrocyte polarity in the hippocampus during postnatal maturation, by setting the orientation of stratum radiatum astroglial processes. This study thus identifies cx30 as an important regulator of astrocyte polarization during development.

Results

Cx30 regulates the orientation of polarized astrocytes protrusions

Given that Cx30 has previously been found to interact with actin and tubulin cytoskeleton (Qu, Gardner et al. 2009), and regulates both adhesion and migration (Pannasch, Freche et al. 2014), we used a scratch-induced migration assay to unravel the role of Cx30 in astrocyte polarized migration. As Cx30 is not expressed in mouse primary cortical astrocytes (Koulakoff, Ezan et al. 2008), we transfected such cultures with a construct encoding Cx30 fused to the YFP mutant protein Venus. In response to scratching of the control monolayer, wound-edge astrocytes polarized to set the future direction of migration by extending tubulin-based protrusions perpendicularly to the wound (± 11.2° ± 1.2, n = 48, Fig. 1A-B). Overexpressing Cx30 impaired the proper orientation of tubulin-rich astroglial protrusions in regards to the migration axis (with a mean variation of 32.2° ± 4.2, n = 30, Fig. 1A-B). Moreover, Cx30 expression altered the scratch-induced reorientation of the centrosome (% of polarized: Ct: 65.9 ± 1 -2 Cx30: 40.7 ± 4 -2 , n = 187, Fig. 1C-D) and golgi apparatus (Ct: 64.7±2 -2 Cx30: 35.4±4 -2 %, n = 153, Fig. 1 E-F). These data demonstrate that Cx30 regulates the orientation of polarized protrusions by migrating astrocytes.

Cx30 controls the activation and polarized recruitment of Cdc42

Astrocytes migration is characterized by the rapid activation and polarized recruitment of the small Rho GTPase Cdc42 at the leading edge, which chiefly controls the orientation of motile protrusions (Etienne-Manneville and [START_REF] Etienne-Manneville | Integrin-mediated activation of Cdc42 controls cell polarity in migrating astrocytes through PKCzeta[END_REF]. Thus, we took advantage of the scratch-induced migration assay to determine whether Cx30 modulates the recruitment and activation of Cdc42 in polarized astrocytes. To do so, we expressed a green fluorescent protein (GFP)-tagged Cdc42 together with the Cx30 protein in primary astrocyte monolayers [START_REF] Etienne-Manneville | Integrin-mediated activation of Cdc42 controls cell polarity in migrating astrocytes through PKCzeta[END_REF]. We found that Cdc42-GFP accumulated at the leading edge of control migrating astrocytes (Fig. 2A-B), as previously reported [START_REF] Osmani | Scrib controls Cdc42 localization and activity to promote cell polarization during astrocyte migration[END_REF]. In contrast, Cx30-expressing astrocytes displayed a severe drop of the Cdc42-GFP signal at the wound edge (Ct: 188.5 ± 11.9 a.u., n = 19, Cx30: 89.3 ± 7.6 a.u., n = 15, Fig. 2A-B), thus indicating that Cx30 overexpression perturbed the polarized recruitment of Cdc42 upon scratching. The activation of the Rho-GTPase Cdc42 is mediated by the switch from a GDP-bound to a GTP-bound state [START_REF] Sinha | Cellular signaling for activation of Rho GTPase Cdc42[END_REF]. Hence, we performed a Cdc42 pull-down activation assay on primary astrocytes expressing the Cx30 protein. We observed that Cx30 inhibited the activation of Cdc42 in response to a wound (GTP-Cdc42 as % of the total Cdc42 detected: GFP: 18.3 ± 3.7 %, Cx30: 13.8 ± 2.9, n = 3, Fig. 2C-D).

These observations suggest that Cx30 controls the activation and local recruitment of Cdc42 at the leading edge of polarized astrocyte protrusions.

Cx30 regulates the expression of laminins and the localization of its β1-integrin receptors in migrating astrocytes

The activation and polarized recruitment of Rho GTPases at the leading edge of migrating astrocytes is especially mediated by the localized binding of integrin receptors with extracellular matrix molecules (Etienne-Manneville and Hall 2001). Migrating astrocytes have been shown to upregulate the extracellular deposition of ECM molecules, including laminins, which act as ligands for the integrin receptors (Peng, Shah et al. 2008).

We thus investigated whether Cx30 may regulate the expression of ECM molecules upon wounding by performing laminin immunoblotting on Cx30-expressing primary astrocytes.

We found that Cx30 inhibited the upregulation of laminin expression following scratching of the astrocyte monolayers (normalized laminin expression value 6h after wounding: Ct: 1.47 ± 0.20, Cx30: 1.06 ± 0.08, n = 6, Fig. 3A-B). Further, β1 subunit-containing integrin receptors have been reported to be rapidly trafficked toward the newly-formed astroglial wound edge, where they are essential for establishing proper astrocytes polarization [START_REF] Peng | Integrins regulate centrosome integrity and astrocyte polarization following a wound[END_REF]. Hence, in order to explore whether Cx30 regulates the translocation of integrin β1 to the leading edge, we transfected primary astrocytes with both (GFP)-tagged integrin β1 and Cx30 constructs. We found that Cx30 prevented the localized recruitment of the exogenous integrin β1-GFP protein at the cell front following a wound (Integrin β1-GFP intensity at the protrusions edge (a.u.): Ct: 11.9 ± 1.7, n = 15, Cx30: 5.2 ± 0.7, n = 9, Fig. 3C-D). Moreover, we observed that the integrin β1-GFP protein accumulated in the perinuclear area, most likely in the golgi apparatus, suggesting that Cx30 did not impair the well-known migration-induced retrograde transport of integrin β1 (Shafaq-Zadah, Gomes-Santos et al. 2016), but rather blocked its polarized secretion. Altogether, these data demonstrate that Cx30 sets the level of laminin expression, as well as the subcellular trafficking of integrin β1 receptors in polarized astrocytes.

Cx30 controls the assembly of focal adhesion plaques in migrating astrocytes

Migrating astrocytes interact dynamically with the extracellular environment via the assembly/disassembly of cell-matrix contact points, at the front/rear edge respectively.

Integrin-based focal adhesion plaques are essential for astrocyte motility as these cell-matrix complexes recruit key adaptator proteins involved in anchorage of the actin cytoskeleton to the leading edge, thereby providing the necessary forces for membrane protrusion [START_REF] Demali | Coupling membrane protrusion and cell adhesion[END_REF]. Since we found that Cx30 regulates the trafficking of integrin β1 receptors at the cell front (Fig. 3C-D), we investigated whether Cx30 also interferes with the assembly of integrin-based focal adhesion plaques. Using immunocytochemistry for the focal adhesion adaptator proteins paxillin and vinculin (Fig. 4A,C), we found that Cx30 reduced the number of adhesion plaques while increasing the mean size of the remaining focal puncta, for both paxillin (Fig. 4B) and vinculin (Fig. 4D) markers. These results indicate that Cx30 modulates the assembly of focal adhesion plaques at the leading edge of motile astroglial protrusions.

Synaptic levels of Laminin proteins are set by astroglial Cx30

During early postnatal development, protoplasmic astrocytes extend countless fine protruding processes that migrate to virtually fill the entire neuropile and thus reach the vicinity of synapses. The ECM component Laminin β2, which is deposited on the surface of CNS synapses and is essential for building-up and maintaining the proper synapse architecture [START_REF] Egles | Laminins containing the beta2 chain modulate the precise organization of CNS synapses[END_REF], has been reported to be locally released by astrocyte processes [START_REF] Hunter | Expression of s-laminin and laminin in the developing rat central nervous system[END_REF]). Since we found Cx30 to negatively regulate the deposition of laminin proteins in cultured astrocytes, we explored the possibility that Cx30 may also control the expression of β2-containing laminins at the synaptic level. To do so, we prepared synaptosomal extracts from hippocampi of wild type juvenile mice (Fig. 5A) or lacking the Cx30 protein (-/-), and further performed laminin as well as laminin β2 immunoblot assays. We observed that control hippocampal synaptosomal extracts contained laminins, and especially Laminin β2 (Fig. 5B,D), as previously demonstrated [START_REF] Egles | Laminins containing the beta2 chain modulate the precise organization of CNS synapses[END_REF]). Interestingly, we observed that the absence of Cx30 induced a net increase in the synaptic level of laminins (Normalized protein levels (a.u.): +/+: 0.63 ± 0.07, -/-: 0.92 ± 0.02 a.u., n = 3, Fig. 5B,C) and notably Laminin β2 (Normalized protein levels (a.u.):+/+: 0.44 ± 0.05, -/-:0.68 ± 0.05, n = 3, Fig. 5D,E). In all, these data demonstrate that Cx30 mediates hippocampal synaptic laminin downregulation in vivo, suggesting that Cx30 may promote structural plasticity of developing synapses.

Cx30 is a key determinant of astrocyte morphological and functional polarity in vivo

Starting the third week of postnatal development, i.e. at the time of hippocampal synaptogenesis, CA1 astrocytes of the stratum radiatum (s.r.) change the orientation of their GFAP-rich stem processes to polarize perpendicularly to the pyramidal cell layer (Nixdorf-Bergweiler, Albrecht et al. 1994). Since we previously showed that Cx30 regulates the orientation of motile protrusions in cultured astrocytes (Fig. 1A), we took advantage of this developmental model to decipher whether Cx30 may control the reorientation of astroglial processes in vivo. To do so, we performed GFAP immunolabeling on hippocampal slices from Cx30 -/mice at different developmental stages (postnatal day 10 (P10) and 30 (P30)).

Moreover, to estimate the preferential orientation of s.r. astrocytes (axial/lateral to the perpendicular with stratum pyramidale (s.p.), we measured a polarity index corresponding to the ratio of crossing points between GFAP-positive processes and vertical/horizontal grid lines (Fig. 6A). We found in wild type mice that P10 astrocytes did not show any preferential orientation (polarity index: 1.01 ± 0.02, n = 44, Fig. 6A,B), whereas P30 astroglial cells were more likely to display an axial orientation (polarity index: 1.28 ± 0.04., n = 43, Fig 6A,B), thereby confirming previous observations (Nixdorf-Bergweiler, Albrecht et al. 1994).

Further, strikingly, we observed that P30 astrocytes lacking the Cx30 protein lost their preferential orientation regarding the pyramidal layer (polarity index: 1.05 ± 0.02, n = 49).

To further confirm these observations, we performed similar analysis of CA1 astrocytes orientation by immunolabeling of the golgi marker GM130 in brain slices from Cx30 -/mice. We found that the golgi apparatus of P30 s.r. astrocytes most often formed bundle of stretched and polarized vesicular compartments, having eventual small branches that filled the base of GFAP + astrocyte processes. Similarly, we observed that Cx30 reduced the percentage of cells that properly orientated their golgi perpendicularly to the pyramidal layer (+/+: 62.2 ± 5.0, n = 262, -/-: 44.2 ± 2.0 %, n = 266, Fig 6C-D). These findings suggest that Cx30 is a critical factor regulating the orientation of hippocampal astrocytes in vivo during postnatal development. Finally, it has recently been postulated that the radial orientation of CA1 astrocytes may control the spatial properties of gap junction-mediated intercellular coupling (GJIC) (Anders, Minge et al. 2014). Since Cx30 regulates the orientation of s.r. astrocytes, we investigated the putative role of Cx30 in GJIC anisotropy. To do so, we dialyzed a gap junction channel-permeable dye (sulforhodamine-B) in CA1 s.r. astrocytes via patch-clamp whole-cell recording in hippocampal acute slices of Cx30 -/mice. We found that while wild type CA1 astroglial gap junction-mediated networks were preferentially oriented perpendicularly to s.p. (with a polarity index of 1.27 ± 0.10, n = 8), Cx30-lacking astrocyte networks were less polarized (polarite index: 1.08 ± 0.04, n = 10, Fig. 6E-F).

Therefore, these results indicate that Cx30 regulates the spatial properties of GJIC in CA1 s.r. astrocytes.

Discussion

The present study shows that Cx30 modulates an integrinβ1-mediated signaling cascade that controls the reorientation of astroglial migrating protrusions, especially contributing to the postnatal morphofunctional maturation of hippocampal astroglial networks. We found that Cx30 induces the downregulation of laminins expression, which is expected to be the priming event of the integrinβ1-mediated polarization pathway [START_REF] Frank | Laminin 5 deposition regulates keratinocyte polarization and persistent migration[END_REF]. This observation is supported by transcriptional and immunoblot data showing that knocking down Cx43 in human fibroblasts induces an enhanced expression of ECM molecules, including in particular laminins [START_REF] Esseltine | Manipulating Cx43 expression triggers gene reprogramming events in dermal fibroblasts from oculodentodigital dysplasia patients[END_REF]. Then, we observed that Cx30 regulates the targeting of Integrinβ1 to the leading edge of wounded astrocytes, most probably by modulating its trafficking from the reticulum endoplasmic/golgi apparatus to the plasmalemma. Interestingly, the sorting of Integrinβ1 to the leading cell front is notably regulated by the protein kinase B (PKB/akt) and small GTPases of the Rab family (Rab11, Rab25) [START_REF] Margadant | Mechanisms of integrin activation and trafficking[END_REF], which have been suggested to be regulated by Cx43 [START_REF] Uzu | Effect of enhanced expression of connexin 43 on sunitinib-induced cytotoxicity in mesothelioma cells[END_REF] and its binding partners [START_REF] Lan | Novel rab GAP-like protein, CIP85, interacts with connexin43 and induces its degradation[END_REF], respectively. Note also that Cx30 may regulate the polarized secretion of integrinβ1 by modulating the positioning of the golgi apparatus [START_REF] Yadav | A primary role for Golgi positioning in directed secretion, cell polarity, and wound healing[END_REF]. Moreover, we have demonstrated that Cx30 perturbs the assembly of paxillin and vinculin-containing focal adhesion plaques at the wound edge. These findings are actually in line with previous data showing that Cx26 (which has very high sequence homology with Cx30) coimmunoprecipitates with the focal adhesion kinase [START_REF] Valiente | Focal adhesion kinase modulates radial glia-dependent neuronal migration through connexin-26[END_REF]) and that Cx30 alters both cell adhesion and migration (Pannasch, Freche et al. 2014). Noteworthy, the increased focal adhesion size observed here is likely due to local recruitment of actin by Cx30 (Qu, Gardner et al. 2009), and may not indicate a surge of cell-ECM adhesion strength, as data indicate a weak correlation between force and focal adhesion size [START_REF] Stricker | Spatiotemporal constraints on the force-dependent growth of focal adhesions[END_REF]. Next, we noticed that Cx30 controls the recruitment and activation of Cdc42 at the leading cell membrane. This data is consistent with previous studies, showing that Cx43 controls the activation of the small Rho GTPases RhoA, Rac1 and Rap1 (Machtaler, Dang-Lawson et al. 2011;Mendoza-Naranjo, Cormie et al. 2012). The regulation of Cdc42 activity by Cx30 may then dictate the reorientation of the astrocyte MTOC/golgi. all the more as Cx43 has been shown to interact with PKCζ [START_REF] Meilleur | Tumor necrosis factor-alphainduced anterior pituitary folliculostellate TtT/GF cell uncoupling is mediated by connexin 43 dephosphorylation[END_REF]), a downstream effector of Cdc42, which is critically involved in the polarization of the microtubule cytoskeleton in migrating astrocytes (Etienne-Manneville, [START_REF] Etienne-Manneville | Cdc42 and Par6-PKCzeta regulate the spatially localized association of Dlg1 and APC to control cell polarization[END_REF]. Noteworthy, as the effect of Cx30 on Cdc42 activation was observed as soon as 30 min after the wound, it may be alternatively suggested that the lack of laminin deposition observed in Cx30-overexpressing astrocytes may actually be caused by the prior Rho GTPase downregulation, as it has previously been reported [START_REF] Wu | Cdc42 expression in keratinocytes is required for the maintenance of the basement membrane in skin[END_REF]).

Cx30 starts being expressed around postnatal day 16 in mice hippocampus, which is exactly the time of synaptogenesis and synaptic pruning (Kunzelmann, Schroder et al. 1999).

The remodeling of the neuropile ECM meshwork, especially laminins, has been associated with long-term synaptic plasticities [START_REF] Calabresi | Tissue plasminogen activator controls multiple forms of synaptic plasticity and memory[END_REF]Nakagami, Abe et al. 2000) and activity-dependent pruning of pyramidal cell dendrites [START_REF] Mataga | Experience-dependent pruning of dendritic spines in visual cortex by tissue plasminogen activator[END_REF]). We here found that Cx30 downregulates the deposition of laminins in hippocampal synaptosomal extracts, and particularly the synapse-enriched isoform Laminin β2 [START_REF] Egles | Laminins containing the beta2 chain modulate the precise organization of CNS synapses[END_REF]. Our data thus suggest that Cx30 regulate the ECM-mediated plasticity of neuroglial synaptic circuits in the developing hippocampus. This hypothesis is consistent with the fact that Cx30 -/mice display impaired hippocampal long-term synaptic plasticity and hippocampus-based contextual fear memory (Pannasch, Freche et al. 2014).

Accordingly, we have demonstrated that Cx30 is necessary for the reorientation of CA1 s.r. astrocyte processes along pyramidal cell apical dendrites, that is to say toward excitatory synapses. The most likely mechanism relies on the Cx30-mediated modulation of integrinβ1-Cdc42 signaling, which sets the reorientation of migrating protrusions. Alternatively, or synergistically, Cx30 may be required for the pruning of overlaping lateral processes from adjacent astrocytic territories, as it has previously been proposed (Bushong, Martone et al. 2004). Indeed, astrocyte lacking Cx30 have been shown to display larger GFAP domain area, elongated processes and enhanced ramification, all of which may be due to a reduced developmental pruning (Pannasch, Freche et al. 2014). The later mechanism however needs to be thoroughly investigated in future studies. Interestingly, we found that the developmental reorientation of CA1 astrocyte processes is accompanied by a similar Cx30dependent alignment of the golgi apparatus along the pyramidal dendrites axis. Therefore, it may be hypothesized that this subcellular reorganization supports the acquisition of polarized secretory competence by mature astroglial cells. Finally, we reported that Cx30 shapes the spatial properties of GJIC in CA1 s.r. astrocytic networks. This observation corroborates a previous survey claiming that the preferential anisotropic coupling of CA1 hippocampal astrocytes relies upon the polarized orientation of their processes (Anders, Minge et al. 2014). This functional maturation of astroglial networks is presumably mediated by the same ECM signaling cascade. Indeed, both laminin-integrinβ1 interaction [START_REF] Lampe | Cellular interaction of integrin alpha3beta1 with laminin 5 promotes gap junctional communication[END_REF] and Rho GTPases activation (Rouach, Pebay et al. 2006;Derangeon, Bourmeyster et al. 2008) modulate the permeability of gap junction channels.

Material and Methods

Animals

Experiments were carried out according to the guidelines of the European Community Council Directives of January 1st 2013 (2010/63/EU) and of the local animal welfare committee (certificate A751901, Ministère de l'Agriculture et de la Pêche), and all efforts were made to minimize the number of animals used and their suffering. Animals were group housed on a 12 h light/dark cycle. Cx30 -/mice were generated as previously described (Boulay, del Castillo et al. 2013). All mice were backcrossed to the C57BL6 background.

Mice of both sexes and littermates were used at postnatal days 21-30, unless otherwise stated.

Antibodies, immunohistochemistry and immunoblotting

All the antibodies used in this study are commercially available and have been validated in previous studies, as reported by the suppliers. The following primary antibodies were used: Cx30 rabbit polyclonal (1 :500, 71-2200, Zymed Laboratories), GFAP rabbit polyclonal (1:2000, G3893, Sigma-Aldrich), α-tubulin rabbit polyclonal (1:10,000, T6199, Sigma-Aldrich), β-actin mouse monoclonal (1:10,000, A5316, Sigma-Aldrich), PSD95 mouse monoclonal (1:500, 610495, BD Biosciences), Synapsin I mouse monoclonal (1:10,000, 106 011, Synaptic Systems), GM130 mouse monoclonal (1:500, 610822, BD Biosciences), γ-Tubulin mouse monoclonal (1:500,T6557, Sigma-Aldrich), Laminin rabbit polyclonal (1:1000, L9393, Sigma-Aldrich), Laminin β2 mouse monoclonal (1:1,000, sc-59980, Santa Cruz), Cdc42 mouse monoclonal (1:150, ACD03, Cytoskeleton), Paxillin mouse monoclonal (1:200, 610569, BD Biosciences), Vinculin (1:200, ab18058, Abcam).

The HRP-conjugated primary anti-GAPDH antibody (1:10,000, ab9385, Abcam) has been used as loading control. The following HRP-conjugated secondary antibodies were used: goat anti rabbit IgG (1:2,500, sc-2004, Tebu Santa Cruz), goat anti-mouse IgG (1:2,500, sc-2005, Tebu Santa Cruz). The following fluorescent dye-conjugated secondary antibodies were used in appropriate combinations: goat anti-mouse IgG conjugated to Alexa 488 (1:2,000, A-11001, Molecular Probes), goat anti-rabbit IgG conjugated to Alexa 488 or 555

(1:2,000, A-11034 or A-21429, Molecular Probes).

Immunohistochemistry and quantifications were performed as previously described (Koulakoff, Ezan et al. 2008). Briefly, cryostat brain slices were fixed 10 min at room temperature with 4% paraformaldehyde (PFA) then washed three times with phosphate buffered saline (PBS) and preincubated 1 h with PBS-1% gelatin in the presence of 1% Triton-X100. Brain slices were then stained by overnight incubation at 4°C with primary antibodies and washed in PBS three times. Appropriate secondary antibodies were finally applied for 1-2 h at room temperature. After several washes, brain slices were mounted in Fluoromount and examined with an inverted confocal laser-scanning microscope (TCS SP5, Leica). Stacks of consecutive confocal images taken with a 63x objective at 600-1000 nm intervals were acquired sequentially with two lasers (argon 488 nm and helium/neon 543 nm) and Z projections were reconstructed using imagej software. Alternatively, primary astrocyte cultures were fixed at room temperature with 4% paraformaldehyde for 10 min, washed three time with PBS and incubated 1h with 10% non-immune goat serum (Zymed) in the presence of 0.1% Triton-X100 before proceeding as described previously. In the specific case of paxillin and vinculin immunolabelling, astrocyte cultures were fixed in MetOH at -20°C for 10 min.

Western blotting and quantification were performed as previously described (Pannasch, Vargova et al. 2011). Shortly, cells were collected with a folded pipette tip (200 µl) in a small volume of PBS containing a cocktail of protease inhibitors (Boehringer), phosphatase inhibitors (β-glycerophosphate, 10 mM) and orthovanadate (1 mM), to which Laemmli 5X buffer was added. Samples were sonicated, boiled 5 min and loaded on 10% or 4-12% polyacrylamide gels. Proteins were separated by electrophoresis and transferred onto nitrocellulose membranes. Membranes were saturated with 5% fat-free dried milk in triphosphate buffer solution and incubated overnight at 4°C with primary antibodies. They were then washed and exposed to peroxidase-conjugated secondary antibodies. Specific signals were revealed with the chemiluminescence detection kit (ECL, GE Healthcare).

Semi-quantitative densitometric analysis was performed after scanning the bands with the imageJ software.

Primary astrocyte cultures and scratch-induced migration assay

Primary cortical astrocyte cultures were prepared as previously described (Koulakoff, Ezan et al. 2008). Briefly, brains were removed from OF1 newborn pups (P1-P3) and the cortices were dissected in cold PBS-glucose (33 mM). Meninges were carefully withdrawn and cortices were mechanically dissociated with flame-polished Pasteur pipette in PBSglucose. Astrocytes were seeded on poly-ornithine coated glass coverslips in DMEM containing 10% fetal calf serum, 10 U/ml penicillin, and 10 µg/ml streptomycin (GIBCO) and incubated at 37°C, 5% CO 2 . After one week, once cells have reached confluency, 1 µM of cytosine-arabinoside was added to the cell culture during 3 days to eliminate proliferating microglial cells. Medium was then changed every 3 days and cells were used after 2-3 weeks in culture. The medium was changed 12h before performing scratch-induced migration assays. Confluent astrocytes were wounded by tidily scraping monolayers with a 200 µl pipette tip (≈300 µm in width). For biochemical analysis, note that several wounds were performed in multiple directions. Cells were then fixed with 4% PFA and washed 3 times in PBS before proceeding with immunostaining as described above.

Imaging analysis of astrocytes reorientation

In vitro tubulin fibers reorientation was assessed 8h after wounding. Wounded astrocyte cultures were fixed with PFA and immunostained for tubulin. Confocal z-stack images of individual wound-edge astrocytes were analyzed using the imageJ plug-in FibrilTool [START_REF] Boudaoud | FibrilTool, an ImageJ plug-in to quantify fibrillar structures in raw microscopy images[END_REF]. Briefly, ROIs were drawn around single cell tubulin cytoskeleton and the average fibril orientation provided by the plug-in was compared to the actual angle of the axis perpendicular to the scratch (with regard to the horizontal plane).

In vitro Centrosome and Golgi apparatus reorientation was determined as previously described (Etienne-Manneville 2006). Shortly, 8h after scratching, astrocytes were fixed with 4% PFA and immunolabeled for γ-Tubulin (centrosome) or GM130 (golgi), and Dapi was added to the secondary antibodies to label the nuclei. Wound-edge astrocytes having their centrosome or golgi orientated perpendicularly (±45°, and ±60°, respectively) to the scratch were considered properly polarized. Random orientation was thus scored at 25% for the centrosome and 33% for the golgi.

In vivo GFAP-positive processes reorientation was analyzed as previously described (Nixdorf-Bergweiler, Albrecht et al. 1994). Confocal Z-stacks images of GFAP-labeled CA1 stratum radiatum subfields were processed for grid-base line analysis using the imageJ software. In short, the pyramidal cell layer was laid down on the top side of the image before setting up an overlay grid made of horizontal/vertical lines delimitating 100 µm 2 squares.

The number of intersections between GFAP-expressing astrocytic processes and grid lines was then measured. Intersections with horizontal lines reflected processes orientated perpendicularly to the stratum pyramidale (thus displaying the so-called axial orientation), whereas processes crossing vertical lines were scored with a lateral orientation toward the pyramidal cell layer. A ratio between Axial/Lateral processes was finally measured, which reflects the polarity index of the cell. A polarity index value larger than one indicated preferential perpendicular orientation toward the stratum pyramidale.

The protocol used for analysis of in vivo Golgi apparatus reorientation was directly adapted from the method of scoring golgi repositioning upon scratching (Etienne-Manneville 2006). Confocal Z-stacks images of GM130-labeled CA1 stratum radiatum subfields were processed for angular orientation analysis using the orientation imageJ plug-in. Succintly, ROIs were drawn around individual golgi apparatus from CA1 astrocytes facing the pyramidal layer, and the orientation values provided were compared to the perpendicular with the pyramidal cell layer. Astrocytes having their golgi align with this axis (±30°, in both directions) to the scratch were considered properly polarized. Random orientation was thus scored at 33%.

The spatial properties of GJ-mediated inter-astrocytic coupling were analyzed using the imageJ software. Confocal Z-stacks thresholded images of Sulforhodamine-B-labeled CA1 stratum radiatum astrocyte networks were manually delimited with best-fit ellipses. The length of the major/minor ellipse axis were measured and its ratio (major/minor) provided an estimation of the polarity (or anisotropy) of astroglial networks. A polarity index value larger than one indicated preferential perpendicular orientation with respect to the stratum pyramidale.

Imaging analysis of protein relocalization

Analysis of Cdc42 relocalization was adapted from [START_REF] Osmani | Cdc42 localization and cell polarity depend on membrane traffic[END_REF]. In short, primary astrocytes were transfected with Cd42-GFP (together with Cx30) given that no Cdc42 antibodies are currently working for immunolabeling. 8h after scratching, astrocytes were fixed with 4% PFA and immunostained for C30. The linear intensity profile of Cdc42-GFP at the leading edge of migrating astrocytes was quantified using imageJ software, and compared between control and Cx30-expressing cells.

Similarly, due to the lack of efficient Integrinβ1 antibodies, astrocyte monolayers were transfected with Integrinβ1-GFP (provided by Franck Coumailleau, Pasteur Institute) and Cx30. 8h after wounding, cells were fixed with 4% PFA and immunolabeled for Cx30. ROIs were drawn at the leading edge of migrating astrocytes and the intensity of Integrinβ1-GFP was quantified using imageJ software, and compared between control and Cx30-positive cells.

Imaging analysis of focal adhesion plaques

The analysis of focal adhesions number and size was adapted from [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF]. Briefly, confocal images of paxillin and vinculin immunostained wounded astrocyte cultures were binarized and thresholded using the imageJ software. ROIs were then drawn at the leading edge of individual cells such that the average number of focal adhesion plaques could be measured using the Analyze Particle tools of imageJ. The pixel size values (min/max) were especially set to include most focal puncta, including in particular mature adhesion plaques. Similarly, the mean area occupied by focal adhesion plaques was quantified after thresholding of paxillin and vinculin immunofluorescence confocal images using the ImageJ software.

Cdc42 pull-down activation assay

Cdc42 pull-down activation assay was adapted from a commercial kit (Cytoskeleton) [START_REF] Tang | The small GTPase Cdc42 regulates actin polymerization and tension development during contractile stimulation of smooth muscle[END_REF]. Briefly, 30 min after wounding, astrocyte monolayers (5.5 cm 2 ) were washed once in ice-cold PBS and rapidly mixed with 1 ml of ice-cold Lysis buffer (50 mM Tris, 10mM MgCl 2 , 0.5 M NaCl, and 2% Igepal, inhibitor coktails, pH 7.5) to yield a protein concentration of 400-600 µg/ml. An aliquot was further taken to perform both BCA protein assay and Cdc42 immunoblot on the total Cdc42 fraction. The mixed was then clarified by ultracentrifugation (10 4 g, 4°C, 1 min), and the supernatant was incubated with GST-p21activated kinase (PAK) binding domain (PBD) affinity beads at 4°C for 1h on a rotator. The beads were next ultracentrifugated (3-5.10 3 g, 4°C, 1min), washed and resuspended in wash buffer (25 mM Tris, 30 mM MgCl 2 , 40 mM NaCl, inhibitor coktails, pH 7.5). After a second step of ultracentrifugation (3-5.10 3 g, 4°C, 3 min), 10-20 µl of Laemli 2X was added to resuspend the beads, and the proteins were boiled 2 min. A western blot for Cdc42 was finally performed on the total and PBD-bound sample fractions with an appropriate dilution of Cdc42 antibodies (1 :150). The intensity of activated GTP-bound Cdc42 was normalized to the total Cdc42 levels, and GAPDH (total) as well as Ponceau (GTP) were used as loading controls.

Isolation of synaptosomal crude membrane fraction

For the isolation of synaptosomal crude membrane fractions, a freshly dissected hippocampus was first lysed in 500 µl of ice-cold homogenization buffer (0.32 M sucrose, 10 mM HEPES, 2 mM EDTA, containing a freshly prepared cocktail of protease inhibitors) using a mechanical Potter-Elvehjem homogenizer. Then, the homogenates were centrifuged at 1,000 g for 15 min at 4°C. The supernatants were further centrifuged at 200,000g for 30 min at 4°C while the pellet nuclear fractions were discarded. Subsequently, the new pellets were washed and resuspended in ice-cold homogenization buffer, while the supernatant crude cytosols were withdrawn. Finally, crude membrane pellets were centrifuged one last time at 200,000g for 30 min at 4°C and resuspended in 100 µl of HEPES lysis buffer (50 mM HEPES, 2 mM EDTA, pH 7.4, containing a freshly prepared cocktail of protease inhibitors). Samples were briefly sonicated and the protein concentration of synaptosomal crude membrane fraction was next determined by BCA protein assay, and further processed for immunoblot as described above.

Gap-junction coupling in hippocampal slices

Acute transvers hippocampal slices (400 µm) were prepared as previously described (Pannasch, Freche et al. 2014). Slices were transferred to storage chamber containing artificial cerebrospinal fluid ((ACSF) in mM: 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 glucose, saturated with 95% O 2 and 5% CO 2 ) for at least 1 h at room temperature before the experiments.

Slices were transferred in a submerged recording chamber mounted on an Olympus BX51WI microscope equipped for infrared-differential interference (IR-DIC) microscopy and were perfused with ACSF (2 ml/min). Whole-cell patch-clamp recordings were obtained from stratum radiatum astrocytes using 4-6 MΩ glass pipettes filled with (in mM: 105 Kgluconate, 30 KCl, 10 HEPES, 10 phosphocreatine, 4 ATP-Mg, 0.3 GTP-Tris, 0.3 EGTA (pH 7.4, 280 mOsm). Astrocytes were identified by their small somata, low input resistance and resting membrane potential, passive membrane properties (linear IV relationship), lack of action potential and extensive gap junctional coupling. For intercellular dye coupling experiments, the internal solution contained biocytin (7 mg/ml), which diffused passively in astrocytes patched in current-clamp mode during 30 min. Recordings were acquired with MultiClamp 700B amplifier (Molecular Devices), digitized at 10 kHz, filtered at 2 kHz, stored and analyzed on computer using Clampex10.3 and Clampfit10.3 Softwares (Molecular Devices). Biocytin was obtained from Sigma, and all other chemicals were from Tocris.

Statistics

All data are expressed as mean ±SEM. Statistical significance for within-group comparisons was determined by one-way ANOVAs (followed by Dunnett's post-test), whereas unpaired or paired t-tests were used for between-group comparisons. Statistical analysis was performed in GraphPad InStat. Representative images of gap junction-mediated coupling between CA1 astrocytes visualized by diffusion of Sulforhodamine-B via patch clamp whole-cell recording. An outline schematic shows the method employed for estimating the spatial properties of CA1 astroglial networks.

Figure legends

Scale bar: 100 µm. F. Graph summarizing the spatial properties of CA1 astroglial networks in the form of polarity indexes. Cx30 appeared to be necessary for the anisotropic coupling of
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Introduction

Astrocytes play critical roles in brain development, activity and disorders through dynamic interactions with neurons (Clarke and Barres 2013;[START_REF] Perea | Neuron-glia networks: integral gear of brain function[END_REF]. Astrocytes indeed sense neuronal inputs through their ion channels, transporters or membrane receptors, respond by transduction pathways, and modulate in turn neighboring neurons. Various mechanisms mediate the astroglial regulation of neuronal activity, such as uptake or release of neuroactive factors, contact-mediated signalling or plastic physical coverage of neurons (Dallerac, Chever et al. 2013;Araque, Carmignoto et al. 2014;Bernardinelli, Randall et al. 2014). However, comprehensive molecular description of such modulations is still limited, and their occurrence and impact during physiological or pathological conditions remain unclear.

A key property of astrocytes is to express high levels of gap junction (GJ) proteins, the connexins (Cx), which have recently shown to be involved in synaptic and network activities (Wallraff, Kohling et al. 2006;Pannasch, Vargova et al. 2011;[START_REF] Pannasch | Astroglial gap junctions shape neuronal network activity[END_REF]Pannasch, Freche et al. 2014). GJ channels are made up of two hemichannels (HC) that align between adjacent cells to form intercellular channels mediating direct cell-to-cell diffusion of ions and small molecules, providing electrical and metabolic coupling (Pannasch and Rouach 2013). The two main GJ subunits in mature astrocytes include Cx43, present from embryonic to adult stages, and Cx30, expressed later in development (from P16) (Kunzelmann, Schroder et al. 1999). Through their role in intercellular communication, Cxs contribute to neurotransmission by both, fueling metabolic active synapses with proper nutrients (Rouach, Koulakoff et al. 2008) and by preventing excessive synaptic activity through efficient uptake of synaptically-released glutamate and K + (Pannasch, Vargova et al. 2011). Recent data have nevertheless unraveled an unexpected complexity of Cxs, which present both channel (GJ and HC) and non-channel functions, involving for instance protein interactions, cell adhesion and intracellular signaling [START_REF] Theis | Emerging complexities in identity and function of glial connexins[END_REF][START_REF] Elias | Gap junctions: multifaceted regulators of embryonic cortical development[END_REF]. Cx43 is already established as an essential player in brain development and physiology through channel and channel independent functions (Pannasch and Rouach 2013).

In contrast, the specific role of Cx30 in neuronal physiology has long been unexplored, although Cx30 was thought early on to be involved in behavioral and basic cognitive processes (Rampon, Jiang et al. 2000;Dere, De Souza-Silva et al. 2003).

Recent studies indicate that astroglial networks mediated by gap junction channels promote neuronal coordination in the hippocampus [START_REF] Chever | Astroglial networks promote neuronal coordination[END_REF]. Remarkably, astroglial Cx30 also tunes hippocampal excitatory synaptic transmission by determining the efficacy of astroglial glutamate clearance through an unprecedented non-channel regulation of astroglial morphology, controlling the ramification and insertion of astroglial processes into synaptic clefts (Pannasch, Freche et al. 2014). By regulating the extent of astroglial processes contacting synaptic clefts, Cx30 directly sets synaptic glutamate levels through clearance.

Besides being a gap junction channel subunit involved in neuronal network activity [START_REF] Chever | Astroglial networks promote neuronal coordination[END_REF], astroglial Cx30 is thus also a molecular determinant of astroglial synapse coverage, which controls synaptic efficacy and hippocampal-based memory (Pannasch, Freche et al. 2014). To reveal the functional roles of astroglial Cx30 in neurotransmission, these studies have used transgenic mice with Cx30 deletion or single point mutation inhibiting channel functions. As striking as the alterations in synaptic efficacy in the absence of Cx30 are, it is now important to evaluate the physiological relevance of this regulation by determining whether astroglial Cx30 expression and functions are endogenously regulated in a native biological context. Remarkably, there are a number of physiological and pathological situations associated with alteration in Cx30 expression. Enriched environment (Rampon, Jiang et al. 2000), modafinil-induced psychostimulation (Liu, Petit et al. 2013) and kainateinduced seizures (Condorelli, Mudo et al. 2002) all increase Cx30 expression. Conversely, decreased Cx30 levels occur in reactive astrocytes during excitotoxic injury (Koulakoff, Ezan et al. 2008) in astrocyte transformation into highly motile glioma cells [START_REF] Princen | Rat gap junction connexin-30 inhibits proliferation of glioma cell lines[END_REF] and in human brains of patients with major depression (Bernard, Kerman et al. 2011) or of suicide completers (Ernst, Nagy et al. 2011). In all, this suggests an activity-dependent regulation of Cx30 and associated functions. We thus examined whether astroglial Cx30 levels, localization and functions are endogenously and dynamically regulated by neuronal activity. We here show that hippocampal Cx30 protein levels and localization at membranes and perisynaptic processes are activity-dependent. This translates at the functional level in the control of Cx30 channel and non-channel functions. Hippocampal population bursting indeed induced opening of Cx30 based hemichannels, and ramification of astroglial processes through non-channel function. Altogether these data show Cx30 expression, perisynaptic localization and functions are endogenously and dynamically regulated by activity.

Results

Neuronal activity increases Cx30 expression through a calcium-dependent pathway

To examine the role of neuronal activity on Cx30 protein levels, we investigated the impact of spontaneous action potential firing in acute hippocampal slices using tetrodotoxin (0.5 µM, 1h) (Fig. 1A). Hippocampal total Cx30 protein levels decreased by more than 50 % when action potentials were inhibited, as assessed by western blotting (n = 3, Fig. 1B,C) and immunohistochemistry (n = 9, Fig. 1D,E). We then investigated the role of network bursting activity generated spontaneously in disinhibited hippocampal slices (0 Mg/picrotoxin) (Fig. 1A), and found that conversely it increased Cx30 expression levels by ~ 30 %, as assessed by immunoblotting (+ 37 ± 5 %, n = 3) and immunohistochemistry (+ 36.2 ± 10 %, n = 9, 3h treatment, Fig. 1B-E). These data show that Cx30 protein levels are activity-dependent, and can be bidirectionally regulated by changes in neuronal firing.

Astrocytes integrate neuronal activity in part through intracellular calcium signaling [START_REF] Bazargani | Astrocyte calcium signaling: the third wave[END_REF]. To gain insight into the molecular pathway underlying the activity-dependent regulation of Cx30 expression, we thus investigated the contribution of calcium signaling. Calcium chelation with BAPTA-AM (25 µM, 1h) strongly decreased hippocampal Cx30 total protein levels (-61 ± 5 %, n = 3, Fig. 2 A,B). In addition, genetic deletion of inositol triphosphate type 2 receptors (IP3R2 -/-mice), which are enriched in astrocytes (Zhang et al., 2014) and thought to contribute partly to calcium fluctuations in soma and processes of astrocytes (Srinivasan, Huang et al. 2015), inhibited the activitydependent control of Cx30 protein levels induced by bursting activity or blockade of spontaneous firing (n = 3, Fig. 2 A,B). Calcium increases in astrocytes are largely mediated by G protein-coupled receptors (GPCRs), such as metabotropic glutamate receptors (mGluRs), purinergic P2Y1 receptors (P2Y1Rs) or gamma-aminobutyric acid (GABA B Rs).

We thus tested their involvement, and found that blockade of mGluRs (LY341495, 20 µM, 3h), but not of P2Y1Rs (MRS2179, 10 µM, 3h) or GABA B Rs (CGP55845, 2 µM, 3h), prevented the increase in Cx30 protein levels induced by bursting activity (n = 3, Fig. 2C,D).

Altogether, these data suggest that mGluR-dependent calcium signaling contributes to the regulation of hippocampal Cx30 protein levels by neuronal activity.

Activity-dependent control of Cx30 expression is mediated by the lysosomal degradation pathway

Connexin proteins have rapid turnover. Their expression levels are regulated by rates of synthesis and degradation, which occurs via the lysosomal and proteasomal pathways (Falk, Kells et al. 2014). We thus investigated whether the relatively fast decrease in Cx30 protein levels induced by action potential inhibition resulted from their degradation. We found that inhibition of the lysosomal pathway (GPN,200 µM,1h), but not of the proteasomal pathway (MG132, 10 µM, 1h), prevented the decrease in hippocampal Cx30 protein levels induced by blockade of action potentials (TTX, n = 3, Fig. 3A,B), as assessed by western blot analysis.

Consistent with these data, action potential inhibition strongly increased the number of Cx30 puncta in lysosomal compartments, as revealed by co-localization analysis of Cx30 and LysoTracker, a lysosomal dye (+ 68.4 ± 20.9 %, n = 9; Fig. 3C,D). We then examined whether the increase in Cx30 protein levels induced by bursting activity resulted from protein synthesis and/or impaired degradation via the lysosomal pathway. Inhibition of protein synthesis (cycloheximide, 400 µM, 3h) failed to prevent the upregulation in Cx30 expression, as shown by western blot analysis (n = 3; Fig. 3E,F). We however found that inhibition of lysosomal degradation mimicked and occluded the effect of bursting activity on Cx30 expression, as such inhibition increased by itself Cx30 levels, as well as prevented bursting activity to further upregulate Cx30 protein levels (n = 3, Fig. 3G,H).

Altogether, these data suggest that neuronal activity bidirectionally controls Cx30 proteins levels through regulation of lysosomal degradation.

Activity-dependent redistribution of Cx30

We investigated whether neuronal activity also altered the subcellular localization of Cx30.

We first examined the effect of bursting activity on Cx30 protein levels at membranes using biotinylation assay in hippocampal slices. We found that network activity induced a strong increase (~ + 300 %, n = 3, Fig. 4A,B) in Cx30 cell surface expression compared to the enhancement of Cx30 total levels (~ + 35 %, Fig. 1B,C). We then determined the effect of bursting activity on Cx30 distribution throughout the domain of single astrocytes using confocal imaging of eGFP labeled astrocytes in acute hippocampal slices of GFAP-eGFP mice (Hirrlinger, Hulsmann et al. 2004). Network activity induced an overall redistribution of Cx30 towards distal processes of astrocytes, as revealed by quantification of Cx30 radial distance from soma center (n = 9; Fig. 4C,D).

Because distal processes of astrocytes are sites of privileged interactions with synapses, we determined whether neuronal activity altered Cx30 distribution in perisynaptic astroglial processes (PAPs). PAPs are indeed the relevant nanodomains for morphological and functional neuroglial interactions, where synaptic information is integrated, processed and modulated [START_REF] Ghezali | Perisynaptic astroglial processes: dynamic processors of neuronal information[END_REF].

We first examined whether Cx30 was present in perisynaptic astroglial processes (PAPs).

PAPs have been shown to co-purify with synapses during synaptosome isolation [START_REF] Chicurel | mRNA at the synapse: analysis of a synaptosomal preparation enriched in hippocampal dendritic spines[END_REF]. We thus purified hippocampal synaptosomes, characterized by an enrichment in synaptic markers such as PSD95 and synapsin I (Fig. 5A), and indeed found that they were closely associated with PAPs, as suggested by very low levels of the GFAP astroglial marker/protein (Fig. 5A) and the presence of the GLT1 glutamate transporters (data not shown). Remarkably, we found that Cx30 was also expressed in synaptosomal fractions, suggesting that PAP membranes contain Cx30. To directly assess the presence of Cx30 in PAPs, we also used super resolution imaging of GFP labeled astrocytes (GFAP-EGFP mice) in hippocampal slices immunostained with Cx30. Consistent with the detection of Cx30 in synaptosomal fractions, stimulated emission depletion (STED) microscopy in hippocampal sections revealed that Cx30 was abundantly expressed throughout the arborisation of fine astroglial processes (Fig. 5B). In addition, structured illumination microscopy (SIM), which provides rapid 3D muticolor imaging in hippocampal slices, revealed that although most Cx30 puncta were located at a distance of more than ~ 350 nm from synapses, a subset displayed close proximity to synapses, with similar distance to presynaptic (VGLUT1) or postsynaptic (PSD95) elements (% of Cx30 within 350 nm of synaptic markers: VGLUT1: 11.1 ± 1.2 %, n = 8 cells; PSD95: 12.5 ± 1.2 %, n = 9 cells; average distance of Cx30 to synaptic markers: VGLUT1: 223.6 ± 2.5 nm, n = 1107; PSD95: 224.3 ± 2.4 nm, n = 1089; Fig. 6C-D). Taken together, these data reveal the presence of Cx30 in perisynaptic astroglial processes.

Remarkably, bursting activity altered the distribution of Cx30, whose levels increased in PAPs, as suggested by the strong increase of Cx30 in synaptosomal fractions (+ 65.7+11.5 %, n = 3, Fig. 6A-B). Noteworthy, bursting activity did not alter the distance of Cx30 puncta within PAPs to presynaptic or postsynaptic elements, as revealed by SIM (VGLUT1: 218.6 ± 2.9.nm, n = 862; PSD95: 221.3 ± 3.5 nm, n = 599; Fig. 6C-D).

Altogether, these data show that neuronal activity promotes Cx30 localization at astrocyte membranes and perisynaptic processes.

Neuronal activity promotes Cx30 hemichannel and non-channel functions

Changes in protein expression and localization reportedly lead to functional alterations. We thus investigated whether the increase and redistribution of Cx30 protein levels induced by neuronal activity resulted at the functional level in changes in Cx30 channel and non-channel functions. Gap junctional communication for various neuroactive factors is a typical feature of astrocytes (Pannasch and Rouach 2013). We previously reported that intercellular diffusion of the fluorescent glucose derivative 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2deoxyglucose (2-NBDG) into neighboring astrocytes is largely mediated by gap junction channels containing the Cx30 subunit and is activity dependent (Rouach et al., 2008). We thus here assessed the effect of bursting activity on Cx30-mediated astroglial gap junction communication using glucose coupling assay. As previously described (Rouach, Koulakoff et al. 2008), we found that bursting activity increased the intercellular diffusion of 2-NBDG, dialyzed by patch clamp recording of stratum radiatum astrocytes, into the gap junctional astroglial network (+ 35.8 ± 9.6 %, n = 15, p < 0.05, Fig. 7A-B). Deletion of Cx30 (Cx30 -/- mice) did however not alter the activity-dependent increase in 2-NBDG trafficking into the gap-junction mediated astroglial network (+ 37.9 ± 9.8 %, n = 6, p > 0.05, Fig. 7A-B). This suggests that changes in Cx30 expression and distribution do not contribute to the activitydependent increase in glucose trafficking into astroglial networks mediated by gap junction channels.

In various cell types, Cx30 can also form hemichannels (HCs) which mediate direct exchange with the extracellular space (Majumder, Crispino et al. 2010;Svenningsen, Burford et al. 2013). Although functional Cx30 HCs have not yet been described in astrocytes, we investigated whether bursting activity may induce their activation. Ethidium bromide (EtBr) uptake assay in stratum radiatum astrocytes from wild type acute hippocampal slices showed that the majority of S100-positive astrocytes exhibited a basal EtBr labeling in control conditions (Fig. 8A). Such labeling is currently thought to be partly (~ 30 %) mediated by active uptake through Cx43 HCs (Chever, Lee et al. 2014). We found that bursting activity increased activation of connexin HCs by ~ 40 % (+ 42.4 ± 14. 6%, n = 4, Fig. 8B,C), as suggested by inhibition of the EtBr uptake increase by HCs blockade with carbenoxolone (CBX, 200 µM, 15 min) (n = 4, Fig. 8B,C). Remarkably, knocking out Cx30 in mice fully inhibited the activity dependent increase in HCs activity (n = 4, Fig. 8B,C), suggesting that bursting activated Cx30 HCs in astrocytes.

Cx30 also exhibits non channel functions regulating the morphology of astrocytes by controlling the ramification of their distal processes (Pannasch, Freche et al. 2014). We thus examined whether bursting activity altered as well ramification of astrocytes. As previously described (Pannasch, Freche et al. 2014), we observed an enhancement in the ramification of astrocytes from Cx30 -/-mice in control conditions (data not shown). We found that activity enhanced ramification of distal astroglial processes, as shown by Sholl analysis which revealed a selective increase in the number of processes located at large distances from the soma (+ 23.2 ± 5.8 % and + 41.9 ± 7.9 %, n = 21, for processes located at 22 and 27 µm from the soma respectively, Fig. 9A,B). Cx30 was involved in this effect, as deletion of Cx30 inhibited the activity dependent ramification of astroglial processes (n = 17, Fig. 9A,B). To determine whether the activity dependent control of astroglial ramification mediated by Cx30 relied on its non-channel function, we investigated astrocyte ramification in Cx30 T5M mice, in which the replacement of a threonine by a methionine at position 5 of Cx30 leads to defective channel pores with no alteration in membrane targeting [START_REF] Grifa | Mutations in GJB6 cause nonsyndromic autosomal dominant deafness at DFNA3 locus[END_REF][START_REF] Schutz | The human deafness-associated connexin 30 T5M mutation causes mild hearing loss and reduces biochemical coupling among cochlear non-sensory cells in knock-in mice[END_REF]. We found in Cx30T5M mice that, despite the loss of Cx30 channel functions, the activity dependent ramification of astrocyte distal processes was unchanged (n = 16, Fig. 9B).

Altogether, these data suggest that changes in Cx30 expression and distribution contribute to the activity-dependent increase in Cx30 HC and non-channel functions.

DISCUSSION

Our study reveals that Cx30 expression, distribution and functional properties are activity dependent. Neuronal activity indeed tightly controls Cx30 proteins levels via calcium signaling and inhibition of lysosomal degradation. Moreover, network bursting sets Cx30 localization by promoting expression at astroglial membranes and perisynaptic processes. This results in specific regulations of Cx30 functions, as bursting activity induced opening of Cx30 hemichannels, and mediated structural remodeling of astroglial processes through nonchannel function.

Activity dependent regulation of Cx30 protein levels

We here show that spontaneous spiking activity as well as network bursting upregulate Cx30 protein levels. The activity-dependent regulations of Cx30 are consistent with several studies showing enhanced levels of Cx30 in animals with increased neurotransmission, such as mice raised in enriched environment (Rampon, Jiang et al. 2000), or experiencing modafinilinduced psychostimulation (Liu, Petit et al. 2013) or kainate-induced seizures (Condorelli, Mudo et al. 2002). We also found that the increase in Cx30 expression is mediated by a mGluR signaling pathway. This suggests that Cx30 expression may be specifically regulated by excitatory transmission through activation of astroglial mGluRs coupled to intracellular calcium signaling and downstream pathways. This hypothesis is consistent with our previous data, showing that Cx30 control of neurotransmission appears to be also selective to excitatory synapses. Astroglial Cx30 indeed alters excitatory synaptic transmission in hippocampal CA1 pyramidal cells by controlling the insertion of astroglial processes into synaptic clefts, but had no effect on inhibitory synaptic transmission (Pannasch, Freche et al. 2014). Altogether, these findings suggest bidirectional regulations of glutamatergic activity and astroglial Cx30. Interestingly, Cx30 transcription has also recently been reported to be calcium-dependent in the inner ear, through a P2Y mediated-IP3 pathway (Ortolano, Di Pasquale et al. 2008). However in our study P2YRs were not involved in the activity dependent regulation of Cx30 levels.

We also showed that neuronal bursting regulates C30 protein levels by inhibiting its degradation via the lysosomal pathways, but not by promoting its synthesis. This is in line with the long lifespan (>12h) of Cx30 (Kelly, Shao et al. 2015) and previous data showing that Cxs are degraded by lysosomal pathways (Falk, Kells et al. 2014). Because Cxs have also been reported to be degraded by the proteasomal and autophagosomal pathways, our data suggest that neuronal activity specifically alters the lysosomal degradation pathway. This likely occurs through the activity-dependent astroglial calcium signaling mediated by IP3 receptors, as lysosomal function critically depends on lysosome uptake of calcium released by IP3 receptors from ER [START_REF] Lopez Sanjurjo | Rapid recycling of Ca2+ between IP3sensitive stores and lysosomes[END_REF]Garrity, Wang et al. 2016).

Activity dependent redistribution of astroglial Cx30

Bursting activity redistributed Cx30 to specific astroglial compartments. Cx30 indeed accumulated at plasma membranes, suggesting their functional activation. Cx30 levels were also enriched in perisynaptic processes, which are relevant nanodomains for functional neuroglial interactions. Since one of Cx30 function is to regulate astroglial synapse coverage (Pannasch, Freche et al. 2014), enhanced levels of Cx30 in PAPs may serve to locally decrease astroglial contacts with synapses. Such reduced coverage likely promotes excitatory synaptic efficacy, as suggested by the role of Cx30 in ensuring efficient synaptic strength by hindering astrocytic processes to enter synaptic clefts and clear glutamate (Pannasch, Freche et al. 2014). This hypothesis is supported by recent studies showing that hippocampal LTP decreases astrocytic coverage of dendrites (Perez-Alvarez, Navarrete et al. 2014), while a decrease in astroglial synapse coverage occurs in the amygdala during consolidation of contextual memory (Ostroff, Manzur et al. 2014). Altogether, these findings suggest reciprocal regulations of glutamatergic activity and astroglial Cx30, since enhanced excitatory activity may promote Cx30 protein levels, which would in turn enhance excitatory activity.

Such two-way interaction likely sustains the development of aberrant bursting leading to epileptiform activity, and possibly chronic seizures. This hypothesis is supported by the upregulation of Cx30 expression in kainate or kindling models of epilepsy (Condorelli, Mudo et al. 2002;[START_REF] Akbarpour | Expression of connexin 30 and connexin 32 in hippocampus of rat during epileptogenesis in a kindling model of epilepsy[END_REF].

Neuronal activity differentially regulates Cx30 functions

We here show that neuronal activity targets both Cx30 channel and non-channel functions.

However, Cx30 based gap junction channels did not contribute to the activity-dependent increase in glucose trafficking into astroglial networks. This suggests that regulation of Cx43, but not Cx30, is involved in the activity dependent plasticity of astroglial metabolic networks.

Remarkably, we here found for the first time that Cx30 hemichannels are functional in astrocytes and opened by bursting activity. These data are consistent with findings reporting activity of Cx30 hemichannels in various cell types (Majumder, Crispino et al. 2010;Svenningsen, Burford et al. 2013), and opening of Cx hemichannels by calcium signaling (Decrock, Vinken et al. 2011). The differential regulation of Cx30 GJ and HC functions by neuronal activity is also consistent with several studies reporting activation of Cx HCs with no alteration or opposite regulation of GJ function [START_REF] Retamal | Cx43 hemichannels and gap junction channels in astrocytes are regulated oppositely by proinflammatory cytokines released from activated microglia[END_REF][START_REF] Abudara | Activated microglia impairs neuroglial interaction by opening Cx43 hemichannels in hippocampal astrocytes[END_REF]. This further suggests that the activity-dependent regulatory pathway affects differentially Cx30 channel functions. Cx hexamers can form functional HCs, as well as GJ channels by docking with HCs from adjacent cells. Neuronal activity thus likely controls the fate of Cx hexamer pool towards functional HCs rather than GJ channels through posttraductional regulations that may alter their assembling, trafficking or activity.

Interestingly, recent data show that Cx43 HCs can be active in physiological (Stehberg, Moraga-Amaro et al. 2012;Chever, Lee et al. 2014) or pathological conditions [START_REF] Giaume | Connexin and pannexin hemichannels in brain glial cells: properties, pharmacology, and roles[END_REF]). Cx30 HCs are likely activated by sustained neuronal activity as we here show that they are open in response to network bursting, while we previously showed that Cx30 HCs are not active in basal conditions (Chever, Lee et al. 2014;Pannasch, Freche et al. 2014). Moreover, Cx30 HCs may mediate specific signalling as the permeability of Cx30 and Cx43 HCs to several physiological relevant molecules such as glutamate or glucose differ (Hansen, Braunstein et al. 2014).

Since Cx HCs can release or uptake various neuroactive substances, their opening especially in perisynaptic processes, as suggested by the activity dependent redistribution of Cx30 in PAPs, should efficiently modulate the activity of adjacent synapses. Noteworthy Cx30 interacts with elements of the cytoskeleton (Qu, Gardner et al. 2009) and its non-channel function has been shown to regulate cell morphology, adhesion and migration.

We here demonstrate that bursting activity also controlled the remodelling of astroglial morphology through a Cx30 non channel function. We indeed found that Cx30 controlled the increased ramification of astrocytes induced by bursting epileptiform activity. This data is consistent with the loss of astroglial domain organization reported in several mice models of epilepsy (Oberheim, Tian et al. 2008). Such structural alteration most probably perturbs proper synaptic processing within astroglial territories.

Materials and Methods

Animals

Experiments were carried out according to the guidelines of the European Community Council Directives of January 1st 2013 (2010/63/EU) and of the local animal welfare committee (certificate A751901, Ministère de l'Agriculture et de la Pêche), and all efforts were made to minimize the number of animals used and their suffering. Animals were group housed on a 12 h light/dark cycle. Cx30 -/-mice were generated as previously described (Boulay, del Castillo et al. 2013). Cx30 T5M/T5M mice [START_REF] Schutz | The human deafness-associated connexin 30 T5M mutation causes mild hearing loss and reduces biochemical coupling among cochlear non-sensory cells in knock-in mice[END_REF] were provided by F. Mammano, Venetian Institute of Molecular Medicine, Italy. IP3R2 -/-mice [START_REF] Li | Endothelin-1-induced arrhythmogenic Ca2+ signaling is abolished in atrial myocytes of inositol-1,4,5-trisphosphate(IP3)-receptor type 2deficient mice[END_REF] were provided by J. Chen, University of California San Diego, USA. All mice were backcrossed to the C57BL6 background. Mice of both sexes and littermates were used at postnatal days 21-30, unless otherwise stated.

Acute hippocampal slice preparation and Pharmacology

Acute transverse hippocampal slices (300-400 µm) were prepared as previously described [START_REF] Pannasch | Dual electrophysiological recordings of synapticallyevoked astroglial and neuronal responses in acute hippocampal slices[END_REF]. Slices were maintained in a submerged storage chamber containing an artificial cerebrospinal fluid (ACSF) including (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 mM glucose, saturated with 95% O2 and 5% CO 2 for at least 1 h before further processing. For generation of neuronal bursting activity, slices were stored in Mg 2+ free ACSF containing picrotoxin (100 µM). To inhibit action potential firing, TTX (0.5 µM) was added to ACSF, while for chelating astrocyte intracellular calcium, ACSF was supplemented with BAPTA-AM (25 µM). To dissect the activity-dependent signaling cascade regulating Cx30 expression, the selective group II metabotropic glutamate receptor antagonist LY341495 (20 µM), the competitive P2Y 1 R antagonist MRS2179 (10 µM) and the selective GABA B R antagonist CGP55845 (2 µM) were added to ACSF. Finally, the proteasomal inhibitor MG132 (10 µM) and the lysosomal blocker GPN (200 µM) were used to determine the nature of the protein degradation pathway regulating Cx30 protein levels. Lastly, to selectively block protein synthesis ACSF was supplemented with cycloheximide (400 µM). All drugs were from Tocris, except for GPN, which was from Sigma.

Antibodies, immunohistochemistry and immunoblotting

All the antibodies used in this study are commercially available and have been validated in previous studies, as reported by the suppliers. The following primary antibodies were used: Cx30 rabbit polyclonal (1:500, 71-2200, Zymed Laboratories), GFAP rabbit polyclonal (1:2,000, G3893, Sigma), tubulin rabbit polyclonal (1:10,000, T6199, Sigma), β-actin mouse monoclonal (1:10,000, A5316, Sigma), PSD95 mouse monoclonal (1:500, 610495, BD Biosciences), Synapsin I mouse monoclonal (1:10,000, 106 011, Synaptic Systems). The HRP-conjugated primary anti-GAPDH antibody (1:10,000, ab9385, Abcam) has been used as loading control. The following HRP-conjugated secondary antibodies were used: goat anti rabbit IgG (1:2,500, sc-2004, Tebu Santa Cruz), goat anti-mouse IgG (1:2,500, sc-2005, Tebu Santa Cruz). The following fluorescent dye conjugated secondary antibodies were used in appropriate combinations: goat anti-mouse IgG conjugated to Alexa 555 (1:2,000, A-21424, Molecular Probes), goat anti-rabbit IgG conjugated to Alexa 488 or 555 (1:2,000, A-11034 and A-21429, Molecular Probes). Immunohistochemistry and quantification were performed as previously described (Pannasch, Vargova et al. 2011). Briefly, hippocampal acute slices were fixed overnight at room temperature with 4% paraformaldehyde, then washed three times with PBS, and pre-incubated 1h with PBS-1% gelatin in the presence of 1% Triton-X100. Brain slices were then stained by overnight incubation at 4°C with primary antibodies, and washed three times in PBS. Appropriate secondary antibodies were finally applied for 1-2h at room temperature. After several washes, hippocampal slices were mounted in Fluoromount or Prolong gold antifade reagent and examined with either inverted confocal laser-scanning microscopes (TCS SP5, Leica or custom designed), or custom designed Structured Illumination Microscopy (SIM) and Stimulated Emission Depletion (STED) microscopy. For confocal microscopy (TCS SP5, Leica), stacks of consecutive confocal images taken with a 63x objective at 600-1000 nm intervals were acquired sequentially with two lasers (argon 488 nm and helium/neon 543 nm) and Z projections were reconstructed using imageJ software. Lysotracker red DND99 (1:5,000, L7528, Thermofisher) was perfused with oxygen for 10 min on living hippocampal slices, which were then fixed overnight at room temperature with 4% paraformaldehyde and further processed for Cx30 immunohistochemistry as previously described. Finally, the tissue was mounted for confocal imaging and analyzed with imageJ software: the intensity of Cx30 puncta within stratum radiatum LysoTracker-positive structures was measured for each plane of the Z-stack. For analysis of the Cx30 radial intensity profile, confocal microscopy Z-stacks were processed using the imageJ software. Briefly, the intensity radial profile imageJ plugin measured at any given position the sum of the pixel values around a circle centered at the cell soma, and plotted it as a function of the actual radial distance from this center. For analysis of astrocytic ramification, we used an adaptation of Sholl's concentric circles technique. Succinctly, five circles at 5 µm intervals were drawn around each astrocyte; the circle enclosing the soma had a diameter of 7 µm. The number of intersections of astrocytic processes with each circle was quantified. Immunoblotting and quantification were performed as previously described (Pannasch et al., 2014). Briefly, hippocampal acute slices were collected in a small volume of cold SDS 2% containing a cocktail of protease inhibitors and phosphatase inhibitors (glycerophosphate (10 mM) and orthovanadate (1 mM)), to which Laemmli 5X buffer was added. Samples were sonicated, boiled 5 min and loaded on 10% or 4-12% polyacrylamide gels. Proteins were separated by electrophoresis and transferred onto nitrocellulose membranes. Membranes were saturated with 5% fat-free dried milk in triphosphate buffer solution and incubated overnight at 4°C with primary antibodies. They were then washed and exposed to peroxidase-conjugated secondary antibodies. Specific signals were revealed with the chemiluminescence detection kit (ECL, GE Healthcare). Semi-quantitative densitometric analysis was performed after scanning the bands with the imageJ software.

Super resolution Imaging

STED-confocal imaging. Super-resolved and confocal images were acquired on a home built pulsed, time-gated STED microscope described previously (Mahou et al., Proc. SPIE BiOS, 2015). In brief, the system is based around a commercial point scanning microscope (RESOLFT, Abberior Instruments) comprising a microscope frame (IX83, Olympus), a set of galvanometer mirrors (Quad scanner, Abberior Instruments) and a detection unit consisting of two avalanche photodiodes (SPCM-AQRH, Excelitas Technologies). Images were acquired with a 100x/1.4 NA oil immersion objective lens (UPLSAPO 100X, Olympus). Confocal images of GFP are taken using the in built laser and detector of the commercial system.

Fluorescence excitation is from a 488 nm laser source (Cobolt 06-MLD-488 nm, Cobolot).

GFP fluorescence is separated from the red channel using a dichroic mirror (zt 594 RDC, Chroma) and the emission filter (Brightline HC 550/88, Semrock). STED images were acquired using 638 nm fluorescence excitation and 765 nm depletion. Depletion was from a titanium-sapphire oscillator (Mai Tai HP, Spectraphysics) operating at 765 nm. Excitation pulses are selected from a supercontinuum generated by pumping a photonic crystal fibre (SCG800, NKT photonics) with the same titanium-sapphire. Depletion beam shaping uses a spatial light modulator (X10468-02, Hamamatsu), this also allows correction for aberrations.

Acquisition was controlled using the Imspector Image Acquisition software (Andreas Schönle, Abberior Instruments GmbH, Göttingen, Germany). The pixel dwell time for STED was 10 µs and for GFP 7 µs. 5 line accumulations were acquired. Excitation powers were 20-30 µW (GFP) and 20-30 µW (STED). The depletion laser power was 150-100 mW. The pixel size used throughout was 50 nm (xy) and 1µm in z. In the STED channel a time gate of 1.5 ns between excitation and detection is used.

Structure Illumination Microscopy.

Images of the sample were collected using 3-color Structured Illumination Microscopy (SIM) for optical sectioning. A 60X/1.2NA water immersion lens (UPLSAPO 60XW, Olympus) focused the structured illumination pattern onto the sample, and the same lens was also used to capture the fluorescence emission light before imaging onto an sCMOS camera (C11440, Hamamatsu) [1]. The wavelengths used for excitation were: 488 nm (iBEAM-SMART-488, Toptica), 561 nm (OBIS 561, Coherent), and 640 nm (MLD 640, Cobolt). Images were acquired using custom SIM software described previously [START_REF] Young | A Guide to Structured Illumination TIRF Microscopy at High Speed with Multiple Colors[END_REF]. Nine raw images were collected at each plane and were recombined using a custom implementation of a Super-Resolution Optical Sectioning reconstruction algorithm (O'Holleran and Shaw 2014). For each cell, 12 planes spaced at 0.5µm were captured, providing a complete 3D reconstruction of the cell. For each cell, the plane with strongest labeling of Cx30 was selected for colocalization analysis between Cx30 and the synaptic markers (VGLUT1 or PSD95). Colocalization analysis was performed using a batch protocol in Icy (de Chaumont, Dallongeville et al. 2012)[3]. The key steps in the protocol were: 1. Noise removal; 2. Spot detection; 3. Object-based colocalization using Ripley's K-function analysis.

Brain slices biotinylation

Biotinylation of cell surface proteins was performed as previously described [START_REF] Gabriel | Brain slice biotinylation: an ex vivo approach to measure region-specific plasma membrane protein trafficking in adult neurons[END_REF]. Briefly, after a 3h pre-incubation period in either regular ACSF or 0Mg 2+ -Picrotoxin containing ACSF, hippocampal acute slices were washed three times in ice cold ACSF and then incubated in 0.75 ml of 1 mg/ml sulfo-NHS-SS-biotin on ice for 45 min. Biotinylated brain slices were then washed three times in ice cold ACSF and incubated 10 min in ice cold ACSF. Hippocampal slices were next washed three times in ice cold quench buffer (ACSF supplemented with 100 mM Glycine) and incubated with 0.75 ml quenching buffer on ice two times for 25 min. Finally, slices were washed three times in ice cold ACSF and pelleted by centrifuging at 200 g/min. The pellet was then resuspended in 400 µl of ice cold RIPA/PI, and incubated at 4°C for 30 min, before centrifuging at 18,000 g at 4°C for 15 min. The protein concentration of the supernatant was next determined by BCA protein assay, and the bead/total protein ratio was set empirically at ≈1/4, such that 70 µl of beads were incubated with 275 µg of tissue lysate. Finally, biotinylated proteins were then bound to streptavidin beads by rotating the mix overnight at 4°C, and pelleted at 18,000 g at RT for 2 min. After washing the beads three times with 0.75 ml RIPA, biotinylated proteins were eluted by adding 25 µl of 2X SDS-PAGE reducing sample buffer, vortexed and rotated at RT for 30 min. Last, biotinylated and total lysate samples were analyzed in parallel by immunoblot as described above.

Isolation of synaptosomal crude membrane fraction

For the isolation of synaptosomal crude membrane fractions, 8-10 hippocampal acute slices for each condition were first lysed in 500 µl of ice cold homogenization buffer (0.32 M sucrose, 10 mM HEPES, 2 mM EDTA, containing a freshly prepared cocktail of protease inhibitors) using a mechanical Potter-Elvehjem homogenizer. Then, the homogenates were centrifuged at 1,000g for 15 min at 4°C. The supernatants were further centrifuged at 200, 000g for 30 min at 4°C, while the pellet nuclear fractions were discarded. Subsequently, the new pellets were washed and resuspended in ice cold homogenization buffer, while the supernatant crude cytosols were withdrawn. Finally, crude membrane pellets were centrifuged once more at 200, 000g for 30 min at 4°C and resuspended in 100 µl of HEPES lysis buffer (50 mM HEPES, 2 mM EDTA, pH 7.4, containing a freshly prepared cocktail of protease inhibitors). Samples were briefly sonicated and the protein concentration of synaptosomal crude membrane fraction was next determined by BCA protein assay, and further processed for immunoblot as described above.

Hemichannel activity

Basal and evoked HC activity was analyzed as previously described (Chever, Lee et al. 2014).

Briefly, HC opening was investigated at a depth of 20-40 µm from the surface of acute slices and at a recovery time of at least 2h after the slicing procedure, because in such conditions astrocytes exhibited no sign of reactivity, as previously described (Chever, Lee et al. 2014).

Living slices were incubated for 1h in regular ACSF or ACSF containing 0Mg 2+ picrotoxin (100 µm) within small customized submerged chambers. To investigate the contribution of Cx HCs to dye uptake, independent experiments were performed where slices were preincubated 15 min before and during the application of ethidium bromide (EtBr, 314 Da, 4 µM, 10 min), an HC-permeable fluorescent tracer, with carbenoxolone (CBX, 200 µM). Slices were then rinsed for 15 min in ACSF, fixed for 2h in 4% paraformaldehyde, immunostained for S100β and mounted in Fluoromount. Labeled cells were examined in a confocal laserscanning microscope (TCS SP5, Leica). Stacks of consecutive confocal images with high-bit depth color (16 bit) were taken at 1 µm intervals. Dye uptake analysis was performed in stratum radiatum CA1 astrocytes that were positive for S100β. Fluorescence intensity was digitized in arbitrary units in 65,000 shades of gray with ImageJ software. Dye uptake was evaluated as the difference between the fluorescence measured in astrocytes (20-40 cells per slice) and the background fluorescence measured in the same field where no labeled cells were detected.

Gap junctional coupling

Slices were transferred to a submerged recording chamber mounted on a microscope equipped for infrared-differential interference (IR-DIC) microscopy and were perfused with ACSF at a rate of 1.5 ml/min. Somatic whole-cell recordings were obtained from visually and electrophysiologically identified stratum radiatum astrocytes using 4-6 MΩ glass pipettes filled with (in mM): 105 K-gluconate, 30 KCl, 10 HEPES, 10 phospho-creatine, 4 ATP-Mg, 0.3 GTPTris, 0.3 EGTA (pH 7.4, 280 mOsm). The recorded stratum radiatum astrocytes exhibited typical morphological and electrophysiological properties and were identified by their small soma (5-10 m), low membrane resistance and resting membrane potentials (≈ -80 mV), passive membrane properties (linear I-V relationship) and lack of action potentials.

For intercellular coupling experiments, the internal solution contained 2-[N-(7-nitrobenz-2oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG, 2 mg/ml) and the recorded astrocytes were loaded during 20 min in current-clamp mode. Intercellular diffusion of fluorescent glucose was captured online with a digital camera after 20 min of astrocyte dialysis and the number of coupled cells was analyzed off-line with Image J software. Astrocyte recordings were discarded when the resting membrane potential varied by more than 10 % or when series resistance varied by more than 20 % during the experiment. Recordings were acquired with Axopatch-1D amplifiers, digitized at 10 kHz, filtered at 2 kHz, stored and analyzed on computer using Pclamp9 and Clampfit9 softwares.

Statistics

All data are expressed as mean ±SEM. Statistical significance for within-group comparisons was determined by one-way ANOVAs (followed by Dunnett's post-test), whereas unpaired or paired t-tests were used for between-group comparisons. Statistical analysis was performed in GraphPad InStat.

Figure1. Activity-dependent regulation of Cx30 protein levels. A. Spontaneous activity of hippocampal CA1 pyramidal cells recorded in current clamp in control, TTX (0.5 µM, 1-3h), and 0Mg 2+ -picrotoxin (0 Mg-P, 100 µM, 1-3h) conditions. Scale bar: 20 mV, 6.7 s. B.

Immunoblot detection of Cx30 in hippocampal acute slices in regular ACSF (Control), or ACSF containing TTX (0.5 µM, 1h) or 0Mg 2+ -picrotoxin (0Mg-P, 100 µM, 3h). GAPDH was used as a loading control. C. Quantitative analysis of Cx30 protein levels showing that Cx30 expression was reduced in TTX (n = 3) and increased in 0Mg-P (n = 3). Relative expression levels of Cx30 normalized to GAPDH levels; control ratio is set to 1 (n = 3). D. 
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Introduction

The hypothalamic supraoptic nucleus (SON) is a unique brain region where intense morphological remodelling occurs during physiological situations. It is characterized by strong neuroglial plasticity leading to changes in synaptic strength resulting from alteration of synapse coverage by astroglial processes. In particular, previous work established ultrastructurally that during lactation, astrocytic processes retract from oxytocinergic neurons (Theodosis and Poulain 1993;Hatton 1997). This process retraction alters synaptic strength at local excitatory synaptic inputs, because it reduces astroglial glutamate clearance, thereby changing synaptic glutamate levels, as shown electrophysiologically (Oliet, Piet et al. 2001).

These changes in glutamate levels alter the rhythmic drive of oxytocinergic neurosecretory cells, controlling the synchronized release of oxytocin [START_REF] Israel | Glutamatergic input governs periodicity and synchronization of bursting activity in oxytocin neurons in hypothalamic organotypic cultures[END_REF]. Remarkably, oxytocin controls various fundamental body functions such as parturition, lactation or osmoregulation (Bourque, Oliet et al. 1994;Veening, de Jong et al. 2015). Moreover, oxytocin has also a plethora of effects on cognition and behaviour, especially related to learning and memory, sociability and maternal care [START_REF] Lee | Oxytocin: the great facilitator of life[END_REF]). These data suggest that astrocytes through regulation of neuron coverage may participate to the various cognitive and behavioural effects of oxytocin. Astrocytes have recently been shown to contribute to cognitive functions in the healthy and diseased brain (Chung, Welsh et al. 2015;[START_REF] Dallerac | Astrocytes as new targets to improve cognitive functions[END_REF], in particular through regulation of astroglial coverage of neurons (Tanaka, Shih et al. 2013;Pannasch, Freche et al. 2014). However, their role in social behaviour in physiological conditions and the underlying mechanisms remain elusive.

A key property of astrocytes is to express high levels of gap junction proteins, the connexins (Cx). Importantly, we recently found that astroglial Cx30 tunes hippocampal excitatory synaptic transmission by determining the efficacy of astroglial glutamate clearance through an unprecedented non-channel regulation of astroglial morphology, controlling the ramification and insertion of astroglial processes into synaptic clefts (Pannasch, Freche et al. 2014). In fact, by regulating the extent of astroglial processes contacting synaptic clefts, Cx30 directly sets synaptic glutamate levels through clearance. Indeed, by showing that perisynaptic astroglial processes lacking Cx30 literally penetrate synaptic clefts, we revealed that Cx30 is a molecular determinant of astroglial synapse coverage controlling synaptic efficacy and hippocampal-based memory. We thus identified a novel molecular mechanism controlling direct interaction of astroglial processes with synaptic clefts.

We here investigated whether Cx30 regulates the plastic coverage of SON oxytocinergic neurons and its consequences on secreted oxytocin levels and associated maternal and social behavior. Virgin mice deficient for Cx30 displayed reduced astroglial coverage of oxytocinergic neurons. Moreover we found that during lactation, Cx30 protein levels were strongly up-regulated in the SON and contributed to the plasticity of astroglial oxytocinergic neuron coverage. Changes in astroglial neuron coverage were associated with altered plasmatic levels of oxytocin, as well as social and maternal behaviors. Altogether, these data establish astrocytes, through Cx30 regulation of neuron coverage, as key regulators of oxytocin-based sociability.

Results

Cx30 sets the level of oxytocinergic neuron coverage by astrocytes in the virgin SON

We previously showed Cx30 to be a key determinant of astroglial neuron coverage in the hippocampus (Pannasch, Freche et al. 2014). To relate the identified astroglial Cx30 function to a physiological context we took advantage of the hypothalamic supraoptic nucleus (SON), since it is a well-known physiological model of morphological neuroglial plasticity [START_REF] Hatton | Dynamic neuronal-glial interactions: an overview 20 years later[END_REF]). We performed immunofluorescent labeling for GFAP and OT in brain slices from Cx30 -/-mice and measured the extent of OT-expressing neuron coverage by GFAP-positive astroglial processes. We found that adult virgin female mice lacking Cx30 (-/-) displayed a severe reduction of GFAP neuron coverage compared to wild type mice (perisomatic GFAP intensity (a.u.): +/+: 47.04 ± 5.01, n=134, -/-: 16.56 ± 1.97, n=182, Fig 1A-C). Since GFAP occupies only ~ 15% of the total volume of the astrocyte (Bushong, Martone et al. 2002), we investigated whether these gross morphological differences may actually reflect changes in OT-positive synapses coverage by perisynaptic glial sheaths. To do so, we used high-end electron microscopy, 2D quantitative analysis and 3D volume reconstructions of astrocytesynapse complexes. We observed that the dendritic region of the SON was composed of dendrites of different calibers occupying most of the neuropil (Fig. 2A-B). The remaining neuropil contained synaptic boutons of variable size, which were established on both, dendritic shafts (Fig. 2B) or spines (Fig. 2A) and were densely packed with synaptic vesicles distributed throughout the terminal (Fig. 2A,B). We found a dramatic reduction of ∼ 50% in the volume of astrocytic processes in the neuropil of SON from virgin -/-mice (Fig. 2A,C,E), in particular around synaptic complexes, when compared with wild type (+/+) mice (Fig. 2B,D,E). In addition, we observed a nearly 50% reduction as well in the percentage of astrocytic processes around synaptic boutons and dendrites in -/-mice compared to wild type mice (Fig. 2A-E). . In all, these results indicate that Cx30 sets the level of OT-expressing neurons and synapses coverage by astrocytes in the SON of virgin female mice.

Cx30 regulates the neurosecretory activity of oxytocinergic neurons in virgin mice

Neuroglial structural plasticity in the SON has been shown to modulate the tone of magnocellular synaptic inputs, thereby promoting bursting activity and OT release in the bloodstream (Oliet and Bonfardin 2010). Thus, given the reduced astroglial synaptic coverage observed in the SON of virgin -/-mice, we investigated whether Cx30 controls the neurosecretory activity of oxytocinergic neurons. To do so, we first performed immunohistochemistry for OT in brain slices, and quantified OT levels in the somata of magnocellular neurons. We found a decrease in such OT levels in -/-mice compared to +/+ mice (OT intensity (a.u.): +/+: 28.96 ± 0.98, n =78, -/-: 24.98 ± 0.90, n = 106, Fig. 3A,B), which may reflect an increase in OT secretion. To further investigate this hypothesis, we measured the plasmatic levels of OT in -/-mice by using a radioimmunoassay (RIA). We found that mice lacking Cx30 displayed a two-fold increase in the secretion of OT in the systemic circulation compared to wild type animals (Plasmatic concentration of OT (pg/ml): +/+: 45.45 ± 3.20, n=4, -/-: 87.58 ± 16.52, n=6, Fig. 3C). Altogether, these results suggest that Cx30 regulates the neurosecretory activity of oxytocinergic magnocellular neurons in virgin mice.

Cx30 expression is physiologically regulated in the SON during lactation

During lactation, the SON undergoes a well characterized morphological reorganization, involving especially the withdrawal of astroglial processes from the vicinity of oxytocinergic neuronal somata and dendrites (Fig. 4A,B) (Theodosis and Poulain 1984). As Cx30 sets the neuroglial morphofunctional interactions in the SON of virgin mice, we examined whether Cx30 expression is regulated in in a physiological situation of intense neurohormonal demands, such as lactation. Therefore, we performed immunoblot assays for Cx30 in SON extracts from wild-type female virgin and lactating mice. We observed that lactation induced a massive increase in Cx30 protein levels in the SON of lactating mice (∼ 30-fold) (Fig. 4C,D). This increase was also demonstrated by Cx30 immunolabeling in brain slices (Fig. 4E,F). Noteworthy, the increase in Cx30 protein levels during lactation correlated with the downregulation of GFAP expression, a finding consistent with previous studies (Wang and Hamilton 2009;Pannasch, Freche et al. 2014). Cx30 is physiologically regulated in the SON during lactation, and may thus play a role in the remodeling of astrocyte neuron coverage.

Cx30 is necessary for neuroglial remodeling in the SON during lactation

To assess the role of Cx30 in lactation-induced astrocyte neuron coverage remodeling, we first performed immunohistochemistry for GFAP and OT in brain slices from lactating animals. We found that while GFAP-rich astrocyte processes withdrew from OT-expressing neuronal somata in wild type animals (normalized coverage (a.u.): 0.49 ± 0.05, n=143, Fig. 5A-C), astrocyte stem processes rather nestle around magnocellular neurons in the SON of lactating -/-mice (1.91 ± 0.34 a.u., n=227, Fig. 5B,C). To determine the contribution of Cx30 to the synaptic remodeling occurring during lactation, we then performed electron microscopy quantitative analysis of lactating SON from -/-and +/+ mice. We observed in lactating wild type mice a massive reduction in the number of astrocytic processes in the neuropil compared to the virgin condition (compare Fig. 6A, C with Fig. 2A,C). Strikingly, this strong decrease was not seen in the lactating mice lacking Cx30, and the amount of astroglial processes in these animals was rather similar to the one observed in wild type virgin animals (compare Fig. 6B with 2A and Fig. 6D with 2C). Quantitive analysis indeed showed that mice deficient for Cx30 displayed a nearly 50% increase in the volume and the amount of astrocytic processes around synaptic boutons or dendrites (Fig 6E). In conclusion, these data clearly demonstrate that Cx30 deficiency impairs the proper withdrawal of astrocytic processes during lactation.

Astroglial Cx30 regulates social and maternal behavior

As Cx30 controls astroglial coverage of neurons and oxytocin levels, we next assessed whether it may translate at the behavioral level in alterations in sociability and maternal care.

In the three chamber test, both wild type and Cx30 deficient mice featured clear preference for the social stimulus (Fig. 7A). However, -/-mice spent more time sniffing the wire cup containing the stimulus mouse, indicatingan enhanced social behavior of -/-mice relative to +/+ mice, as quantified by the sociability index (Fig. 7A). To identify the basis for this excessive sociability, social behavior was assessed in a more naturalistic way through the social interaction test with an unfamiliar male. Males deficient for Cx30 displayed high level of social interactions, as shown by the time spent in affiliative behaviors relative to the wild type mice (Fig. 7B). To provide further evidence of these maladaptive social behaviors in contact with conspecific male, we used the dominance tube test., and found that wild type mice had a much higher probability of winning, suggesting an excess of subordinates in mice lacking Cx30 (Fig. 7C). We also investigated whether these changes may result from alterations in anxiety or motor behavior, but found that this was not the case. Indeed, in the open field -/-traveled similar distance and spent comparable time in the center than wild type mice (Fig. 7D). Because virgin female deficient for Cx30 display increased basal oxytocin levels, we investigated whether they display enhanced maternal behavior. To do so, we tested adult virgin females for nest building, and found that mice deficient for Cx30 displayed better performance early on (Fig. 7E).

Altogether, these data show that deficiency for Cx30 exacerbates sociability and maternal behavior. This "hypersociability" may arise at least in part from an excess of subordinate behavior and/or an abnormal processing to respond to social stimuli at the behavioral level.

Discussion

The present study shows that Cx30 sets the level of astroglial coverage of oxytocinergic neurons and synapses in the SON in physiological conditions. Remarkably, Cx30-dependent neuroglial remodeling also controls the activity of oxytocinergic magnocellular neurosecretory cells, and thus consequently modulates oxytocin dependent behaviors, including sociability and maternal care. We indeed found that Cx30 induced the withdrawal of GFAP-rich astrocyte stem processes from the vicinity of oxytocinergic neuronal somata in the SON of virgin mice (Fig. 1A-C). The molecular mechanisms underlying this astroglial morphological remodeling remain unknown, but likely regulate the structural architecture and motility of cells as Cx30 modulates the activity of the Rho GTPase Cdc42 (Ghezali et al., article 2 in preparation), interacts with the actin and tubulin cytoskeleton (Qu, Gardner et al. 2009) and alters cell adhesion and migration (Pannasch, Freche et al. 2014). Similarly, the physiological stimuli that govern the local expression of Cx30 in the SON remain unknown.

Interestingly ∼25% of oxytocinergic neurons input synapses are glutamatergic (Meeker, Swanson et al. 1993), and we recently found that glutamate controls Cx30 protein levels via an mGluR-IP3R2 signaling pathway in astrocytes (Ghezali et al.,article 3 in preparation), glutamate is thus a good candidate. In addition, the number (El Majdoubi, Poulain et al. 1996) and activity (Tasker, Di et al. 2002) of glutamatergic synapses sharply increases upon lactation in the SON. Glutamate may therefore mediate the dramatic increase in Cx30 expression that we observed in the SON of lactating mice. Noteworthy, astrocytes express OT receptors (Di Scala-Guenot and Strosser 1992), and the somato-dendritic release of OT has been demonstrated to regulate the number [START_REF] Chevaleyre | Interplay between presynaptic and postsynaptic activities is required for dendritic plasticity and synaptogenesis in the supraoptic nucleus[END_REF] and strength [START_REF] Curras-Collazo | Vasopressin and oxytocin decrease excitatory amino acid release in adult rat supraoptic nucleus[END_REF] of presynaptic glutamatergic terminals. OT signaling may therefore provide an alternative mechanism for the regulation of Cx30 expression.

Strikingly, we here report that Cx30 differentially regulated astroglial coverage of oxytocinergic synapses in virgin and lactating animals. Indeed in virgin mice, Cx30 ensures that astroglial processes cover excitatory synapses at oxytocinergic neurons, thus acting as a brake for OT neurosecretion through astroglial glutamate clearance; alternatively, in lactating animals, Cx30 promotes the withdrawal of perisynaptic glial sheaths from magnocellular dendrites, and hence facilitates OT release. What may underlie the different contributions of Cx30 to neuroglial remodeling in the virgin and lactating SON? One hypothesis is that Cx30 regulation of astroglial coverage depends on its proteins levels that may be controlled by neurotransmitters or hormones, since lactating animals display a massive increase (∼30-fold) in Cx30 expression. Alternatively, the hormonal status of the animal may govern the direction of the Cx30-dependent astroglial synaptic coverage. In fact, astrocytes express a large repertoire of steroid hormone receptors [START_REF] Jung-Testas | Demonstration of steroid hormone receptors and steroid action in primary cultures of rat glial cells[END_REF][START_REF] Al-Bader | Expression of estrogen receptor alpha and beta in rat astrocytes in primary culture: effects of hypoxia and glucose deprivation[END_REF]) which induces intracellular Ca 2+ increase and oscillations [START_REF] Chaban | A membrane estrogen receptor mediates intracellular calcium release in astrocytes[END_REF]), regulates the re-organization of the cytoskeleton (especially GFAP) (Hansberg-Pastor, [START_REF] Hansberg-Pastor | Sex Hormones Regulate Cytoskeletal Proteins Involved in Brain Plasticity[END_REF], modulates astrocytes morphology [START_REF] Mong | Estradiol modulation of astrocytic form and function: implications for hormonal control of synaptic communication[END_REF] and controls glial synaptic coverage [START_REF] Witkin | Effects of gonadal steroids on the ultrastructure of GnRH neurons in the rhesus monkey: synaptic input and glial apposition[END_REF].

Therefore, akin to OT-releasing magnocellular neurons (Ludwig, Sabatier et al. 2002), it can be hypothesized that astrocytes need to be functionally primed by pregnancy to be able to respond morphologically to lactation-associated stimuli via the Cx30 signaling pathway.

Noteworthy, the alterations of maternal and social behavior induced by Cx30 deficiency is unlikely to stem from alterations in milk feeding of pups, as chronically disrupting astrocyte processes withdrawal does not prevent the bursting activity of oxytocin neurons nor the milk ejection reflex (Catheline, Touquet et al. 2006). In addition such alterations do not result from neurodevelopmental changes, as suggested by our previous study showing no alteration in neuron numbers and synaptic structures in the hippocampus (Pannasch, Freche et al. 2014). We also found that the reduced synaptic coverage of oxytocinergic neurosecretory cells by Cx30 deficient astrocytes in the SON of virgin animals was associated with an increased secretion of OT in the systemic circulation, thereby providing new evidence for the debated link between SON morphological plasticity and OT neuronal activity (Wang and Hamilton 2009). Remarkably, the changes in oxytocin levels mediated by alterations in Cx30 were associated with modifications in social interest in male and in maternal care in female. These data are consistent with studies showing that peripheral oxytocin levels provide insightful indications concerning social interactions [START_REF] Crockford | Endogenous peripheral oxytocin measures can give insight into the dynamics of social relationships: a review[END_REF]). To our knowledge, these data provide the first demonstration that astrocytes participate actively in shaping social behaviors in physiological conditions, and may further shed new light on the etiology of mental disorders associated with social anxiety. As a matter of fact, Cx30 expression is impaired in the brain of patients with major depression (Bernard, Kerman et al. 2011) and suicide completers (Ernst, Nagy et al. 2011).

Material and Methods

Animals

Experiments were carried out according to the guidelines of the European Community Council Directives of January 1st 2013 (2010/63/EU) and of the local animal welfare committee (certificate A751901, Ministère de l'Agriculture et de la Pêche), and all efforts were made to minimize the number of animals used and their suffering. Animals were group housed on a 12 h light/dark cycle. Cx30 -/-mice were generated as previously described (Boulay, del Castillo et al. 2013). All mice were backcrossed to the C57BL6 background.

Mice of both sexes and littermates were used at postnatal days 21-30, unless otherwise stated.

Antibodies, immunohistochemistry and immunoblotting

All the antibodies used in this study are commercially available and have been validated in previous studies, as reported by the suppliers. The following primary antibodies were used: Cx30 rabbit polyclonal (1:500, 71-2200, Zymed Laboratories), GFAP rabbit polyclonal (1:1000, G3893, Sigma-Aldrich), β-actin mouse monoclonal (1:10,000, A5316, Sigma-Aldrich), Oxytocin polyclonal rabbit (1:10,000, AB911, Merck Millipore). The following HRP-conjugated secondary antibodies were used: goat anti rabbit IgG (1:2,500, sc-2004, Tebu Santa Cruz), goat anti-mouse IgG (1:2,500, sc-2005, Tebu Santa Cruz). The following fluorescent dye-conjugated secondary antibodies were used in appropriate combinations: goat anti-mouse IgG conjugated to Alexa 555 (1:2,000, A-21422, Molecular Probes), goat anti-rabbit IgG conjugated to Alexa 488 (1:2,000, A-11034, Molecular Probes).

Immunohistochemistry and quantification were performed as previously described (Koulakoff, Ezan et al. 2008). Briefly, cryostat brain slices were fixed 10 min at room temperature with 4% paraformaldehyde (PFA) then washed three times with phosphate buffered saline (PBS) and preincubated 1 h with PBS-1% gelatin in the presence of 1% Triton-X100. Brain slices were then stained by overnight incubation at 4°C with primary antibodies and washed in PBS three times. Appropriate secondary antibodies were finally applied for 1-2 h at room temperature. After several washes, brain slices were mounted in Fluoromount and examined with an inverted confocal laser-scanning microscope (TCS SP5, Leica). Stacks of consecutive confocal images taken with a 63x objective at 600-1000 nm intervals were acquired sequentially with two lasers (argon 488 nm and helium/neon 543 nm) and Z projections were reconstructed using imageJ software.

Western blotting and quantification were performed as previously described (Pannasch, Vargova et al. 2011). In short, microdissected supraoptic nuclei from virgin and lactating (pups at P4) adult mice were collected in a small volume of cold SDS 2% containing a cocktail of protease inhibitors (Boehringer), phosphatase inhibitors (β-glycerophosphate, 10 mM) and orthovanadate (1 mM), to which Laemmli 5X buffer was added. Samples were sonicated, boiled 5 min and loaded on 10% or 4-12% polyacrylamide gels. Proteins were separated by electrophoresis and transferred onto nitrocellulose membranes. Membranes were saturated with 5% fat-free dried milk in triphosphate buffer solution and incubated overnight at 4°C with primary antibodies. They were then washed and exposed to peroxidase-conjugated secondary antibodies. Specific signals were revealed with the chemiluminescence detection kit (ECL, GE Healthcare). Semi-quantitative densitometric analysis was performed after scanning the bands with the imageJ software.

Imaging analysis of OT levels in magnocellular somata

In this analysis only the region of the SON at the level where the optic tract was most prominent was investigated in order to make the results comparable between conditions.

Only magnocellular somata within a similar distance to the glia limitans were analyzed. The mean integrated density of OT signal within square ROIs (25X25µm) encompassing magnocellular somata was quantified using imageJ software, and compared between SON of wild type and Cx30 knockout mice.

Determination of OT plasma concentration by radioimmunoassay (RIA)

The measurement of plasma OT levels was performed using a commercial RIA kit (RK-051-01-Phoenix), by adapting [START_REF] De Mota | Apelin, a potent diuretic neuropeptide counteracting vasopressin actions through inhibition of vasopressin neuron activity and vasopressin release[END_REF]). In brief, lactating mice (having P4 pups) were decapitated and whole blood (∼1 ml) was collected into chilled tubes containing 50 µl EDTA (0.3 M, pH 7.4) on ice; then 100 µl of Aprotinine (0.6TIU) was added and the mix was centrifugated at 1,600g for 15 min at 4°C. The supernatants (plasma) were collected and adjusted to pH 6.5 before centrifugation at 13,000 rpm for 20 min at 4°C. The mix was further loaded onto SEP-Pak C 18 columns (Phoenix), which were preliminarily equilibrated. The columns were then washed and OT peptides were eluted in Eppendorf tubes with 3 ml of the appropriate buffer. The eluates were next dried and redissolved in 360 µl of cold RIA buffer (19 mM NaH 2 PO 4 /H 2 O, 81 mM Na2HPO4/2H 2 O, 50mM NaCl, 0.1% Triton X-100, 0.01% NaN 3 , 0.1% BSA). The pellet was resuspended and the samples were then incubated with specific anti-OT antibodies overnight at 4°C. Samples were then mixed with 100 µl of 125 I-labeled OT (80-100 cpm/ µl), vortexed and incubated overnight at 4°C. Further, 100 µl of goat anti-Rabbit IgG serum and 100 µl of normal serum rabbit was added to the samples, and the mix was incubated for 90 min at room temperature. After adding 500 µl of RIA buffer, the mix was centrifugated at 1,700g for 20min at 4°C. Finally, the radioactivity of the pellet was measured and compared to the OT standard curve.

Electron Microscopy

Fixation and tissue processing. For the experiments, Wild type and Cx30 knockout mice, virgin and lactating, were used (3 mice per condition).Mice were deeply anaesthetized with Ketamin (60 mg/kg body weight) and then transcardially perfused through the ascending aorta using a rotation pump (at a constant flow rate) with 0.1M phosphate buffered (PB) saline for 1-2 min, followed by the ice-cold PB-buffered fixative containing 4% paraformaldehyde and 0.1 or 0.5% glutaraldehyde for 10min. Afterwards, brains were removed from the skull, post-fixed for 1h in the same but fresh fixative at 4°C, then extensively washed in PB and stored in the same buffer until use.

Coronal (frontal) sections through the supraoptic nucleus (SON) were cut at 150 µm thickness using a vibratome (VT1000S; Leica Microsystems GmbH, Wetzlar, Germany) and collected in PB. After incubation in sucrose-PB containing 1% osmium tetroxide for 1hr, sections were washed in PB, and dehydrated in an ascending series of ethanol to absolute ethanol. Afterwards sections were transferred to propylene oxide (twice 2 min each), to a mixture of propylene oxide and epoxy resin (2:1; 1:1 for 1hr each; Durcupan; ACM, Fluka, Neu-Ulm, Germany) and transferred and stored overnight in pure resin. The next day sections were flat-embedded in fresh Durcupan between coated glass slides, coversliped and polymerized at 60 o C for 2 days.

From the embedded material, blocks containing the SON were selected after light microscopic inspection and pictures were taken for documentation of the area of interest. In all animals of the four different groups (see above) the same levels within SON were taken, where the SON appears largest, to make results comparable. Prior to serial ultrathin sectioning, semi-thin sections were cut, toluidine-blue stained and examined light microscopically to identify the region of interest, the dendritic layer within the SON. Then serial ultrathin sections (∼20-30 sections/series; ∼55nm in thickness, silver to light gray interference contrast appearance) were cut through the areas of interest with an ultramicrotome (Ultracut S; Leica Microsystems GmbH, Wetzlar, Germany). Sections were collected on Pioloform-coated slot copper grids (Fa. Plano, Wiesbaden, Germany). After counterstaining with 5% uranyl acetate in double distilled water (5-20 min) and lead citrate (2-7 min), grids were examined with a Libra 120 electron microscope equipped with a bottom-mounted ProScan 2K digital camera and the SIS Analysis software (Olympus Soft Imaging Solutions GmbH, Hamburg, Germany). Digital images using the Multi Images Acquisition (MIA) software were taken at a various magnifications and stored in a database.

From the database selected images were further processed using the Adobe Photoshop and Adobe Illustrator software.

Quantitative analysis of the glial coverage.

To quantify the astrocytic coverage in the virgin and lactating condition in wild type and Cx30 knockout mice, the following experimental approach was used. Frames of 5 by 5 images were taken using the MIA function of the SIS software within the dendritic region of the SON in 20-30 consecutive ultrathin sections at a final EM magnification of x 6300 and stored in a database. Thereafter, using the interactive software ImageJ, the first, the middle and the last MIA image of a series in the four groups were used for a further quantitative volumetric analysis. In each section of a group, a grid (grid size 1 µm 2 ) was placed over the MIA and in each square the presence or the lack of fine astrocytic processes was measured throughout the images. Using the Cavalieri method, the absolute (volume) contribution of astrocytic processes was determined according to:

Cavalieri Estimator: V= a(p) x ΣP x t Where a(p) is the size of one square (1 µm 2 ); P: the number of squares counted; t: the thickness of the slice.

In addition, the SIS software was used to determine the percentage of astrocytic profiles to the total perimeter of either synaptic boutons or dendrites. Out of a series 4 images, measurement of 5 dendrites and 5 boutons each (=20 measurements each per animal) in each of the 4 groups were taken for analysis. Normalization: For the lactating condition a normalization was carried out by dividing the lactating with the virgin raw sets of data standard deviation is given as error propagation.

The non-parametric Mann Whitney u-test was used to look for differences between animals for all parameters analyzed. Results were considered significant if p < 0.05. Where appropriate, p values were explicitly specified.

3D volume reconstructions

To illustrate the astrocytic coverage of synaptic complexes in the dendritic region of the SON 3D-volume reconstructions were made from the z-stacks for each group. Within the zstack synaptic complexes and fine astrocytic processes were outlined in different colors (green: fine astrocytic processes, yellow: synaptic boutons, blue: postsynaptic target structures) using the contour mode of OpenCAR. All illustrations were performed offline using a batch version of OpenCAR, which generates the 3D reconstructions.

Behavior Test

Three-chamber test for sociability and social recognition.

In order to evaluate mouse sociability, we used the three-chamber apparatus [START_REF] Nadler | Automated apparatus for quantitation of social approach behaviors in mice[END_REF]). The three-chamber apparatus is a non-transparent plexiglass box (25 x 50 cm) with two transparent partitions that make left, center, and right chambers (25 x 16.7 cm). Each partition has a square opening (5 x 5 cm) in the bottom center. A cylindrical wire cage (8 cm diameter; red pencil cup) was placed into the right chamber and another one into the left chamber. The three-chamber apparatus and wire cups were cleaned with 70% ethanol and then with pure water and wiped with paper towels between each trial. In a habituation session (5 min), the subject was placed in the center chamber, and was allowed to freely explore each chamber, with the wire cages empty. Then, in the sociability session (5 min), a juvenile male mouse, was placed in one of the two wire cages, while an object was introduced in the other wire cage. Time spent to sniff each wire cage was measured. Each mouse was analyzed by a videotracking system (Ethovision). The sociability index was calculated as the ratio of the difference to the sum of time spent sniffing the unknown mouse and the time spent exploring the unknown object.

Direct social interaction test.

Affiliative behaviors were assessed through the social interaction test. The subject (wild type or knockout) was left undisturbed for 30 min into an individual polycarbonate cage (33.2 x 15 x 13 cm in size; Tecniplast, Limonest, France), provided with sawdust bedding, and a stainless steel wire lid. A stimulus male mouse was then introduced in the cage for 5 min and mouse behaviors were recorded by a camera. Time spent in affiliative behaviors (nose, anogenital, and body sniffing) was measured from the videos using the Observer XT software (version 10, Noldus Technology, The Netherlands) in genotype-blind manner.

Tube test.

Social dominance was assessed through the tube test. One knockout mouse and one wild type mouse were placed head first at opposite ends of a transparent tube (3.7 cm inner diameter, 30.5 cm in length) and released simultaneously. For each round, after an interaction in the middle of the tube, the match ended when one mouse completely retreated from the tube. The mouse remaining in the tube was designated the winner (score 1), and the retreating mouse was the loser (score 0). Matches lasting more than 2 min or in which the mice crossed over each other were not scored. Each mouse was used in three consecutive matches with distinct partners of opposite genotype. An individual was considered to be dominant after two wins over the three trials. One-sample analysis was used to determine mice. -/-mice do not display any sign of impaired locomotion nor anxiety. E. Nest building test. The female subject was housed in a new cage containing two cotton squares (nesting material). At different time points, the nest built by the mouse was scored from 0 to 5 according to its quality (Deacon et al 2006). -/-mice (n = 9) have better capacities to build nest compared to +/+ mice (n = 10) and thus display enhanced maternal-like behavior.

Asterisks indicate statistical significance (*p < 0.05).

GENERAL DISCUSSION AND PERSPECTIVES

Importantly, we recently found that astroglial Cx30 tunes hippocampal excitatory synaptic transmission by determining the efficacy of astroglial glutamate clearance through an unprecedented non-channel regulation of astroglial morphology, controlling the ramification and insertion of astroglial processes into synaptic clefts (article 1). In fact, by regulating the extent of astroglial processes contacting synaptic clefts, Cx30 directly sets synaptic glutamate levels through clearance. Indeed, by showing that perisynaptic astroglial processes (PAPs) lacking Cx30 literally penetrate synaptic clefts, we revealed that Cx30 is a molecular determinant of astroglial synapse coverage controlling synaptic efficacy and hippocampalbased memory. We thus identified an entirely novel molecular mechanism controlling direct interaction of astroglial processes with synaptic clefts. By identifying Cx30-controlled PAPs invading or retracting from synaptic clefts, we propose a novel mechanism directly interfering with the moment-to-moment communication between the pre-and postsynaptic elements. Yet the cellular and molecular mechanisms involved in such control, its dynamic regulation by activity and its impact in vivo in a native physiological context were unknown. Our data, by showing that Cx30 ensures efficient synaptic strength nevertheless suggest that Cx30, whose expression starts during postnatal brain development, contributes to maintain efficient synaptic communication by hindering astrocytic processes from entering synaptic clefts and access glutamate.

Our goal was to decipher the molecular mechanisms and dynamics of this novel astroglial function and, importantly, its involvement in physiological situations of neuroglial remodeling. By adopting a multidisciplinary approach combining molecular and cellular biology, electrophysiology and imaging, we aimed to: 1) Decipher the molecular and cellular mechanisms underlying astroglial Cx30 regulation of synaptic function (article2); 2) Explore activity-dependent dynamics of Cx30 function at synapses (article3); and 3) Investigate a role for Cx30 in remodeling synaptic coverage during physiological situations of neuroglial plasticity (article 4).

I. CELLULAR AND MOLECULAR MECHANISMS UNDERLYING CX30 REGULATION OF ASTROGLIAL PROCESSES

Extension and ramification of cells strongly depends on cell polarity, adhesive properties and motility. We previously showed that Cx30 regulates in situ the extension and ramification of their processes at the whole cell level, as well as at perisynaptic sites, where it controls insertion of astroglial protrusions into synaptic clefts (article 1). Since Cx30 interacts with elements of the cytoskeleton (Qu, Gardner et al. 2009), regulates cell morphology as well as adhesion and migration (article 1), we investigated in vitro and in situ whether Cx30 regulates astroglial cell polarization and determine the underlying molecular mechanisms.

We took advantage of the well-established scratch-induced migration assay (Etienne-Manneville 2006) on primary astrocytes to decipher whether Cx30 is involved in the polarization of astrocyte protrusions. As Cx30 is not expressed in primary astrocyte cultures (Koulakoff, Ezan et al. 2008), we induced Cx30 expression in astrocytes by using transfection. We found that Cx30 regulates the reorientation of astrocytes tubulin-rich protrusions via the repositioning of the centrosome and Golgi apparatus. Since the polarity of astrocytes protrusions migrating in response to a wound is precisely mediated by activation of a laminin-dependent pathway, we investigated this signaling cascade. We observed that Cx30 indeed sets the expression of the laminins as well as the polarized trafficking of the ECM receptors integrinβ1 at the cell front of wounded astrocytes. Given that the interaction of integrins with laminins at the leading-edge induces the polarized recruitment and activation of the rho GTPase Cdc42, we then explore its putative regulation by Cx30. We demonstrated that Cx30 controls the recruitment and activation of the Rho GTPase Cdc42, and thus the assembly of focal adhesion plaques at the cell front. Simply put, we identified for the first time some of the molecular mechanisms involved in Cx30 regulation of astrocyte morphology, and notably the regulation of protrusions polarization. Thereafter, we sought to determine whether this new Cx30-dependent signaling pathway may contribute in situ to the morphological maturation of neuroglial contacts during postnatal brain development. In particular, we focused on the developmental reorientation of CA1 stratum radiatum (s.r.) astrocyte processes along apical pyramidal cell dendrites, i.e. toward excitatory synapses, during the third postnatal week (Nixdorf-Bergweiler, Albrecht et al. 1994). We have found that Cx30 regulates the deposition of laminins in hippocampal synaptosomal extracts, and especially the synapse-specific isoform Laminin β2. Hence, this data suggest that Cx30 regulation of integrinβ1-Cdc42 signaling likely mediate the plasticity of neuroglial synaptic circuits in the developing hippocampus. Accordingly, we have shown that Cx30 is indeed necessary for the reorganization of CA1 s.r. astrocyte Golgi apparatus and GFAP-rich processes with regard to the pyramidal cell layer. Finally, we wondered if this Cx30-mediated plasticity may govern the functional maturation of gap junction intercellular coupling (GJIC), namely the establishment of anisotropic coupling between CA1 s.r. astrocytes (Anders, Minge et al. 2014). Consequently, we performed whole-cell patch clamp dye coupling analysis in Cx30 -/-acute hippocampal slices and found that Cx30 is necessary for the preferential orientation of GJIC along pyramidal cell dendrites. In all, these data showed that Cx30 modulates an integrinβ1-mediated signaling cascade that controls the reorientation of astroglial migrating protrusions, especially contributing to the postnatal morphofunctional maturation of hippocampal astroglial cells.

Cx30-dependent regulation of ECM molecules deposition

Our previous data show that Cx30 regulation of synaptic transmission appears to be selective to excitatory synapses. Astroglial Cx30 indeed alters excitatory synaptic efficacy in hippocampal CA1 pyramidal neurons by controlling the insertion of PAPs into synaptic clefts, but had no effect on inhibitory synaptic transmission (Pannasch, Freche et al. 2014). Thus, it is likely that Cx30 differentially modulates synaptic ECM composition around distinct neuronal subtypes. Laminins are large ECM components constituted by the assembly of three peptide subunits (α1-α5, β1-β3 and γ1-γ3) which assemble to form at least 12 different laminin isoforms [START_REF] Aumailley | The laminin family[END_REF]. Interestingly, certain laminin isoforms have already been suggested to be enriched around specific subpopulations of neurons, with for instance laminin-α1 at inhibitory synapses [START_REF] Yagi | Immunolocalization of laminin-alpha1-like antigens around synapses in mouse cerebellar perineuronal nets[END_REF] and laminin-α2 at excitatory dendritic spines [START_REF] Tian | Laminin-alpha2 chain-like antigens in CNS dendritic spines[END_REF]. Therefore, it is now essential to determine whether Cx30 control the deposition of synaptic ECM molecules (notably laminin β2) around specific neuronal cell types. To do so, we will perform immunolabeling for excitatory (presynaptic: vGlut1, postsynaptic: GluR1) or inhibitory (presynaptic: vGAT, postsynaptic: Gephyrin) synaptic markers as well as ECM molecules (laminins, CSPGs, WFA) in control and Cx30 -/- mice and use structured illumination microscopy imaging as previously described (article 3).

Moreover, given that synaptic ECM composition is critical for regulating dendritic spine formation, maturation and maintenance [START_REF] Dansie | Casting a net on dendritic spines: the extracellular matrix and its receptors[END_REF] and that, especially, laminin remodeling regulates the ability of synapses to undergo long-term plasticity (Nakagami, Abe et al. 2000), it is also important to investigate if Cx30-mediated ECM deposition occurs at specific dendritic spine subtypes (thin, stubby, mushroom). In this regard, we will perform patch-clamp neuron dye-filling experiment in control and Cx30 -/-mice followed by immunostaining for neuronal (GluR1, Gephyrin) as well as ECM markers (laminins, CSPGs) and use stimulated emission depletion microscopy imaging, as shown previously (article 3).

Cx30-dependent modulation of Rho GTPases recruitment and activation

The role of Cx proteins in regulating Rho GTPases activity has clearly been demonstrated for Cx43, which notably switches on RhoA, Rac1, Rap1 and Racgap1 [START_REF] Iacobas | Array analysis of gene expression in connexin-43 null astrocytes[END_REF]Machtaler, Dang-Lawson et al. 2011;Mendoza-Naranjo, Cormie et al. 2012). First, interactions of Cxs with adhesion protein complexes such as N-Cadherin/p120 catenin or integrinβ1/vinculin (Xu X et [START_REF] Li | Regulation of rho GTPases by crosstalk and neuronal activity in vivo[END_REF], D-serine [START_REF] Kholmanskikh | Calcium-dependent interaction of Lis1 with IQGAP1 and Cdc42 promotes neuronal motility[END_REF] or GABA [START_REF] Meyer | Regulation of somatodendritic GABAA receptor channels in rat hippocampal neurons: evidence for a role of the small GTPase Rac1[END_REF] may also modulate the activation of small Rho GTPases. In particular, Cx HCs opening and GPCR activation induce astroglial intracellular Ca 2+ transients, likely activating calmodulin sensitive molecules (CaM) such as the CaM-dependent protein kinase II (CaMK II), expressed in astrocytes [START_REF] Takeuchi | Identification of the isoforms of Ca(2+)/Calmodulin-dependent protein kinase II in rat astrocytes and their subcellular localization[END_REF]. CaMK II tightly regulates the function of guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs), which chiefly set Rho GTPases activity [START_REF] Saneyoshi | The Ca2+ and Rho GTPase signaling pathways underlying activity-dependent actin remodeling at dendritic spines[END_REF]. Noteworthy, the two mechanisms evoked above, namely protein-protein interactions and GPCR activation, are actually tightly associated since GPCRs signaling has been shown to alter the interaction of Cx proteins with its molecular partners [START_REF] Tence | Increased interaction of connexin43 with zonula occludens-1 during inhibition of gap junctions by G protein-coupled receptor agonists[END_REF]. Finally, and conversely, Rho GTPases activation regulates Cx expression [START_REF] Wang | RhoA activity increased in myocardium of arrhythmogenic cardiomyopathy patients and affected connexin 43 protein expression in HL-1 cells[END_REF], phosphorylation [START_REF] Suh | Laminin-111 stimulates proliferation of mouse embryonic stem cells through a reduction of gap junctional intercellular communication via RhoA-mediated Cx43 phosphorylation and dissociation of Cx43/ZO-1/drebrin complex[END_REF], localization [START_REF] Matsuda | N-cadherin signals through Rac1 determine the localization of connexin 43 in cardiac myocytes[END_REF]) and channel functions (Rouach, Pebay et al. 2006;Derangeon, Bourmeyster et al. 2008). Therefore, it is now crucially important to investigate the exact molecular mechanism underlying Cx30 control of Cdc42 recruitment and activation, as well as to decipher the eventual Cdc42 feedback signaling.

In this respect, our laboratory has recently identified potential Cx30 partners involved in the regulation of cell morphology and synaptic coverage. Given its particular interest, we have performed a pulldown assay and identified that Cx30 interact with the large transmembrane protein FAT1, which is a member of the protocadherin superfamily. This pulldown assay has further revealed that Cx30 interaction with Fat1 can mask a Fat1 signaling motif enabling the recruitment of Ena/Vasp, which modulates cell polarity and cytoskeleton dynamics [START_REF] Moeller | Protocadherin FAT1 binds Ena/VASP proteins and is necessary for actin dynamics and cell polarization[END_REF]). We have also validated the expression of Fat1 by astrocytes both in vitro (via immunohistochemistry) and in situ (by RT-PCR). Thus, given thatFat1 regulates the activity of the Rho GTPases Rac1 and Cdc42 [START_REF] Gee | FAT1 mutations cause a glomerulotubular nephropathy[END_REF]), we will now determine its involvement in the identified Cx30-mediated astroglial polarization and its putative regulation in physiological situations of neuroglial plasticity.

Cx30-dependent control of astroglial processes polarization

Polarity is a hallmark feature of astroglial cells, fulfilling essential physiological functions. Radial glia are polarized cells participating notably in the radial migration of newborn neurons as well as in the compartmentalization of the white matter, by forming repulsive boundaries around developing nerve tracts [START_REF] Steindler | Glial boundaries in the developing nervous system[END_REF]. Similarly, fibrous astrocytes are oriented cells aligned along axon bundles which regulate the polarized formation of nodes of Ranvier [START_REF] Black | The perinodal astrocyte[END_REF]. By contrast, protoplasmic astrocytes of the grey matter display tremendously complex bushy processes which come in close contact with synapses by filling the gaps left by the neuropil "jungle". Accordingly, astroglial polarity has recently been defined as a localized recruitment of proteins rather than a morphological signature [START_REF] Derouiche | Beyond polarity: functional membrane domains in astrocytes and Muller cells[END_REF]. Nevertheless, during hippocampal postnatal development, it has been shown that the GFAP-expressing processes of CA1 stratum radiatum astrocytes become polarized perpendicularly to the stratum pyramidale (Nixdorf-Bergweiler, Albrecht et al. 1994). We have showed that Cx30, whose expression starts at the onset of astroglial remodeling (Kunzelmann, Schroder et al. 1999), controls the establishment of such astroglial orientation toward pyramidal neuron dendrites. The latter orientation may set the direction of astroglial gap-junction coupling, and hence ensure efficient intercellular diffusion of ions (i.g. K+ spatial buffering) (Wallraff, Kohling et al. 2006) and small molecules (i.g. activity-dependent glucose trafficking) (Rouach, Koulakoff et al. 2008). Moreover, astrocyte polarization and gap junction-mediated anisotropic coupling may serve to compartmentalize hippocampal astrocyte signaling within neuronal functional units. Interestingly, it has already been shown in the somatosensory cortex [START_REF] Houades | Gap junction-mediated astrocytic networks in the mouse barrel cortex[END_REF]) and the olfactory glomerulus [START_REF] Roux | Plasticity of astroglial networks in olfactory glomeruli[END_REF]) that the spatial organization of interastrocytic coupling is constrained by the architecture of neuronal networks. Therefore, given that Cx30 is a key determinant of astroglial synapse coverage (article 1), it is now important to unravel the developmental role of Cx30 in the coordinated wiring of astrocyte-neuron circuits.

Loss of astroglial polarity is an etiological factor of many brain disorders, including ischemia [START_REF] Steiner | Loss of astrocyte polarization upon transient focal brain ischemia as a possible mechanism to counteract early edema formation[END_REF], neurodegeneration [START_REF] Yang | Loss of astrocyte polarization in the tg-ArcSwe mouse model of Alzheimer's disease[END_REF], temporal lobe epilepsy [START_REF] Eid | Loss of perivascular aquaporin 4 may underlie deficient water and K+ homeostasis in the human epileptogenic hippocampus[END_REF], autoimmune encephalomyelitis [START_REF] Wolburg-Buchholz | Loss of astrocyte polarity marks blood-brain barrier impairment during experimental autoimmune encephalomyelitis[END_REF]) and post-traumatic stress disorder (PTSD) [START_REF] Saur | Experimental Post-traumatic Stress Disorder Decreases Astrocyte Density and Changes Astrocytic Polarity in the CA1 Hippocampus of Male Rats[END_REF]. In particular, PTSD is a psychiatric disorder that is estimated to affect 1 in every 3 adult who have experienced trauma, and is characterized by debilitating symptoms such as avoidance behavior, increased fear or hyperarousal [START_REF] Bremner | Traumatic stress: effects on the brain[END_REF]. Traumatic stress is associated with long-lasting neuroadaptation in various brain areas associated with fear memory and stress response, notably the prefrontal cortex, amygdala and hippocampus [START_REF] Bremner | Traumatic stress: effects on the brain[END_REF]). Interestingly, recent data have demonstrated that the polarized orientation of GFAP-expressing CA1 stratum radiatum astrocytes is impaired in animal model of PTSD [START_REF] Saur | Experimental Post-traumatic Stress Disorder Decreases Astrocyte Density and Changes Astrocytic Polarity in the CA1 Hippocampus of Male Rats[END_REF]). This finding is surprisingly reminiscent of the phenotype observed in Cx30 -/-mice (article 2). Therefore, it will be essential in the future to investigate the contribution of Cx30 to neuroglial structural plasticity in the aftermath of traumatic stress. Furthermore, decrease in Cx30 expression is associated with astrocyte transformation into highly polarized and motile glioma cells [START_REF] Artesi | Connexin 30 expression inhibits growth of human malignant gliomas but protects them against radiation therapy[END_REF], which also depends of Cdc42 activation [START_REF] Okura | A role for activated Cdc42 in glioblastoma multiforme invasion[END_REF], thus it will be interesting to test whether restoring proper Cx30-mediated Cdc42 signaling in astrocytic tumors may have beneficial therapeutic effects during malignancy. Finally, experimental model of traumatic brain injury, such as needle and stab wound, have shown that perilesional areas are enriched with dedifferentiating astrocytes that do not express Cx30 [START_REF] Theodoric | Role of gap junction protein connexin43 in astrogliosis induced by brain injury[END_REF], but require Cdc42 activation to be recruited at the injury site [START_REF] Robel | Genetic deletion of cdc42 reveals a crucial role for astrocyte recruitment to the injury site in vitro and in vivo[END_REF].

Consequently, further studies should explore the implication of Cx30-mediated Cdc42 signaling in the polarized migration of perilesional reactive astrocytes.

II. ACTIVITY-DEPENDENT DYNAMICS OF CX30 FUNCTION AT SYNAPSES

Interestingly, astroglial synapse coverage is activity-dependent. Indeed, to focus only on the hippocampus, EM studies showed an increase of the overall astroglial coverage of synaptic elements after synaptic plasticity, especially LTP [START_REF] Wenzel | The influence of long-term potentiation on the spatial relationship between astrocyte processes and potentiated synapses in the dentate gyrus neuropil of rat brain[END_REF][START_REF] Lushnikova | Synaptic potentiation induces increased glial coverage of excitatory synapses in CA1 hippocampus[END_REF]. Otherwise, the dynamics of activity-dependent PAP-synapse interactions has more recently been studied during hippocampal plasticity. LTP was found to induce a transient increase in PAP motility (Bernardinelli, Randall et al. 2014;Perez-Alvarez, Navarrete et al. 2014), leading to a decreased astrocytic coverage of dendritic spines (Bernardinelli, Randall et al. 2014), although an increased coverage preferentially occurring on enlarged spines was also reported (Perez-Alvarez, Navarrete et al. 2014).

Morphological and functional interactions between PAPs and synapses are altered when Cx30 is deleted (article 1), and it is now important to show the physiological relevance of this regulation. We thus aim at determining whether modulation of Cx30 levels, localization and functions occurs in conditions related to changes in neuronal activity and could therefore play normal physiological role in controlling synaptic strength. Remarkably, there are already a number of physiological and pathological situations associated with alteration in Cx30 expression. Enriched environment (Rampon, Jiang et al. 2000), modafinil-induced psychostimulation (Liu, Petit et al. 2013) and kainate-induced seizures (Condorelli, Mudo et al. 2002) all increase Cx30 expression. Conversely, decreased Cx30 levels occur in reactive astrocytes during excitotoxic injury (Koulakoff, Ezan et al. 2008), in astrocyte transformation into highly motile glioma cells [START_REF] Artesi | Connexin 30 expression inhibits growth of human malignant gliomas but protects them against radiation therapy[END_REF] and in human brains of patients with major depression (Bernard, Kerman et al. 2011) or of suicide completers (Ernst, Nagy et al. 2011).

To examine whether Cx30 expression is regulated by neuronal activity, we performed pharmacological treatments in hippocampal acute slices followed by immunoblotting. We found that blocking action potential decreases Cx30 expression, while inducing bursting activity increases Cx30 levels. We then investigated the underlying signalling pathways and we noted that neuronal activity sets Cx30 protein levels via the activation of mGluR and IP3R2-induced Ca 2+ signalling in astrocytes. Because blocking action potential induces fast reduction in Cx30 levels, we hypothesized that this effect was mediated by protein degradation. Cx30 downregulation was indeed mediated by increased lysosomal targeting.

Conversely, we asked whether the effect of neuronal bursting on Cx30 levels was mediated by protein synthesis or degradation. Surprisingly, we found that blocking protein synthesis had no effect while inhibiting lysosomal degradation mimicked and occluded the effect of network bursting on Cx30 levels. Thereafter, since distal processes of astrocytes are sites of privileged interactions with synapses, we further determined whether astroglial Cx30 is localized in hippocampal perisynaptic astrocyte processes (PAPs). We found that Cx30 was expressed in synaptosomal fractions, suggesting that PAP membranes contain Cx30.

Moreover, stimulated emission depletion microscopy in hippocampal sections showed that Cx30 was highly expressed throughout the astroglial arborisation, including in particular fine distal processes. In addition, structured illumination microscopy (SIM) revealed that although most Cx30 puncta were not co-clustering (≥ 350 nm) with synapses, a subset displayed close proximity to synapses, with similar distance to presynaptic or postsynaptic elements. Then, we investigated whether hippocampal network activity may modulate Cx30 localization. We found that network bursting sets Cx30 distribution by promoting expression at astroglial trafficking (i.g. cytoskeletal and molecular motor inhibitors). Those experiments may help us unraveling the activity-dependent redistribution of Cx30 within astrocyte branches, especially at fine distal processes, and further determine the dynamic role of Cx30 in regulating PAPs remodeling and synaptic strength.

Cx30 hemichannels are functional in response to neuronal bursting

Strikingly, we found for the first time that Cx30 HCs are functional in astrocytes and opened in response to network bursting activity (article 3). These findings are in line with data reporting Cx30 HCs activity in numerous cell types (Majumder, Crispino et al. 2010;Svenningsen, Burford et al. 2013), as well as reports showing that calcium signalling can induce Cx HCs opening (Decrock, Vinken et al. 2011). Since it has recently been suggested that Cx30 and Cx43 HCs display isoform-specific permeabilities to several physiologically relevant molecules (glucose, ATP, glutamate) (Hansen, Braunstein et al. 2014), it will now be interesting to decipher their differential contribution to healthy and diseased brain functions. This is all the more important since Cx30 HCs opening in PAPs likely induce uptake or release of molecules and ions in the vicinity of synapses, and thus directly influence their behavior. Furthermore, as we have previously showed Cx30 HCs to be closed in basal conditions (Chever, Lee et al. 2014;Pannasch, Freche et al. 2014), it is likely that Cx30 opening also occurs in response to pathological conditions associated with neuronal bursting.

As a matter of fact, Cx HC signaling has been implicated in the aetiology of various CNS conditions, often linked to abnormal bursting, including notably neurodegeneration [START_REF] Takeuchi | Gap junctions and hemichannels composed of connexins: potential therapeutic targets for neurodegenerative diseases[END_REF], neuroinflammation [START_REF] Bennett | Connexin and pannexin hemichannels in inflammatory responses of glia and neurons[END_REF], cerebral ischemia [START_REF] Bargiotas | Hemichannels in cerebral ischemia[END_REF]) and glioma [START_REF] Sin | Opposing roles of connexin43 in glioma progression[END_REF]. Therefore, it will now be essential to develop pharmacological tools targeting Cx30 HCs in order to unravel its physiological roles and eventually counteract its detrimental effects during brain insults. In particular, Cx-mimetic peptides uniquely designed to bind to Cx extracellular loops or intracellular C-terminal domains, allow fast, reversible and specific Cx hemichannels blocking (while maintaining GJCs communication) [START_REF] Evans | Mimetic peptides as blockers of connexin channelfacilitated intercellular communication[END_REF]. Accordingly, while Cx-mimetic peptides have already been successfully developed for astroglial Cx43 [START_REF] Iyyathurai | Peptides and peptide-derived molecules targeting the intracellular domains of Cx43: gap junctions versus hemichannels[END_REF], none have yet been produced for Cx30 and hence represent a major caveat that need to be addressed.

Cx30 controls bursting-induced ramification of astroglial processes

We have previously showed that Cx30 regulates astroglial GFAP-expressing processes ramification in basal condition of neuronal activity (article 1). Since it has been documented that Cx30 interacts with cytoskeletal proteins (Qu, Gardner et al. 2009), and that GFAP expression, localization and assembly is dynamically regulated during astroglial remodeling and synaptic plasticity [START_REF] Middeldorp | GFAP in health and disease[END_REF], we have further investigated whether network bursting induces astrocyte plasticity and GFAP reorganization in a Cx30 dependent manner. Hence, we have showed that bursting epileptiform activity increases astroglial processes ramification without inducing astrocyte reactivity, as shown by vimentin and STAT3 immunolabeling (data not shown, article 3). Moreover, we have indeed demonstrated that Cx30 chiefly controls bursting-induced GFAP-positive processes ramification.

Interestingly, this epileptiform activity-dependent astroglial remodeling is consistent with a previous finding describing the loss of astroglial domain organization in several mouse models of epilepsy (Oberheim, Tian et al. 2008), as well as data showing that Cx30 expression is up-regulated in rat brain following kainite-induced seizures (Condorelli, Mudo et al. 2002). Such morphological alteration was shown not to be universally associated with reactive gliosis, but rather to be specific to seizure conditions (Oberheim, Tian et al. 2008).

Importantly, bursting-induced increased astrocyte structural complexity was shown to be associated with similar alterations in neighboring dendritic arbors, i.e. a significant rise in spine density (Oberheim, Tian et al. 2008). The latter neuronal remodeling has previously been suggested to be a structural etiological factor for recurrent excitation and altered network activity in the hippocampus of mouse model of temporal lobe epilepsy [START_REF] Tauck | Evidence of functional mossy fiber sprouting in hippocampal formation of kainic acid-treated rats[END_REF][START_REF] Suzuki | Correlated axonal sprouting and dendritic spine formation during kainate-induced neuronal morphogenesis in the dentate gyrus of adult mice[END_REF]). Consequently, it will now be interesting to determine whether Cx30 may regulate bursting-induced dendritic spine abnormalities in several mouse models of epilepsy. To do so, one might proceed as follows: 1) chemically (i.g. kainate) or electrically (i.g. kindling) inducing hippocampal seizures in control or Cx30 -/-mice; 2) performing hippocampal acute slicing and patch-clamp neuron dye-filling experiment (with an ATTO 647 far-red dye); 3) using two-photon stimulated emission depletion (STED) imaging of hippocampal CA1 apical dendritic spines. Then, as the organization of astroglial cells in non-overlapping territories is thought to be critical for their capacity to precisely regulate the function of intra-territorial synapses (Bushong, Martone et al. 2002), it will be particularaly interesting to investigate whether Cx30-mediated astrocyte remodeling leads to loss of astroglial domain independence. For that purpose, one might proceed as mentioned here: 1) perform hippocampal acute slicing and dual patch-clamp astrocyte dye-filling experiment (with ATTO 647 and the red dye ATTO 565); 3) using two-photon stimulated emission depletion (STED) imaging of hippocampal CA1 astrocyte domains, focusing at overlapping processes.

III. ROLE OF CX30 IN THE REMODELING OF ASTROCYTE SYNAPSE COVERAGE IN THE SON

Cx30 control of PAPs, promoting astroglial invasion or retraction from synaptic clefts, might be a novel dynamic mechanism at play in physiological or pathological conditions to directly interfere with the communication between the pre-and postsynaptic elements, thereby altering synaptic efficacy and cognitive functions. Our data indeed indicate that Cx30 deficiency leads to loss of contextual memory (article1), suggesting that astrocytic invasion of synaptic terminals needs to be tightly controlled for normal brain function. Therefore, to relate the identified astroglial Cx30 function to a physiological context, we took advantage of the hypothalamic supraoptic nucleus (SON), since it is a well known physiological model of morphological neuroglial plasticity. In particular, it is characterized by changes in synaptic strength due to the alteration of synapse coverage by astroglial processes, as reported in our Cx30 knockout mice (article1). Indeed, previous work established ultrastructurally that during physiological situations of high hormonal demands, such as lactation, astrocytic processes retract from OT-expressing neuron dendrites (Theodosis and Poulain 1993;Hatton 1997). This process retraction alters synaptic strength at glutamatergic input synapses, because it reduces astroglial glutamate clearance, thereby changing synaptic glutamate levels, as shown electrophysiologically (Oliet, Piet et al. 2001).

We thus investigated whether Cx30 regulates the plastic coverage of SON oxytocinergic neurons and its consequences on secreted oxytocin levels and associated maternal and social behavior. Indeed, although alteration of neuroglial interactions contributes to psychiatric disorders associated with social deficits, a direct role for astrocytes in shaping social interactions in physiological conditions remains still elusive. We here found that the astrocytic coverage of oxytocinergic neurons in the SON relies on the astroglial Cx30 protein, as shown by confocal and electron microscopy (EM). Specifically, virgin mice lacking Cx30 displayed reduced astroglial magnocellular synapse coverage in the SON. Strikingly, we also found that lactation induced up-regulation of Cx30 protein expression, as revealed by immunoblot and immunohistochemistry. The latter was critically involved in the plasticity of astroglial oxytocinergic neuron coverage, notably evidenced by EM. Finally, alterations in astroglial magnocellular neuron coverage were associated with increased plasmatic levels of the oxytocin neurohormone, particularly revealed by radioimmunoassay, as well as social and maternal behaviors. In all, these findings establish astrocytes, through Cx30 regulation of synapse coverage, as seminal regulators of OT-based sociability.

1. Cx30 differentially regulates astroglial synapse coverage in the virgin and lactating SON Strikingly, we here demonstrate that Cx30 differentially regulated astroglial coverage of oxytocinergic neurons in virgin and lactating mice. Indeed in virgin animals, Cx30 ensures that astrocytic processes contact glutamatergic input synapses at magnocellular neurons, thereby preventing OT neurosecretion; while conversely, in lactating animals, Cx30 promotes the withdrawal of perisynaptic astroglial membranes from oxytocinergic dendrites, and thus fosters OT release. The question then arises as to how Cx30 endorses distinct contributions to astroglial neuron coverage. One hypothesis is that Cx30 modulates the direction of astroglial neuron coverage depending on its protein levels, since lactating mice show a severe increase (∼30-fold) in Cx30 expression. Accordingly, we can assume that the function of Cx30 downstream effectors can change in response to alteration in Cx30 increase expression. In particular, we have previously showed that Cx30 overexpression downregulates the activity of the small rho GTPase Cdc42 (article 2), which govern the outgrowth of cellular protrusions [START_REF] Ridley | Rho GTPases and actin dynamics in membrane protrusions and vesicle trafficking[END_REF]) and may hence actively participate in the remodeling of astroglial neuron coverage. Consequently, in the hypothalamus of virgin mice, Cx30 levels are very low and likely enable Cdc42 activation, which drives processes outgrowth and thus astrocyte synapse coverage; whereas in the SON of lactating animals, Cx30 expression rises dramatically and may hence downregulate Cdc42 function, thereby favoring the withdrawal of astroglial perisynaptic membrane sheaths. Noteworthy, this Cx30 dose-dependent effect is reminiscent of the paracrine regulation exercised by OT on oxytocinergic neuron bursting, as low doses of OT somatodendritic release often induce rhythmic magnocellular neuron firing while higher concentrations cause persistent inhibition of OT neuron bursting [START_REF] Kombian | Dendritically released peptides act as retrograde modulators of afferent excitation in the supraoptic nucleus in vitro[END_REF][START_REF] Israel | Oxytocin-induced postinhibitory rebound firing facilitates bursting activity in oxytocin neurons[END_REF]. Therefore, given that the somatodendritic release of OT in the SON is augmented during lactation (de [START_REF] De Kock | Somatodendritic secretion in oxytocin neurons is upregulated during the female reproductive cycle[END_REF], and since astrocytes express OT receptors (Di Scala-Guenot and Strosser 1992), we can assume that OT levels contribute to set the direction of Cx30-mediated synapse coverage.

Noteworthy, the physiological stimulus that regulates Cx30 expression in the SON remains unknown. Interestingly, given that ∼25% of oxytocinergic neurons input synapses are glutamatergic (Meeker, Swanson et al. 1993), and since we have showed that an astroglial mGluR-dependent signaling cascade controls Cx30 expression (article 3), glutamate is an obvious candidate. The excitatory tone sharply rises in the SON of lactating animals (El Majdoubi, Poulain et al. 1996;Tasker, Di et al. 2002) and may thus promote increase Cx30 levels. The underlying mechanism most likely relies on the activation of an IP3-mediated intracellular Ca 2+ increase (article 3), all the more since the mGluR/IP3 pathway has already been shown to be elicited in astrocyte processes in the SON and mediates plasticity at synapses directly apposed to the active astrocyte protrusion [START_REF] Gordon | Astrocyte-mediated distributed plasticity at hypothalamic glutamate synapses[END_REF]).

Astrocytes control OT-based sociability through Cx30

Very importantly, our data establish astrocytes are key modulators of social and maternal behaviors, thereby extending the classical neurocentric view on the neural basis of sociability [START_REF] Stanley | Toward a neural basis for social behavior[END_REF]. Specifically, we focused on a unique -yet poorly understood -modality of neuroglial interaction, namely the dynamic regulation of astroglial synapse coverage in the hypothalamic oxytocin-secreting system. Thus, we have here demonstrated that Cx30 regulates social hierarchy and social interest in nulliparous male mice, as well as maternal care in virgin female animals, through modulation of OT neurosecretion. Noteworthy, Cx30 -/-male mice did not overperform in the nest building test (data not shown), suggesting that Cx30 may set sexually dimorphic social behaviors in mice. To test this hypothesis, we will now ask whether female mice lacking Cx30 display altered dominance and/or interest in social novelty. These alterations of sociability induced by Cx30 deficiency are unlikely to originate from deficit in neurodevelopment, as our previous data showed no impairment in neuron numbers and synaptic architecture in the hippocampus of Cx30 -/-mice (Pannasch, Freche et al. 2014). Nor should this phenotype stem from metabolic anomalies linked to reduced milk feeding of pups, as chronically disrupting astrocyte withdrawal does not prevent oxytocinergic neurons bursting nor milk letdown (Catheline, Touquet et al. 2006). Therefore, although we showed that Cx30 -/-lactating female mice display an increased astroglial synapse coverage in the SON, this may not lead to deficit in pup-oriented nurturing behaviors. This is further in line with findings showing that maternal care is critical for the social development of offsprings Lastly, new lines of evidence actually challenge the widely held view that OT only drives pro-social effects. Indeed, it is now rather emerging that OT may link social memories with the reward value of the social stimulus [START_REF] Bartz | Effects of oxytocin on recollections of maternal care and closeness[END_REF]. Therefore, recent reports showed that OT-mediated signalling may underlie the anxiogenic and fear-enhancing effects of aversive social stimuli [START_REF] Striepens | Oxytocin facilitates protective responses to aversive social stimuli in males[END_REF][START_REF] Grillon | Oxytocin increases anxiety to unpredictable threat[END_REF][START_REF] Guzman | Fear-enhancing effects of septal oxytocin receptors[END_REF]. Remarkably, Cx30 expression is reduced in the brain of patients with major depression (Bernard, Kerman et al. 2011) and suicide completers (Ernst, Nagy et al. 2011). Therefore, given the critical role of Cx30 in tailoring OT secretion (article 4), and since Cx30 -/-mice display impaired fear memory conditioning (article 1), it will be particularly interesting to explore the involvement of Cx30 in the regulation of OT-based aversive memories and antisocial behaviors.
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  Figure 1 A. Diversification of glial subtypes during the evolution of species, adapted from (Freeman MR and Rowitch Evolving concepts of gliogenesis: a look way back and ahead to the next 25 years. Neuron 2013); B. a) Different size and morphology of rodent, and human (b,c) astroglial cells. B) Pial surface and layer 1-2 of the human neocortex immunolabeled for GFAP (white) and DAPI (blue), revealing primate-specific interlaminar astrocytes in layer 1. The yellow line indicates the border between layer 1 and 2. C) Diolistic labeling (white) and Sytox (blue) staining of a varicose projection astrocyte from layer 5-6 of the human neocortex, showing (yellow box) long processes projecting toward the neuropil. Scale bar: 20µm. Adapted from (Oberheim NA et al Uniquely hominid features of adult human astrocytes J Neuro 2009); C. b) Relative ratio of astrocytes per neurons for different species, showing a rise in the proportion of astrocytes compared to neurons with increasing brain size and complexity. C) Comparison of astroglial morphological properties between rodent and human brains. Human astrocytes display tremendously ramified processes, occupying a volume ≈30 times higher than its rodent counterpart and contacting as much as 20 times more synapses. Adapted from (Nedergaard M. et al New roles for astrocytes: Redefining the functional architecture of the brain TRENDS in Neuro 2003); D. Scaled drawing of the mouse, macaque monkey and human brain, showing an increase in size and elaboration of the cerebral cortex between those species. The area overlayed in pink corresponds to the prefrontal cortex. The corresponding GFAP-labeled astrocytes show a similar tendency for increased size and complexity. Adapted from (Rakic P. Evolution of the neocortex: perspective from developmental biology Nat Rev Neuro 2009; Oberheim NA et al Heterogeneity of Astrocytic form and function Methods Mol Biol 2012).

Figure 3 A.

 3 Figure 3 A. Dye filling (Lucifer yellow, Green) reveals that GFAP (Red) cytoskeleton represents only a small fraction (≈20%) of the total cell volume of protoplasmic astrocytes. Scale bar: 20µm. Adapted from (Wilhelmsson U. et al Absence of glial fibrillary acidic protein and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration. J Neuro 2004). B. Dye filling of neighboring astrocytes shows the discreet region of processes overlap (yellow). Each protoplasmic astrocyte occupies a unique anatomical domain. X-Y (large panel), X-Z (bottom panel), Y-Z (right panel). Scale bar: 20µm. Adapted from (Bushong EA et al Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains J Neuro 2002; Wilhelmsson U et al Redefining the concept of reactive astrocytes as cells that remain within their unique domains upon reaction to injury PNAS 2006). C. Illustration depicting neuroglial interactions in the CA1 area of the mouse hippocampus, at different level of organization. Stratum radiatum astrocyte domains are closely associated with CA1 apical dendrites (Red) and Schaffer collateral axons (Blue). Perisynaptic astrocyte processes (PAPs) nestle close to excitatory synapses, and contact preferentially the post-rather than the presynaptic elements. PAPs are enriched with neurotransmitter transporters, and thus play a key role in glutamate uptake and recycling. Adapted from (Dr Keith K. Murai, cover of Neuron Glial Biology volume 2 issue 1 2006, Journal of Neuroscience 2006, and The Neuroscientist 2007). D. PAP-spine interactions show dynamics structural remodeling, as assessed by time-lapse confocal imaging in hippocampal slice culture. a) Astrocyte process (Green) extends toward or retracts from b) the dendritic spine (Red) in a timescale of minutes. Scale bar: 1µm. c) Dynamic PAP spine coverage during a 15 minutes imaging period. Larger spines have smaller changes in volume over time and more stable contacts with PAPs. Scale bar: 0.5µm. Adapted from (Haber M et al Cooperative astrocyte and dendritic spine dynamics at hippocampal excitatory synapses J of Neuro 2006).

  , surface diffusion (Murphy-Royal, Dupuis et al. 2015) and clustering (Al Awabdh, Gupta-Agarwal et al. 2016) have been found

  1.1.1. PAPs link glutamatergic synaptic activity to astroglial Ca2+ signaling PAPs account for 80 % of the astrocytic plasma membrane area (Chao et al. The synapse-astrocyte boundary: an anatomical basis for an integrative role of glia in synaptic transmission In: Volterra A, Haydon PG (eds) The tripartite synapse: glia in synaptic transmission 2002
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 7 Figure 7A. Scheme of a rat brain section at the level of the supraoptic nucleus (SON) and paraventricular nuclei (PVN), showing the principal axonal projections of the magnocellular neurons toward the neurohypophysis. B. Illustration of the rat SON in coronal section. Abbreviations: OT: optic tract; SZ: somatic zone; DZ: dendritic zone; VGL: ventral glia lamina. Astrocytes from the VGL project numerous processes unsheathing dendrites and somata from magnocellular neurons, especially oxytocinergic neurosecretory cells. C. Left panel: A) Electron micrograph showing the extensive astroglial membrane in the VGL. Dendrites (d) are fully enwrapped by astrocyte processes under condition of low hormonal demand. B) Immunohistochemistry of GFAP-expressing astrocyte processes (Green) projecting from the VGL and contacting OT-positive neurons (Red) from the SZ. Scale bars: 2 µm. (A-C) Reproduced from (Hatton GI Glial-neuronal interactions in the mammalian brain Advances in physiology education 2002). C. Right panel: Scheme illustrating perisynaptic astrocyte processes (PAPs) contacting magnocellular input synapses under unstimulated (e.g. virgin) and stimulated (e.g. lactating) conditions of oxytocin neurosecretion. Stimulation (e.g. suckling) triggers withdrawal of PAPs from SON input synapses and thus foster diffusion of (black arrows) neurotransmitters in the extracellular space, which can consequently activate the same or adjacent synapses (homo-vs heterosynaptic modulation). Reproduced from (Theodosis DT et al Activity-dependent structural and functional plasticity of astrocyteneuron interactions Physiol Rev 2008).
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 9 Figure 9 A. Diagram representing the successive steps of Connexin 43 synthesis and trafficking toward the plasma membrane. Reproduced from (Ebihara L. New roles for Connexons News Physiol Sci 2003). B. Schematic illustration of the principal degradation pathways for Connexin proteins. Reproduced from (Saffitz JE et al Connexin expression and turnover. Implications for cardiac excitability Circulation Research 2000).

  Figure 10A. Illustration representing the astroglial pathway endorsing local and spatial K + buffering. Astrocytes take up of extracellular K + released by neurons occurs through inward rectifying K + channels (such as Kir 4.1), which ensure local K + buffering. K + is indeed massively released by neurons during the repolarization phase of the action potential. Astrocytes uptake excess K + from the extracellular space and redistribute it through the gap junction-mediated glial network. K + travel within the astroglial syncitium toward region of low intracellular K + concentration (spatial buffering), and is finally released distally through Kir. Reproduced from(Verkhratsky A. and Butt A. Glial Neurobiology A textbook 2007). B. Schematic representation of astroglial propagating calcium waves. Top panel: Mechanical stimulation of an astroglial cell culture with a pipette tip induces a local increase of Ca 2+ , which propagate centripetally to neighbouring cells. Images were acquired with a 0.93s interval and the yellow overlay shows the edge of the Ca 2+ wavefront. Bottom panel: Mechanistic model for the regenerative propagation of astroglial Ca 2+ elevation in astrocytes coupled via gap junction channels. Abbreviations: ATP: adenosine triphosphate; PLC: phospholipase C; IP3: inositol (1,4,5) phosphate. Reproduced from (Haydon PG Glia: Listening and talking to the synapse Nat rev Neuro 2001). C. Activity-dependent gap junction interastrocytic coupling assessed via infusion of a glucose fluorescent derivative (2-NDBG) in CA1 hippocampal astrocytes (in stratum oriens) by whole-cell patch-clamp. Electrophysiological stimulation of the Schaffer collaterals (1 Hz 20 min) induces a change in the shape of the astroglial metabolic network by recruiting additional astrocytes located in stratum radiatum (stimulated area). Abbreviations: s.o.: stratum oriens; s.p.: stratum pyramidale; s.r.: stratum radiatum. Scale bar: 50µm. Reproduced from (Pannasch U. and Rouach N. Emmerging role for astroglial networks in information processing: from synapse to behavior Trends in Neuro 2013).
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 1 Figure 1. Cx30 regulates the orientation of migrating astrocytes. Primary astrocyte cultures were transfected with Cx30-Venus. A. 8h after wounding, cells were immunolabeled for tubulin and the orientation of their tubulin fibers was measured. Scale bar: 20 µm B. The orientation of tubulin fibers was quantified as the mean angular variation to the perpendicular with the wound (Control: n = 48, Cx30: n = 30). Cx30-expressing cells showed a greater angular deviation than control cells, suggesting that their cytoskeletal orientation was impaired. C. 8h after wounding, cells were immunostained for γ-Tubulin and the orientation of the nucleus-centrosome axis was measured. Scale bar: 20 µm D. Percentage of cells having their centrosome oriented perpendicularly (±45°) to the wound (187 cells were analyzed).

Figure 2 .

 2 Figure 2. Cx30 controls the recruitment and activation of Cdc42 in migrating astrocytes. A. Primary astrocyte cultures were transfected with Cx30 and Cdc42-GFP. 8h after wounding, cells were immunostained for Cx30 and the intensity of the Cdc42-GFP signal at the leading edge was measured. Scale bar: 20 µm B. Quantitative analysis of the linear intensity profile of Cdc42-GFP at the wound-edge. Cx30 reduced significantly the recruitment of Cdc42-GFP at the leading edge (Control: n= 19, Cx30: n = 15). C. Cdc42 pulldown activation assay in astrocytes transfected with Cx30 or GFP, 30 min after wounding. Immunoblots showing Cdc42 protein levels in the total and GTP-bound fractions. GAPDH (total) and Ponceau (GTP) were used as loading controls. D. Quantitative analysis of Cdc42 activation. Cdc42-GTP values were normalized by Cdc42 levels in the total fractions. Cx30 inhibited Cdc42 activation. Asterisks indicate statistical significance (*p < 0.05).

Figure 3 .

 3 Figure 3. Cx30 sets the secretion of laminin and the polarized trafficking of integrinβ1 receptors in migrating astrocytes. A. Immunoblot detection of laminin expression in primary astrocytes transfected with Cx30, 0 and 6h after wounding. GAPDH was used as a loading control and 6 cultures were analyzed per condition. B. Quantitative analysis of laminin expression. Laminin expression values at 6h were normalized to T0 levels (before wounding). Cx30 prevented the increase in relative laminin levels after scratching. C. Primary astrocytes were transfected with integrinβ1-GFP and Cx30. 8h after wounding, cells were immunolabeled for Cx30 and the intensity of the integrinβ1-GFP signal at the leading edge was measured. Scale bar: 20 µm D. Quantitative analysis of the integrinβ1-GFP signal intensity at the front edge. Cx30 sharply reduced the recruitment of integrinβ1-GFP at the leading edge (9-15 cells were analyzed). Asterisks indicate statistical significance (*p < 0.05, **p < 0.01).

Figure 4 .

 4 Figure 4. Cx30 modulates the assembly of focal adhesion plaques in migrating astrocytes. Primary astrocytes were transfected with Cx30-Venus. A. 1h after wounding, cells were immunostained for paxillin and the mean number and size of paxillin puncta at the leading edge were measured. B. Histograms showing the quantitative analysis of paxillinexpressing focal adhesion plaques mean number and area. Cx30 reduced the number, while

Figure 5 .

 5 Figure 5. Cx30 regulates hippocampal synaptic levels of laminin proteins. A. Western blot detection of pre-(Synapsin I) and post-(PSD95) synaptic proteins showed an enrichment of plasma membrane synaptic proteins in crude synaptosomal membrane fraction (S) compared to total hippocampal fraction (T), whereas actin protein levels were clearly similar in both fractions. B. Immunoblot detection of laminin expression in synaptosomal membrane fractions from mouse hippocampi. C. Histogram showing the quantitative analysis of normalized laminin expression levels (+/+: n = 3, -/-: n = 3). The loss of Cx30 expression increased significantly the synaptic levels of Laminin. D. Immunoblot detection of Lamininβ2 protein levels in crude hippocampal membrane fractions. E. Quantitative analysis of Lamininβ2 normalized expressions. Hippocampal synapses lacking Cx30 upregulated Lamininβ2 expression. In both experiments, actin was used as a loading control. Asterisks indicate statistical significance (*p < 0.05). S+/+: Control. S-/-: Cx30 -/-.

Figure 6 .

 6 Figure 6. Cx30 sets the morphological and functional polarity of hippocampal astrocytes in vivo. A. Schematic representation of grid-base line analysis for orientation quantification of GFAP-labeled CA1 s.r. astrocytes. Scale bar: 20 µm. B. Histogram showing the measurement of astrocytes orientation with respect to the pyramidal cell layer. Cx30 was found to be required for the proper perpendicular reorientation of developing astrocytes (+/+ p10: n= 43, +/+ p30: n=44, -/-p30: n= 49). C. Immunofluorescent staining of GM130 (green) and GFAP (red) in hippocampal CA1 subfields. The diagram represents the methodology used for quantifying the angular orientation of astrocytes golgi in regards to the stratum pyramidale. Scale bar: 30 µm. D. Percentage of cells having their golgi apparatus oriented perpendicularly (± 30°) to the pyramidal layer (+/+ n= 216, -/-: n = 262). Loss of Cx30 decreased the proportion of CA1 astrocytes having their golgi properly orientated. Random orientation of the golgi apparatus in regard to the stratum pyramidale is of 33 %. E.

  Immunofluorescent staining for Cx30 in the hippocampal CA1 region from acute slices in regular ACSF (Control), or ACSF containing TTX (0.5 µM, 1h) or 0Mg 2+ -Picrotoxin (0Mg-P, 100 µM, 3h). Scale bar: 25 µm. D. Quantification of Cx30 staining intensity; control intensity level is set to 1. Cx30 immunostaining intensity was decreased in TTX (n = 9) and increased in 0Mg-P (n = 9) compared to control ACSF (n = 9; ANOVA and Dunnett's post hoc test).Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 2 .

 2 Figure 2. Activity-dependent regulation of Cx30 expression relies on mGluRs and calcium signaling. A. Immunoblot detection of Cx30 levels in hippocampal acute slices from wild type (+/+) or IP3R2 -/-mice, treated with either BAPTA (25 µM, 1h), TTX (0.5 µM, 1h) or 0Mg 2+ -picrotoxin (0 Mg-P, 100 µM, 3h). GAPDH was used as a loading control. B. Quantitative analysis of Cx30 expression. Relative expression levels of Cx30 normalized to GAPDH levels showing that Cx30 expression is reduced in the absence of intracellular free calcium (BAPTA, n = 3), and its activity-dependent regulations by TTX (n = 3) and 0Mg-P (n = 3) are inhibited in hippocampal acute slices from IP3R2 -/-mice; control ratio is set to 1. C. Immunoblot detection of Cx30 expression in hippocampal acute slices incubated in 0Mg 2+picrotoxin for 3h with or without antagonists of mGluRs (LY341495, 20 µM), P2Y1Rs (MRS2179, 10 µM) or GABA B Rs (CGP55845, 2 µM). D. Quantitative analysis of Cx30 expression. Relative expression levels of Cx30 normalized to GAPDH levels showing that Cx30 expression was decreased to control level by inhibition of mGluRs (LY, n =3), but was unaltered by blockade of P2Y1Rs (MRS, n = 3) or GABA B Rs (CGP, n = 3; ANOVA and Dunnett's post hoc test); control ratio is set to 1. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01).

Figure 3 .

 3 Figure 3. Neuronal activity controls Cx30 protein levels through lysosomal degradation. A. Immunoblot detection of Cx30 expression in hippocampal acute slices incubated in TTX (0.5 µM, 1h) with or without inhibitors of the lysosomal (GPN, 200 µM) or proteasomal (MG132, 10 µM) degradation pathways. GAPDH was used as a loading control. B. Quantitative analysis of Cx30 expression showing that Cx30 levels were restored to control

Figure 4 .

 4 Figure 4. Cx30 subcellular localization is regulated by neuronal activity. A. Activitydependent Cx30 plasma membrane trafficking measured by hippocampal acute slices biotinylation. Immunoblot detection of total and surface Cx30 proteins in slices incubated in ACSF or 0Mg 2+ -picrotoxin (0Mg-P, 100 µM, 3h). Tubulin was used as a loading control. B. Quantitative analysis of normalized surface Cx30 protein levels. C. Immunofluorescent staining for Cx30 (red) within eGFP-expressing hippocampal CA1 astrocytes (green) from acute slices incubated in ACSF or 0Mg 2+ -picrotoxin (100 µM, 3h). Cx30 intensity profile was determined at any given radial position as the sum of the pixel values around a circle centered at the cell soma, as shown in yellow. D. Quantification of Cx30 radial intensity profile (n = 9 cells). Cx30 intensity was increased in distal astrocytes processes (~ 20-40 µm from the center of the cell soma) in 0Mg 2+ -picrotoxin condition. Scale bar: 25 µm. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01).

Figure 5 .

 5 Figure 5. Cx30 is localized in distal perisynaptic astrocyte processes. A. Western blotting detection of pre-(Synapsin I (Syn I) and post-(PSD95) synaptic proteins showed an enrichment of plasma membrane synaptic proteins in crude synaptosomal membrane fraction

Figure 6 .

 6 Figure 6. Neuronal activity drives Cx30 to perisynaptic astroglial processes. A. Activity- dependent relocalisation of astroglial Cx30 proteins assessed by western blotting of crude synaptosomal membrane fractions. Cx30 protein level in crude synaptosomal fraction was increased in 0Mg2 + -picrotoxin (0Mg-P, 100 µM, 3h). Quantitative analysis of Cx30 expression in crude synaptosomal membrane fraction. B. Images showing colocalization analysis of Cx30 and PSD95 puncta using SIM. Scale bar: 2 µM. C. Neuronal activity does not alter the distance of Cx30 puncta within PAPs to synapses. Quantitative analysis of the mean distance of Cx30 puncta to pre-(VGLUT1, Control: n = 1107, 0Mg-P: n = 862) and postsynaptic (PSD95, Control: n = 1089, 0Mg-P: n = 599) markers. Asterisks indicate statistical significance (**p < 0.01).

Figure 7 .

 7 Figure 7. Cx30 gap junction channels do not contribute to the activity dependent increase in glucose trafficking within astroglial networks. A. Sample images of functional coupling between CA1 astrocytes visualized by diffusion of 2-NBDG (green) via patch clamp whole-cell recording for 20 min, together with dextran tetramethylrhodamine (red) to identify the recorded astrocyte. The upregulation of 2-NBDG inter-astrocytic trafficking induced by 0Mg 2+ -picrotoxin (100 µM, 3h) (Ct: n = 21, 0Mg-P: n = 15) is independent of Cx30 GJ channels as it is unchanged in Cx30 -/-mice (Ct: n = 11, 0Mg-P: n = 6). Scale bar: 100 µm B. Graph summarizing the extent of 2-NBDG astrocytic coupling during spontaneous and neuronal bursting conditions. Asterisks indicate statistical significance (*p < 0.05).

Figure 8 .

 8 Figure 8. Bursting induces opening of astroglial Cx30 HCs. A. Representative basal EtBr (red) in CA1 stratum radiatum astrocytes labeled with S100β (green) in hippocampal slices.Scale bar: 25 µm. B. EtBr uptake through Cx HCs is significantly increased in 0Mg 2+picrotoxin (0Mg-P, 100 µM, 3h) compared to control conditions, as this effect is abolished by carbenoxolone(CBX, 200 µM,). Cx30 is mediating the activity-dependent increase in

Figure 9 .

 9 Figure 9. Cx30 controls the activity-dependent remodeling of distal astroglial processes via non channel function. A. Schematic representation of Sholl analysis for intersection quantification in a GFAP -labeled astrocyte from the hippocampal CA1 area. Scale bar: 10 µm. B. Quantification of the branching pattern of CA1 hippocampal astrocytes normalized to control condition in acute slices treated by 0Mg 2+ -picrotoxin (0Mg-P, 100 µM, 3h) from wild-type (n = 21), Cx30T5M (n = 14) and Cx30-/-(n = 17) mice. Neuronal bursting increased GFAP branching within almost all concentric radii between 18-28 µm in wild-type astrocytes, while this activity-dependent remodeling of astroglial distal processes was inhibited Cx30 -/-mice, but not in Cx30T5M mice lacking Cx30 channel functions. Asterisks indicate statistical significance (***p < 0.001).

Figure legends Figure 1 .

 legends1 Figure legends Figure 1. Cx30 regulates astroglial coverage of oxytocinergic neuron in the SON of virgin mice. Immunofluorescent staining of GFAP (red) and OT (green) in the supraoptic nucleus from wild type (+/+, A) and Cx30 knockout (-/-, B) virgin mice. Representative oxytocinergic neurons covered by GFAP-rich astrocyte processes, as indicated by the white asterisk, are magnified in the inset. C. Quantitative analysis of the GFAP coverage of OTexpressing neurons. The intensity of the GFAP signal was measured for +/+: 134 and -/-: 182 cells. Virgin Cx30 knockout mice display reduced astroglial neuron coverage compared to control SON. Scale bar: 30 µm, inset: 8 µm. DZ: Dendritic zone. SZ: Somatic zone. Asterisks indicate statistical significance (***p < 0.001).

Figure 2 .

 2 Figure 2. Cx30 sets astrocyte coverage of OT synapses in the SON of virgin mice. A.High power EM micrograph of synaptic complexes in wild type mice composed of either dendrites (de) or spines (sp) with terminating synaptic boutons (sb). Here, the fine astrocytic

Figure 3 .

 3 Figure 3. Cx30 regulates the secretion of oxytocin by magnocellular neurons in virgin mice. A. Immunofluorescent staining of OT (green) in magnocellular neurons of the supraoptic nucleus from wild type (+/+) and Cx30 knockout (-/-) virgin mice. B. Quantitative analysis of OT intensity in magnocellular somata. The intensity of the OT signal was measured for 78 cells. Magnocellular neurons from the SON of virgin -/-mice display reduced somatic level of OT compared to the SON of +/+ mice, likely indicating increased OT secretion. C. Plasmatic levels of OT measured by RIA in +/+ (n = 4) and -/-(n = 6) virgin mice, showing increased levels in -/-animals. Scale bar: 25 µm. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01).

Figure 4 .

 4 Figure 4. Regulation of Cx30 protein levels associated to plasticity of astroglial synapse coverage during lactation in the hypothalamic SON. A. Scheme of the astroglial synapse coverage in SON of virgin mice. Synaptic glutamate activates ionotropic GluRs (iGluRs) and is cleared by astroglial glutamate transporters (GluTs). B. During lactation, due to the retraction of astrocytic processes from the synapse, and the subsequent reduction in glutamate clearance by GLTs, glutamate spillover occurs and activates presynaptic metabotropic glutamate receptors (mGluRs) and postsynaptic iGluRs at neighbouring synapses. (C, D) Western blot analysis revealed a massive increase (∼ 30-fold) in Cx30 protein levels in SON extracts from lactating mice (n = 3, D), compared to virgin mice (n = 3, C). Cx30 protein levels were normalized to ß-actin levels. (E, F) Immunohistochemistry revealed a prominent increase in Cx30 immunoreactivity and a decrease in GFAP immunoreactivity in the SON of lactating mice (F), compared to virgin mice (E). Scale bar: 20 µm. Asterisks indicate statistical significance (*p < 0.05).

Figure 5 .

 5 Figure 5. Cx30 is required for the remodeling of astrocyte neuron coverage in the SON during lactation. Immunofluorescent staining of GFAP (red) and OT (green) in the

Figure 6 .

 6 Figure 6. Cx30 controls astrocyte processes withdrawal from OT synapses in the lactating SON. A. High power EM micrograph of two synaptic boutons (sb1, sb2) in wild type (+/+) mice both terminating on the same spine (sp), one with an extremely large AZ (arrowheads), whereas the AZ in the other bouton is comparably narrow. Scale bar: 1 µm. B. High power EM micrograph showing the astrocytic coverage (highlighted in green) of dendrites (de) and synaptic boutons (sb) in Cx30 knockout mice (-/-) mice. Scale bar: 0.5 µm. C. 3D volume reconstruction of a synaptic complex (yellow, synaptic boutons; blue, target dendrite) and the sparse enwrapment by fine astrocytic processes (green) in +/+ mice. Scale bar: 1 µm. D. Representative example of a synaptic complex and fine astrocytic processes in -/-mice. Note that astrocytic processes completely ensheath the synaptic complex. Same color code as in panel C. Scale bar: 1 µm. E. Bar histograms showing the normalized absolute volume of astrocytic processes (left panel), percentage of astrocytic fingers around boutons (middle panel) and dendrites (right panel). Asterisks indicate statistical significance (*p < 0.05).

Figure 7 .

 7 Figure 7. Cx30 regulates sociability and maternal behavior in mice. A. Three-chamber Sociability test. The subject mouse is evaluated for its exploration of a novel social stimulus (e.g., mouse) versus a novel object stimulus (e.g object). Wild type (+/+, n = 10) and Cx30 knockout (-/-, n = 15) mice explore (time spent sniffing the wire cup) preferentially a novel mouse (male) (A). However, -/-mice show an hypersociability, as demonstrated by the sociability index (SI: time spent sniffing the wire cup with mouse / time spent sniffing) (B). B. Social interaction test. The male subject was paired with an unfamiliar male. Time in affiliation is defined as the addition of sniffing time (including head, body, and anogenital part) of the conspecific by the subject. -/-mice (n = 16)spent significantly more time in affiliation when compared with +/+ mice n = 10). C. Tube test of social dominance. The percentage of wins by +/+ micel (n = 10) is presented in black bars and by -/-mice (n = 16) in white bars. The data represent results from matches between unfamiliar +/+ and -/-mice. -/-animas display an excess of subordinates. D. Open field test. The male subject was placed in the center of an illuminated arena and allowed to explore its environment. The time spent
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EXPERIMENTAL RESULTS

Abstract

Astrocytes undergo intense morphological maturation during early development, changing from individual sparsely branched cells to polarized and tremendously ramified cells. Connexin 30, an astroglial gap junction channel forming protein, regulates in situ the extension and ramification of astroglial processes. However whether connexin 30 regulates astroglial polarization, known to control cell morphology, remains unexplored. We found that connexin 30 controls the reorientation of astrocyte protrusion, centrosome and Golgi apparatus in an in vitro scratch-induced polarized migration assay. Such control was associated with an impaired polarized recruitment and activation of the small rho GTPase Cdc42. Integrin interaction with elements of the extracellular matrix, required for Cdc42 activation, was also altered, since connexin 30 sharply reduced laminin levels in migrating astrocytes and inhibited integrinβ1 receptors redistribution at the leading edge of astroglial protrusions. In addition, connexin 30 perturbed the integrin-mediated assembly of focal adhesion plaques containing paxillin and vinculin proteins. Altogether, these data show that Cx30 sets the orientation of astroglial motile protrusions via the modulation of the laminin/integrinβ1/Cdc42 signaling pathway. In vivo this translated into a control by connexin 30, whose expression is developmentally regulated, of the establishment of astrocyte polarity in the hippocampus during postnatal maturation. This study thus reveals connexin 30 as a key determinant of astroglial polarity during development.
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Abstract

Astrocytes play key roles in brain functions through dynamic interactions with neurons. One of their typical features is to express high levels of connexins, Cx43 and Cx30, the gap junction forming proteins. Remarkably Cx30 is involved in basic cognitive processes and shapes synaptic and network activities through channel and non-channel functions, as shown by recent studies in transgenic animals. Yet whether astroglial Cx30 expression, localization and functions are endogenously and dynamically regulated by neuronal activity, and could therefore play physiological role in neurotransmission is unknown. We here show that neuronal activity increased hippocampal Cx30 protein levels through metabotropic glutamate receptor signaling and inhibition of lysosomal degradation. In addition, neuronal activity also drove Cx30 at membranes and perisynaptic processes, as revealed by super resolution imaging. This translated at the functional level in the opening of Cx30 hemichannels, and in the remodeling of astrocyte morphology through non-channel function. Altogether these data show an activity-dependent dynamics of Cx30 expression, perisynaptic localization and functions.
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Figure legends

Connexin 30 sets oxytoxin levels and social behavior by controlling the plasticity of astroglial neuron coverage Grégory Ghézali 1,2 , Astrid Rollenhagen 3,4 , Nadia De Mota-Picco 1 , Julien Moulard 1 , Pascal Ezan 1 , Ulrike Pannasch 1 , Anthony Laugeray 5 , Marion Martin 5 , Arnaud Menuet 5 , Catherine Llorens-Cortes 1 , Joachim Lubke 3,4 , Nathalie Rouach 1* Abstract Social behavior relies on complex neuronal circuits. Dynamic neuroglial interactions play prominent role in shaping synaptic networks, whose alterations contribute to psychiatric disorders associated with social deficits. However, a role for astrocytes in shaping social interactions in physiological conditions remains elusive. We took advantage of the hypothalamus, where intense morphological neuroglial remodelling regulates the release of oxytocin, a neurohormone critical for promoting maternal and social behaviors. We show here that the astrocytic coverage of oxytocinergic neurons in the supraoptic nucleus relies on the astroglial gap junction subunit connexin 30. Moreover we found that during lactation, connexin 30 expression was strongly increased and contributed to the plasticity of astroglial oxytocinergic neuron coverage. Changes in astroglial neuron coverage dependent on connexin 30 were associated with alterations in plasmatic levels of oxytocin, as well as in maternal and social behaviors. In all, these data establish astroglial cells, via Cx30 regulation of synapse coverage, as key determinants of oxytocin based sociability.

whether the scores of the knockout mice were significantly different from an outcome expected by chance (i.e. a 50:50 win-lose outcome).

Openfield.

To access the exploratory/locomotor activity, an openfield test was performed in an arena measuring 50 x 50 cm and illuminated at 90 lux. The subject was placed in the center of arena and allowed to freely explore the chamber for a duration of 5 min. The measure of overall exploratory/locomotor activity used were the total distance traveled and the time spent in the center. Data were analyzed using EthoVision video-tracking system (Noldus Inc., The Netherlands).

Nest building test

Virgin female mice (7-9 weeks) were individually housed in a non-enriched cage containing clean sawdust. Two cotton squares (nesting material) were introduced 2h before the onset of the dark period (which corresponds to the activity period for mice). The animals were monitored for nest building at different time points (1, 2 and 24h after addition of the nesting material) and scored on a 0-5 scale, with 0 representing no contact with the cotton and 5 a perfectly made nest (Deacon 2006). 
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The authors declare that they have no competing interests. membranes and perisynaptic processes. Besides, bursting activity did not alter the distance of Cx30 puncta within PAPs to presynaptic or postsynaptic elements, as revealed by SIM. Finally, this translates in specific regulations of Cx30 functions, as bursting activity induced opening of Cx30 hemichannels, and mediated structural remodeling of astroglial processes through non-channel function. Altogether these data show Cx30 expression, perisynaptic localization and functions are endogenously and dynamically regulated by activity.

IP3R2-induced Ca2+ signaling mediates activity-dependent regulation of Cx30 levels

Intracellular Ca 2+ increase is considered to be the first modality of astroglial signaling, and the most well-acknowledged mechanism for Ca 2+ rise relies on the canonical Gq GPCRphospholipase C-IP3 pathway (Agulhon, Fiacco et al. 2008). We here show that the activitydependent regulation of Cx30 levels is mediated by Ca 2+ signaling through the activation of astroglial IP3R2, which is the main IP3R subtype in astrocytes [START_REF] Petravicz | Loss of IP3 receptor-dependent Ca2+ increases in hippocampal astrocytes does not affect baseline CA1 pyramidal neuron synaptic activity[END_REF]).

Interestingly, it has recently been shown that IP3R2-dependent Ca 2+ transients are actually mostly occurring at the astrocytic soma, while most Ca 2+ fluctuations observed in the astrocyte processes are IP3R2 independent (Srinivasan, Huang et al. 2015). Thus, our data suggest that Cx30 levels are set by astrocyte somatic Ca 2+ signaling. Moreover, we showed that neuronal activity regulates Cx30 levels via the specific modulation of lysosomal degradation. Importantly, Ca 2+ released by IP3 receptors from ER serves as a direct and primary source of Ca 2+ for lysosomes (Garrity, Wang et al. 2016), which regulates lysosome positioning, lysosomal enzyme activities and endolysosomal fusion [START_REF] Morgan | Molecular mechanisms of endolysosomal Ca2+ signalling in health and disease[END_REF][START_REF] Li | A molecular mechanism to regulate lysosome motility for lysosome positioning and tubulation[END_REF]. Therefore, our findings suggest that neuroral activity controls Cx30 levels by seting lysosomal degradation in astrocyte somata most likely via the IP3R2 signaling pathway.

Interestingly, protein trafficking and PAP morphogenesis are most likely synergistically regulated, as they both rely on activity-dependent cytoskeletal remodeling and share the same purpose of placing functional proteins at the optimal location with regard to synapses [START_REF] Zhou | Glutamate transporter cluster formation in astrocytic processes regulates glutamate uptake activity[END_REF][START_REF] Murphy-Royal | Surface diffusion of astrocytic glutamate transporters shapes synaptic transmission[END_REF]. We have showed that Cx30 is a key molecular determinant of astroglial synapse coverage (article 1), and that neuronal bursting increases Cx30 levels at PAPs, while it did not alter the distance of Cx30 within PAPs to both pre-or postsynaptic elements (article 3). Thus, we can assume that network bursting alters Cx30 levels at PAPs through subcellular trafficking, but not de novo synthesis. The latter hypothesis could be tested as follows: 1) injecting Cx30-RFP encoding lentiviruses having an astrocytic tropism in the hippocampus of mice expressing GFP under an astrocytic promoter (GFAP-eGFP); 2) slicing the brain and incubating hippocampal acute slices with a far-red FM dye (FM4-64) labeling synaptic vesicles exocytosis; 3) using 3 color live structured illumination microscopy (SIM) imaging of Cx30-RFP/GFAP-eGFP/FM4-64 on slices stimulated electrophysiologically and treated with pharmacological agents modulating protein APPENDIX